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ABSTRACT

T h i s  work i s  t h e  f i n a l  p a r t  o f  a t h r e e  y e a r  p r o j e c t  t o  

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

f i r s t  p a r t  c o n t a i n e d  i n  a p r e v i o u s  t h e s i s -  ( 1 ) c o v e r e d  t h e  

i n i t i a l  s p e c im e n  p r e p a r a t i o n  and c h a r a c t e r i s a t i o n *

T h e rm a l  c o n d u c t i v i t y  v a l u e s  have  b e e n  o b t a i n e d  f o r  t h e  

t e m p e r a t u r e  r a n g e  500 -  2500°K u s i n g  t h e  l a s e r  -  f l a s h  t e c h ­

n i q u e  and  s p e c im e n  d i s c s  1 .0 1 6  cm. i n  d i a m e t e r  b y  0 .0 6 8 6  cm. 

t h i c k .  R e s u l t s  a r e  q u o t e d  f o r  s t o i c h i o m e t r i c  s p e c i m e n s  w i t h  , 

d e n s i t i e s  i n  t h e  r a n g e  90 -  96# T . D . , .  f o r  n o n - s t o i c h i o m e t r i c  

s p e c im e n s  o f  d e n s i t i e s  9 5 *09#  T.D.  and 93*16#  T .D .  w i t h  o x y g e n /  

u r a n i u m  r a t i o s  o f  2 . 0 0 6 , 2 . 0 3 0 -and 2 . 0 6 0 , and f i n a l l y  f o r  a  

s i n g l e  c r y s t a l  o f  m e a s u r e d  d e n s i t y  9 9 * 8 8 # , T .D .  The v a l u e s ,  show 

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

a l t h o u g h  t h e  v a l u e s  i n  t h i s  work a r e  i n  m o s t  c a s e s  s l i g h t l y  

h i g h e r .

In .  t h e  p r o c e s s  o f  t h i s  i n v e s t i g a t i o n ,  a  new s p e c i f i c  

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

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

o f  UO  ̂ showed wide  d i s c r e p a n c i e s .  A l s o ,  ov/ing t o  t h e  l a c k  o f  

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

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

f ro m  e x i s t i n g  d a t a .

The v a r i a t i o n  o f  t h e r m a l  c o n d u c t i v i t y  w i t h  p o r e  volume 

f r a c t i o n  ( p )  was r e l a t e d  u s i n g

icm = k95 -  P p )

and a  v a l u e  o f  Jj? -  2 . h 6  -  0 . 7 0  x  10 T was o b s e r v e d .  An

e x p l a J n a t i o n  f o r  t h i s  t e m p e r a t u r e  d e p e n d e n c e  o f  i s  o f fe red* . . ,



At h ig h ,  t e m p e r a t u r e s  a n o t h e r  h e a t  t r a n s f e r  m echan ism  

( e l e c t r o n i c  in .  n a t u r e )" was. f o u n d  t o  he  o p e r a t i n g  and t h e  f u l l  

c o n d u c t i v i t y  e q u a t i o n  f o r  500 -  2500°K was g i v e n  b y

km = (A + BT)~1 + Co-n/,,J?

w i t h  n = ( 1 . 8  jr 0 . 5 ) x  1 0 ^  (°K)-

T h i s  m ech an ism  h a s  b e e n  d i s c u s s e d  in .  t h e  l i g h t  o f  p u b l i s h e d  

t h e o r i e s .

From t h e  r e s u l t s , . ,  i t  was a l s o  p o s s i b l e  t o  c a l c u l a t e  s u c h  

f a c t o r s  a s :  t h e  a v e r a g e  phonon  s c a t t e r i n g  c r o s s  s e c t i o n  f o r  

e x c e s s  oxygen  i o n s  . ( c j j - ) and  f o r  o t h e r  i m p u r i t y  a toms ( ) \

a phonon wave l e n g t h  f o r  Um'klapp p r o c e s s e s  ( and  a Debye

t e m p e r a t u r e  Where p o s s i b l e ,  t h e s e  v a l u e s  have  b e e n  com-

p a r e d  w i t h  t h e  r e s u l t s :  o f  o t h e r  w o r k e r s ,  and  i n  a l l  c a s e s

good a g r e e m e n t  was. f o u n d .

Tabuievfcfol expert meahcxl xesulK ulS'rcL \a tkis t  bests
cem. be obtmnecl jyom : —

H.  laylov j M e t a l l u r g y } IL am xsity  

(f Mjin.ck^Wv' Institu te Science and  Teeknologij j 

Sackb.Jtle. S tre e t ; Maach e s te r  t \ t



THE AUTHOR

The a u t h o r  g r a d u a t e d  B . S c .  w i t h  H onours  f r o m  t h e  D e p a r t ­

ment  o f  M e t a l l u r g y  i n  t h e  U n i v e r s i t y  o f  M a n c h e s t e r  I n s t i t u t e  

o f  S c i e n c e  and T e c h n o l o g y  i n  J u l y  1968 .  S i n c e  g r a d u a t i o n *  he 

h a s  c a r r i e d  o u t  r e s e a r c h  i n  t h e  D e p a r tm e n t  i n t o  t h e  t h e r m a l  

c o n d u c t i v i t y  o f  u r a n i u m  d i o x i d e .

As p a r t  o f  t h e  i n i t i a l  work,,  t h e  a u t h o r  s p e n t  s i x  months, 

i n  t h e  f i r s t  y e a r  a t  t h e  U.KhA.E.A. e s t a b l i s h m e n t  i n  S p r i n g f i e l d s ,  

where  he p r e p a r e d  t h e  n e c e s s a r y  s p e c im e n s*  T h i s  work  t o g e t h e r  

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

c o n d u c t i v i t y  o f  UO was s u b m i t t e d  f o r  an M.So.  i n  O c t o b e r  

1969.  S i n c e  t h e n ,  t h e  a u t h o r  h a s  b e e n  c o n c e r n e d  w i t h  m e a s u r i n g  

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

f l a s h  t e c h n i q u e *
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INTRODUCTION

The d e v e lo p m e n t  o f  n u c l e a r  power  s t a t i o n s  i n  t h e  U n i t e d  

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

f o r  t h e  Advanced  Gas C o o le d  R e a c t o r  ( A . G . R . ) .  T h i s  c h o i c e . o f  

U0a was made f ro m  c o n s i d e r a t i o n s  o f  i t s  c h e m i c a l  and  p h y s i c a l  

p r o p e r t i e s :  i t  p o s s e s s e s  a h i g h  u r a n i u m  d e n s i t y ;  i t  h a s  a  h i g h  

m e l t i n g  p o i n t  (~28Q0°C);  i t  shows no low t e m p e r a t u r e  p h a s e  

c h a n g e s ,  and i t  e x h i b i t s  good h i g h  t e m p e r a t u r e  s t r e n g t h .  T h e se  

f a c t o r s  u n d e r l i n e  i t s  s u i t a b i l i t y  f o r  u s e  i n  an A.G.R.  . .where 

t h e  t e m p e r a t u r e s  a r e  o f  t h e  o r d e r  o f  700 — I 3 0 0 ° C .  The one d r a w ­

b a c k  i s  t h a t  UO^ h a s  a low t h e r m a l  c o n d u c t i v i t y , ,  and t h i s  can  

c r e a t e  p ro b le m s *

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

b e t w e e n  a toms and s lo w  m oving  n e u t r o n s .  T h i s  h e a t  o f  f i s s i o n  

i s  w i th d r a w n  f ro m  t h e  s y s t e m  by  t h e  c o o l a n t  g a s ,  and by  a 

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

d u c e d .  I f  t h e  f u e l  h a s  a low t h e r m a l  c o n d u c t i v i t y , ,  t h e n  t h i s -
/

w i l l  a f f e c t  t h e  r a t e  o f  h e a t  r e m o v a l  f ro m  t h e  f u e l  and t h u s  

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

u s i n g  a  f u e l  w i t h  a low c o n d u c t i v i t y  i s  t h a t  i t  h a s  t h e  e f f e c t  

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

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

o r d e r  o f  I h 5 0 ° C ,  w h ic h  may c a u s e  t h e  f u e l  t o  c r a c k  and may l e a d  

t o  a ~ b u i l d  u p  o f  t h e  f i s s i o n  p r o d u c t  g a s e s  k r y p t o n  and x e n o n .  

T h e se  g a s e s  can  e x e r t  s u f f i c i e n t  p r e s s u r e  on t h e  f u e l  c l a d d i n g  

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

i n t o  t h e  a t m o s p h e r e .  Thus  a  d a n g e r o u s  s i t u a t i o n  can  a r i s e , ,  vehich 

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

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

r e a c t o r .



From a  knowledge  of1 t h e  t h e r m a l  c o n d u c t i v i t y  i t  i s  p o s s i b l e  

t o  s i m u l a t e  i n  — p i l e  c o n d i t i o n s  i n  o u t  — o f  — p i l e  e x p e r i m e n t s *  

T h i s  c a n  l e a d  t o  some im provem ent  i n  t h e  f u e l  u s e d  i n  t h e  

r e a c t o r * .  A l s o  t h e  r a t e  o f  g r a i n  growth , ,  t h e  c r e e p  r a t e  and t h e  

m e l t i n g  p o i n t  can  he  c a l c u l a t e d  f r o m . a  kn o w led g e  o f  t h e  c o n d u c t *  

i v i t y , .  and f ro m  t h e s e  f a c t o r s  one can  c a l c u l a t e  t h e  r a t e  o f  

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

t h e  t h e r m a l  c o n d u c t i v i t y  in .  o r d e r  t h a t  one c a n  p r e d i c t , . ,  and 

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

o f  U0 a a s  t h e  f u e l *

A l a r g e  amount o f  w ork  h a s  b e e n  p u b l i s h e d  on t h e  t h e r m a l  

c o n d u c t i v i t y  o f  U0A , m o s t  o f  w h ich  h a s  a l r e a d y  b e e n  r e v i e w e d  ( i ) .  

The d a t a  show a  c o n s i d e r a b l e  amount o f  s c a t t e r  e s p e c i a l l y  a t  

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

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

can  e f f e c t  t h e  t h e r m a l  c o n d u c t i v i t y , .  T h e s e  v a r i a b l e s  i n c l u d e :  

p o r e  s i z e , ,  sh a p e  and d i s t r i b u t i o n ;  s t o i c h i o m e t r y ; ,  g r a i n  s i z e ;  

i m p u r i t y  c o n c e n t r a t i o n  and f a b r i c a t i o n  r o u t e *  I t  was,,  t h e r e f o r e ,  

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

t h e s e  v a r i a b l e s  would  h e l p  t o  r e s o l v e  some o f  t h e  d i s c r e p a n c i e s  

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

Of  t h e s e  v a r i a b l e  p a r a m e t e r s  p o r o s i t y  and s t o i c h i o m e t r y  a p p e a r  

t o  have  t h e  m os t  e f f e c t  on  t h e  t h e r m a l  c o n d u c t i v i t y .

T’he i n i t i a l  i n v e s t i g a t i o n  w a s - t o  c o n s i d e r  t h e  e f f e c t  o f  

p o r o s i t y  on t h e  t h e r m a l  c o n d u c t i v i t y ,  o f U O /^ . To m a n u f a c t u r e  

s p e c im e n s  o f  v a r y i n g  p o r e  volume f r a c t i o n ,  t h e  a u t h o r  p r e p a r e d ,
t> »i

f ro m  a s i n g l e  b a t c h  o f  poY/der,  p e l l e t s  0 „6  l o n g  and  G ,h  i n  

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

o t h e r  p a r a m e n t e r s  r e m a i n e d  c o n s t a n t .  The s p e c im e n s  p r e p a r e d  

had  d e n s i t i e s ,  r a n g i n g ‘f ro m  90 — 96/Sof t h e  t h e o r e t i c a l  d e n s i t y  

(T.D,)* T h i s  r a n g e  was c h o s e n  s i n c e  n o t  o n l y  d i d  i t  i n c l u d e  t h e



v a lu e s  o f  d e n s i t y  m ost o f t e n  u se d  i n  th e  r e a c t o r  (^96^T.D.) 

h u t  a l s o  i t  would e n a b le  a com parison  w i th  th e  r e s u l t s  o f  o t h e r  

w o rk e rs  whose d e n s i t i e s  sp anned  t h i s  ran ge*  The lo w er  l i m i t  

o f  9Q$T*D* was s e t  s i n c e . f e w  au th o rs ,  had m easu red  c o n d u c t i v i t y  

on f u e l  w i th  d e n s i t i e s  l e s s  th a n  9Q$T.D. and s in c e  su ch  d e n s i t i e s  

have l i t t l e  t e c h n o l o g i c a l  s i g n i f i c a n c e , .  What s c i e n t i f i c  i n t e r e s t  

t h e r e  may be i n  p ro d u c in g  such  fu e l ,  i s  o f f s e t  by  th e  d i f f i c u l t i e s  

o f  c o n t r o l l i n g  th e  g r a i n  s i z e  d u r in g  f a b r i c a t i o n .  A lso ,, low 

d e n s i t y  specim ens d e n s i f y  on su b s e q u e n t  h e a t i n g .  T h e r e f o r e ,  

no spec im en s  w i th  d e n s i t i e s  l e s s  th a n  90$T.D. were m a n u fa c tu re d *  

The a c t u a l  v a lu e s  o f  d e n s i t y  p rodu ced  were 95*89/&T*D. (n o m e n c la tu re  

9 6 ) ,  9 3 . l6 $ T .D .(  9 3 1 ) and 90 .97 /5T .D .(911 )* S in c e  th e  cop per  

c o n te n t  w.as? above an  a r b i t r a r i l y  im p o sed ' t o l e r a n c e  l e v e l  o f  

lO Q p.p.m . i n  b o th  th e  93x and 9.11 > new b a tc h e s  were p r e p a r e d  

as f o l lo w s :  9 ^ .8 9 ^ T .D .(9 h 31) and 91 .J+2#ToD. (9111}* To. com ple te  

th e  i n v e s t i g a t i o n  i n t o  th e  e f f e c t  o f  p o re  volume f r a c t i o n ,  

v a lu e s  were to  be o b t a in e d  from  two s m a l l  s i n g l e  c r y s t a l s . .

T h e se  v a l u e s  f o r  nom ina l ly , .  100$T.D. m a t e r i a l  c o u l d  t h e n  be  com­

p a r e d  w i t h  t h o s e  o b t a i n e d  on  t h e  p r e p a r e d  s p e c i m e n s .

To i n v e s t i g a t e  t h e  e f f e c t  o f  p o r e  d i s t r i b u t i o n  s p e c im e n s  

w i t h  d e n s i t i e s  c l o s e  t o  93$T.D .  and 9 1 ^ T .D .  w ere  p r o d u c e d  f ro m  

some o f  t h e .96 s p e c i m e n s .  The p r o c e s s  i n v o l v e d  t h e  r e d i s t r i b u t i o n  

o f  t h e  p o r e s  and t h e  i n c r e a s e  i n  t h e  p o r e  volume f r a c t i o n  o f  

t h e  96 s p e c i m e n s .  T h e se  s p e c im e n s  h ad  d e n s i t i e s  o f  9^**U3$T.D*

( n o m e n c la tu re  9694) and 92V15$T*D» (9691-)* e f f e c t  o f  p o re  

d i s t r i b u t i o n  co u ld  th u s  be i n v e s t i g a t e d  by  com paring  th e  

v a lu e s  f o r  th e  9694 and .9691 w i th  th o s e  o f  th e  94**, 93%  91x% 91x 

and 9 6 .  However, an u n f o r t u n a t e  s id e  e f f e c t  o f  t h i s  p r o c e s s  

o f  r e d i s t r i b u t i o n  was t h a t  th e  g r a i n  s i z e s  i n c r e a s e d  t h r e e  f o l d ,  

and i t  was a l s o  n e c e s s a r y  t o  h o ld  th e  sp ec im en s  f o r  1 h ou r  a t



1'600oC in .  h y d r o g e n  t o  e f f e c t  some r e d u c t i o n  "back t o  s t o i c h ­

io m e t r y *  The e f f e c t  o f  p o r e  sh a p e  on  t h e  t h e r m a l  c o n d u c t i v i t y  

c o u l d  o n l y  he  i n v e s t i g a t e d  b y  a n a l y s i s ,  o f  t h e  r e s u l t s *  s i n c e  

t h e r e  was. no. m e thod  o f  c o n t r o l l i n g *  and  t h u s  v a r y i n g *  t h e  

sh ap e  o f  t h e  p o r e s *

S u b s e q u e n t l y *  t h e  i n v e s t i g a t i o n ,  was w id e n e d  t o  i n c l u d e  

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

.The o x y g e n / u r a n i u m  r a t i o s  o f  some o f  t h e  96 and 93 were  a l t e r e d  

t o  g i v e  v a l u e s  o f  2 * 0 0 6 ,  2*030  and 2*060* T h e se  v a l u e s  were  

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

t h e  d a t a  and  b e c a u s e  t h e  v a l u e  o f  2*006 l a y  c l o s e  t o  t h a t  

o b s e r v e d  in .  t h e  r e a c t o r .

The i n v e s t i g a t i o n  was c a r r i e d  o u t  u s in g ,  a  ’ f l a s h 1 t e c h n i q u e  

( 2 ) ,  w h ic h  m e a s u r e d  t h e r m a l  d i f f u s i v i t y  (ot) o v e r  t h e  t e m p e r a t u r e ,  

r a n g e  500 — 2500°K* The h e a t  s o u r c e  was a p u l s e  l a s e r ,  and 

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

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

i v i t y  ( k )  v a l u e s  u s i n g  t h e  e q u a t i o n

k  =ot*.C*D* ( 0 * 0 1 )

where  G i s  t h e  s p e c i f i c  h e a t  and  D i s  t h e  d e n s i t y  o f  t h e  

sp ec im e n *  D u r i n g  t h e  c o u r s e  o f  t h i s  i n v e s t i g a t i o n . ' i t  was f e l t  

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

a b l e  h e a t  c o n t e n t  d a t a  o f  o t h e r  w orkers ,  ( 3 ) ,  s i n c e  t h e r e  were
T

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

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

v a l u e s  w e r e ' o b t a i n e d  u s i n g  t h e  o n l y  a v a i l a b l e  d a t a  ( D *

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

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

d i o x i d e , . ’ s i n c e  i t  i n v o l v e s  t h e  u s e  o f  d e n s i t y  and s t o i c h ­

io m e t r i c -  v a l u e s  v /hich a r e  m o s t  o f t e n  f o u n d  in. t h e  f u e l  i n - a



r e a c t o r .  From t h i s  i t  i s  hoped  t h a t  a  new and im p ro v e d  f u e l  

may be  m a n u f a c t u r e d ,  and t h a t  t h e r e  w i l l  be  a  b e t t e r  c o n t r o l  

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

u s e  o f  U02 • The f i e l d  o f  i n v e s t i g a t i o n  h a s  b e e n  w i d e n e d ,  

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

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

i m p o r t a n t  m echan ism s  g o v e r n i n g  t h e ^ t r a n s f e r  o f  h e a t  i n  U02 ,

I t  i s  ho p ed  t h a t  t h i s  w i l l ,  a l s o  r e s o l v e  some o f  t h e  d i s c r e p ­

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



CHAPTER I

A. THEORT OF THERMAL CONDUCTION I F  SOLID MATERIALS

T h e r e  a r e  f o u r  b a s i c  m echan ism s  b y  w h ic h  h e a t  may be

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

( k  ) ;  b y  e l e c t r o n s  ( k o T ) ;  b y  r a d i a t i o n ,  ( k „ ) :  and b y  e x c i t a t i o n s  p e x  r
(k  ) ,  T h e s e  c o n t r i b u t i o n s ,  t o  h e a t  t r a n s p o r t  a r e  a d d i t i v e  s o  

t h e  t o t a l  c o n d u c t i v i t y  i s  g i v e n  b y : —

k t o t a l  =  k p + k e l  + k r  * k e x
The c h a r a c t e r i s t i c s  o f  e a c h  o f  t h e s e  f o u r  c o n t r i b u t i o n s  

t o  t h e  t o t a l  c o n d u c t i v i t y  w i l l  now be s u m m a r i s e d .  S p e c i a l  

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

c o n t r i b u t i o n  b e c a u s e  t h i s  f e a t u r e  can. b e  u s e d  t o  decompose  

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

1) P h o n o n .o r  L a t t i c e  C o n d u c t i o n  (k^.)

When h e a t  i s  a p p l i e d  t o  one f a c e  o f  a  s o l i d  t h e  i n t e n s i t y  

and a m p l i t u d e  o f  v i b r a t i o n . o f  t h e  atoms n e a r  t h a t  f a c e  a r e  

i n c r e a s e d . .  S i n c e  t h e s e  a toms a r e  i n  a  r e g u l a r  l a t t i c e  and  a r e  

bound  b y  s t r o n g  i n t e r a t o m i c  f o r c e s ,  some o f  t h i s  e x t r a  e n e r g y  

i s  p a s s e d  on. t o  t h e i r  n e i g h b o u r s .  I f  t h e  s o l i d  w ere  t h e r m a l l y  

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

u n i f o r m  t e m p e r a t u r e  b y  t h i s ,  t r a n s f e r  o f  v i b r a t i o n a l  e n e r g y .

I n  i n i t i a l  c a l c u l a t i o n s  t h i s  t r a n s f e r  o f  e n e r g y  was v ie w e d  as  

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

( o r  o s c i l l a t o r s ) .  E i n s t e i n  f o u n d t h e  a v e r a g e  e n e r g y  (e ) o f  an 

o s c i l l a t o r  o f  f r e q u e n c y  (w) a t  t e m p e r a t u r e  T t o  be  e q u a t e d  as  

f o l l o w s : -



F _________ ~&w ( 1 . 0 2 )
' exp  h w / k T -  1

where  ft -  h/2TT, h  i s  P l a n c k ’ s c o n s t a n t  and  k  i s  B o l t z m a n n ’ s  

c o n s t a n t *  The number o f  q u a n t a  ( n )  e a c h  o f  e n e r g y  "liw i s

n  = E /hw  n: ( e x p  ~  -  1 ) ~ 1 ( 1 *0 3 )

H ow ever ,  t h i s  a p p r o a c h  l e d  t o  t h e o r e t i c a l  v a l u e s  f o r  s p e c i f i c -  

h e a t  (0  )

w here  Gr  ~ f l f  (1*0U)

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

w h ic h  Cv a p p r o a c h e d  z e r o  a t  T = 0°K*

I t  i s  n e c e s s a r y  t h e r e f o r e  t o  v iew  t h i s  t r a n s f e r  o f  e n e r g y  

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

atoms b u t  a s  a c o l l e c t i v e  change  i n  t h e  v i b r a t i o n a l ,  e n e r g y  o f  

t h e  w hole  a s se m b ly y  o f  a t o m s .  T h i s  means  t h a t  t h e  f o r c e s ,  bind-*  

i n g  e a c h  a tom t o  i t s  n e i g h b o u r  w ould  have  t o  be  c o n s i d e r e d  i f  

a  more s o p h i s t i c a t e d  a n a l y s i s ;  were t o  be e v o l v e d .  I n .  t h i s ,  i n ­

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

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

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

s im p l e  h a r m o n ic  d i s p l a c e m e n t  o f . t h e  i n d i v i d u a l  o s c i l l a t o r s *

The t h e r m a l  c o n d u c t i o n  ( k )  i s ,  t h e r e f o r e ,  a m e a s u re  o f  t h e
Jr v

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

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

a r e  c a l l e d ;  pho n o n s  ~ h e a t  b e i n g  t r a n s f e n e d  b y  a phonon  ’ g a s ’ .

I n  t h e  i d e a l  c a s e  o f  a s i m p l e  h a r m o n ic  o s c i l l a t o r ,  i * e *  

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

t h e  p r o p a g a t i o n  o f  t h i s  phonon  1 g a s ’ , and t h e  t h e r m a l  c o n d u c t ­

i v i t y  w ou ld  be  i n f i n i t e .  T h a t  i t  i s  n o t  i n f i n i t e  r e f l e c t s  t h e  

f a c t  t h a t  t h e r e  e x i s t s *  some mechanism, f o r  s c a t t e r i n g ,  Yihieh. 

d o e s  n o t  d e p e n d  on t h e  p r e s e n c e  o f  d e f e c t s .  The p r o p a g a t i o n



3

o f  a  phon o n  t h r o u g h  t h e  c r y s t a l  l a t t i c e  w i l l  c a u s e  a  l o c a l  r • 

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

m o d u l a t e  i n  s p a c e  and  t im e  t h e  l o c a l  d e n s i t y  and e l a s t i c  c o n ^  

s t a n t s  o f  t h e  l a t t i c e *  P e i e r l s  ( 5 ) s u g g e s t e d  t h a t  t h e s e  

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

m echan ism  "by w h ich  p h o n o n  -  phonon i n t e r a c t i o n s  c o u l d  o c c u r .

H ow ever ,  t h e  m odel  so  f a r  i s  o n l y  s i m p l e ,  and  i n  o r d e r  

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

h i g h e r  o r d e r  ( a n h a r m o n i c )  te rm s*  The m o s t  i m p o r t a n t  i n t e r a c t i o n s  

a r e  t h e  t h r e e  phonon  p r o c e s s e s ,  where  e i t h e r  one phonon.  i s  

a n n i h i l a t e d  t o  y i e l d  two o t h e r s  o r  two p h o n o n s  combine t o  fo rm  

a t h i r d *  T h e r e  a r e  two t y p e s  o f  t h r e e  p h o n o n  i n t e r a c t i o n s .

The f i r s t  t y p e  i s  a  n o r m a l  o r  N.' ~ p r o c e s s  w here  t h e  t h r e e  waver, 

v e c t o r s  add  i n  a  s i m p l e  manner* F o r  N -  p r o c e s s e s  momentum, 

and e n e r g y  a r e  c o n s e r v e d ,  and i f  a l l  i n t e r a c t i o n s  were  o f  t h i s  

t y p e  t h e  c o n d u c t i v i t y  w ou ld  he i n f i n i t e *  H ow ever ,  P e i e r l s  ( 5 ) 

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

i t s  wave v e c t o r  i n  t h e  o p p o s i t e  s e n s e  to- t h a t  o f  t h e  i n i t i a l  

tw o .  T h i s  he c a l l e d  an. Umklapp o r  IT — p r o c e s s ,  and in.  t h i s ,  

p r o c e s s  momentum i s  n o t  c o n s e rv e d *  F o r  t h e  IT — p r o c e s s t o  o c c u r  

one p h o n o n  m u s t  have  i t s  w a v e l e n g t h  s h o r t e r  th a n ,  t w i c e  t h e  

i n t e r a t o m i c  d i s t a n c e  (&)•  E xam ples  o f  t h e s e  two t y p e s  o f  

p r o c e s s  a r e  g i v e n  i n  f i g  * 1 e01 ( a f t e r ’ £ im an  ( 6 )  )* Of t h e  

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

r e s i s t i v i t y .  H ow ever ,  F  — p r o c e s s e s  c o n t r i b u t e  i n d i r e c t l y  in .  

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

u t i o n  o v e r  a w ide  r a n g e  o f  f r e q u e n c i e s ,  t h u s  c r e a t i n g  s h o r t  

w a v e l e n g t h  p h o n o n s  w h ic h 'm a y  t h e n  p r o d u c e  If — p r o c e s s e s *  At
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low t e m p e r a t u r e s  t h e  d o m in a n t  phonon w a v e l e n g t h s  a r e  t o o  

l a r g e  f o r  TF -  p r o c e s s e s  t o  o c c u r *

I n  a  p e r f e c t  c r y s t a l  l a t t i c e  t h e  t h e r m a l  r e s i s t a n c e  

w ould  he  a c c o u n t e d  f o r  s o l e l y  b y  t h e s e  O' — p r o c e s s e s ,  h u t  i n  

a r e a l  c r y s t a l  o t h e r  m ech an ism  may c a u s e  s c a t t e r i n g  o f  p h o n o n s  

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

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

and t h e  c r y s t a l  b o u n d a r y  — a l l  o f  w h ich  a f f e c t  t h e  p e r i o d i c i t y  

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

p h o n o n s .  The m a g n i tu d e  o f  t h e i r  e f f e c t  w i l l  d e p e n d  on t h e i r  

c o n c e n t r a t i o n ,  d i s t r i b u t i o n  and s i z e .  I n  an  e l e c t r i c a l  c o n d u c t o r  

phonons: w i l l  a l s o  i n t e r a c t  w i t h  f r e e  e l e c t r o n s *  A l l  t h e s e  p r o ­

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

d e p e n d  on  t h e  mean f r e e  p a t h s  o f  t h e s e  s c a t t e r i n g ,  p r o c e s s e s *

I t  c a n  be  d e d u c e d  t h e o r e t i c a l l y  t h a t  t h e  c o n d u c t i v i t y  o f  

a phonon. *gas* c an  be r e p r e s e n t e d  b y

kp = i  | c T( w ) / v ( w ) . I p (w>.aw. ( l*G 5)

where O' (w) i s  th e  s p e c i f i c  h e a t / u n i t  volume a& some f u n c t io n ,  

o f  f r e q u e n c y ,  v(w) i s  th e  v e lo c i t y ,  a s  a f u n c t i o n  o f  f r e q u e n c y  

and Xp( w} i s  th e  mean f r e e  p a th  as a f u n c t i o n  o f  f r e q u e n c y .

T h i s  e q u a t i o n  i s  u s u a l l y  a p p r o x i m a t e d  to:

k p  = i c v . v . l fi ( 1 . 0 6 )

Now e a c h  phonon. i s  c h a r a c t e r i s e d  b y  t h r e e  p a r a m e t e r s ;  a )  t h e  

wave v e c t o r  *  q w h ich  d e f i n e s  t h e  w a v e l e n g t h  (A).

X = + 2TT/q. ( 1 .0 7 )

a n d ,w h o se  s i g n  d e f i n e s  t h e  p r o p a g a t i o n  d i r e c t i o n ;  b )  t h e  

a n g u l a r  f r e q u e n c y  ( w ) ,  and  c )  t h e  p o l a r i s a t i o n  v e c t o r  £ w h ic h  

d e f i n e s  t h e  d i r e c t i o n  o f  a tom  d i s p l a c e m e n t *  T h e se  g i v e  r i s e



t o  a s p e c t r u m  of* l a t t i c e  v i b r a t i o n s  w h ic h  c an  be  v e r y  c o m p lex  

f o r  m o s t  s o l i d s *  S i n c e  t h e  p a r a m e t e r s  s u c h  as  i n t e r a t o m i c  

b i n d i n g ,  f o r c e s  a r e  n o t  a lw a y s  a c c u r a t e l y  kno?m, t h i s  makes  an 

a c c u r a t e  s o l u t i o n  t o  such , e q u a t i o n s  as  e q u a t i o n  1*05 v e r y  

d i f f i c u l t *  However ,  t h e  t h e o r y  o f  t h e  v i b r a t i o n a l  s p e c t r u m  

has. b e e n  s i m p l i f i e d  by  u s i n g  Debye’ s  t h e o r y ,  i n  w h ich  c e r t a i n  

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

The s o l i d  i s  assumed t o  be i s o t r o p i c  and t h e  v e l o c i t y  o f  wave 

p r o p a g a t i o n  ( v )  assumed c o n s t a n t  f o r  a l l  f r e q u e n c i e s *  The 

e n e r g y  o f  t h e  d i f f e r e n t  phonon  modes i s  assum ed  t o  be q u a n t i s e d ,  

e a c h  h a v i n g  a p a r t i c u l a r  w a v e l e n g t h ,  wave v e c t o r  and f r e q u e n c y *  

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

f r e q u e n c y  where

= kO. ( 1 . 0 8 )
D

w here  6 ^  i s  t h e  Debye t e m p e r a t u r e  o f  t h e  s o l i d  and k  i s  

B o l t z m a n n ’ s c o n s t a n t *  T h i s . e q u a t i o n  d e f i n e s  8^  ,  and many; 

p r o p e r t i e s  o f  a s o l i d  a r e  e x p r e s s e d  in. t e r m s  o f  0^*

I t  c a n  be  shown, t h a t  f o r  t e m p e r a t u r e s  above , t h a t  

Cy a p p r o a c h e s  a  v a l u e  o f  3Nk (where  K  i s  A v o g ad ro ’ s  n u m b e r ) .

T h i s  i s  D u lo n g  and P e t i t ’ s  l a w .  At low t e m p e r a t u r e s  

O' i s .  p r o p o r t i o n a l  t o  T3 , and t h i s  i s  T^law. o f  s p e c i f i c  h e a t *  

Thus t h i s  a p p r o a c h  g i v e s  v a l u e s  f o r  Gy  w h ic h  f i t  t h e  o b s e r v e d  

d a t a  much more a c c u r a t e l y  t h a n  v a l u e s  o b t a i n e d  a t  low  

t e m p e r a t u r e s  f ro m  E i x i s t e i n ’ s  a n a l y s i s *

To d i s c u s s  t h e  d e p e n d e n c e  o f  c o n d u c t i v i t y  on. t e m p e r a t u r e ,  

i t  i s  n e c e s s a r y  t o  u n d e r s t a n d  t h e  d e p e n d e n c e  o f  phonon. mean 

f r e e  p a t h  oil  t e m p e r a t u r e ,  s i n c e  b o t h  Gy (w) and v(w) have  

b e e n  w e l l  d e f i n e d  i n e q u a t i o n s  ( I 0O5 ) and  ( ' U 0 6 ) .  In.  f a c t  i t  

i s  s i m p l i f i e d  i f  one c o n s i d e r s  t h e  f r e q u e n c y  d e p e n d e n c e  o f  1 , 

and thus ,  a r r i v e . -  a t  i t s  t e m p e r a t u r e  d e p e n d e n c e ,  s i n c e



6*

1 «• wT n ( 1 . 0 9 )

E q u a t i o n  .1*02' ■ -
w ________ j lw______

e x p  'Tiw/kT -  1
h a s  a  maximum a t

wmax = W '  ( 1 . 1° )
I f  one c o n s i d e r s  t h i s  v a l u e  o f  f r e q u e n c y  t o  he  t h e  d o m in a n t

one a t  t e m p e r a t u r e  T * i * e *  = wx max.
then .  cc T (1*11}

and 1  <* Tn  ( 1 . 1 2 )

T h i s  a n a l y s i s  a s su m es  t h e  Debye m ode l  s u c h  t h a t  in.  t h e  r a n g e

w t o  w+dw t h e  number  o f  modes g(w)dw i s  p r o p o r t i o n a l  t a  v/adv/,

U s i n g  e q u a t i o n  ( 1 *0 6 )

i * e *  k  = iG , v .  1 P v p
f o r  9jj ^ v  and a r e  c o n s t a n t

*  1P *  '"t ”  *  T" ( 1 . 1 3 )
and f o r  T «  0^  5 v  i s  c o n s t a n t  and T 3

kp c, T3. l p o<r Tn+3 . (1.1U)

Thus t h e  c o n d u c t i v i t y  i s  p r o p o r t i o n a l  to; T31 f o r  T > 0^  and  t o  

T 3+n f o r  T <&©p•

The v a l u e  o f  f n T c a n  b e  d e d u c e d  f r o m  a s t u d y  o f  t h e  

t h e r m a l  r e s i s t i v i t y  ( R )  where  .

Rp = Ru * Rpe * Rp i ' (1 .15 )
i<>e. t h e  t o t a l  r e s i s t i v i t y  i s  e x p r e s s e d  as  t h e  sum o f  t h e

r e s i s t i v i t y  due t o  U -  p r o c e s s  (Ru )» p h o n o n - e l e c t r o n

i n t e r a c t i o n s  (Rp e ) an& p h o n o n  i m p u r i t y  i n t e r a c t i o n s  ( R ^ . ) *

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

p a t h s  due t o  t h e s e  s c a t t e r i n g -  p r o c e s s e s *

*1 ' ^  - 1‘ + l ”  * IT" ’ (1 * 1 6 )p  u  pe p i  
The r e l a t i v e  c o n t r i b u t i o n  o f  t h e  s e p a r a t e  r e s i s t i v i t y  compo­



n e n t s  Vifill now "be e x a m in e d  f o r  t h e  two t e m p e r a t u r e  r a n g e s  

T > and  T < 0^

a ,  ~ where  k ^  ot Tn

^ Ru t t h e  s c a t t e r i n g  due to. U -  p r o c e s s e s  d e p e n d s  o n  

t h e  s q u a r e  o f  t h e  a to m ic  a m p l i t u d e  ( d )  ,, and s i n c e  d<* J t  

t h e n  k u  oi l u  oc 1 /T  ( i - 1 7 )

The f u l l  d e r i v a t i o n  o f  t h i s  e q u a t i o n  g iv e n ,  b y  L e i b f r i e d / R  

Schloraann ( 7 )  i s

k u  = ^  ( h ) i  ( | ) 3 ^  ( 1 *1 8 )

where  M i s  t h e  a v e r a g e  m a s s / a t o m ,  J 3 i s  t h e  a v e r a g e  v o l u m e /  

a tom,  and ^ i s .  G ru n e i s e n *  s. c o n s t a n t #  O t h e r  d e r i v a t i o n s  have  

b e e n  g iv e n ,  b y  d i f f e r e n t  a u t h o r s  ( 8 , 9 * 1 0 , 1 1 ) *

i i  R : i n  m e t a l s  and s e m i c o n d u c t o r s ,  f r e e  e l e c t r o n s ;  

s c a t t e r  p h o n o n s ,  Ziman ( 1 2 )  h a s  r e l a t e d  t h e  m a t h e m a t i c  e x p r e ­

s s i o n s  f o r  t h e r m a l  r e s i s t i v i t y  (R ^ ) f ro m  e l e c t r o n  s c a t t e r i n g .pe
o f  p h o n o n s  and e l e c t r i c a l  r e s i s t i v i t y  ( f j  f r o m  p h o n o n  

s c a t t e r i n g  o f  e l e c t r o n s  a s  f o l l o w a

where n ^  i s  t h e  number  o f  f r e e  e l e c t r o n s / a t o m ,  N" i s  t h e  number

o f  a to m s /v o lu m e ,  e i s .  t h e  e l e c t r o n i c  ch a rg e , ,  and  k  i s  Bol tzmann* j

c o n s t a n t *  I t  c a n  he  s e e n ,  f ro m  t h i s  e q u a t i o n  t h a t  f o r  T > 0p ,

0 —9 3R k  and  s i n c e  '0 & T. th e n ,  R' i s  c o n s t a n t *  v v **" ps
i i i  R‘ ^ : t h e  s c a t t e r i n g  o f  phonons  by  i m p u r i t y  a toms w i l l  

d e p en d  o n  t h e i r  c o n c e n t r a t i o n #  F o r  T > 0 ^  t h e  w a v e l e n g t h  o f  t h e  

ph o n o n s  w i l l  he p r e d o m i n a n t l y  s h o r t *  T h e r e f o r e , . a s su m in g  t h a t



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

1 . s h o u l d  he  i n d e p e n d e n t  o f  t e m p e r a t u r e  and  f r e q u e n c y .  I t  is.p i
t h e n  t o  he  e x p e c t e d  t h a t  R ^ i s  e s s e n t i a l l y  i n d e p e n d e n t  o f  

t e m p e r a t u r e .

F o r  T > 0 d ., t h e r e f o r e ,  o n l y  R i s  d e p e n d e n t  on  t e m p e r a t u r e  

and t h e  p h o n o n  c o n t r i b u t i o n  t o  t o t a l  c o n d u c t i v i t y  may he  e x p r e ­

s s e d  a s  k  -  (A+BT)“  ̂ ( 1 . 2 0 )
Jr

b .  where  k p  T3+n

i  R'u  : in .  g e n e r a l  TJ -  p r o c e s s e s  a r e  s c a r c e r  t h a n  a t  T > Q p  

owing t o  t h e  l a c k  o f  s h o r t  w a v e l e n g t h  p h o n o n s ,  s i n c e  IT -  p r o c e s s e s  

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

qu en cy  i s  t o o  l o w ) .  The number o f  phonons  (n  ) i s  p r o p o r -
J/ u7tp

t i o n a l  t o  e ,  t h u s  a s  t h e  t e m p e r a t u r e  f a l l s  t h e  number  o f  

i n t e r a c t i o n s  w i l l ,  d e c r e a s e .  I f  t h e r e  i s  a  minimum f r e q u e n c y  

(wm i n ) f o r  IT -  p r o c e s s e s  t h e n  f ro m  e q u a t i o n  1 . 0 8

nu = e _ e D / M  ' ( 1 , 2 1 ) '

where b = V v  %
The r a t i o  i s  f o u n d  t o  b e  a b o u t  2 •

Ru o(. e ~ 0D/2T ( 1 . 2 2 )

i i  i a ;. t e m p e r a t u r e  d e p e n d e n c e  f o r  R c a n  be  o b t a i n e d—  pe pe
b y  u s i n g  e q u a t i o n  1 . 1 9  and  t h e  i d e n t i t i e s  \fioi t \ c ‘ ctT*3 *

T h i s  y i e l d s  R' U  ( 1 . 2 3 )po
Under  c o n d i t i o n s  where  t h e  phonon  -  e l e c t r o n  i n t e r a c t i o n  

m i g h t  be  i m p o r t a n t ,  e.*gi i n  a  m e t a l  o r  s e m i c o n d u c t o r ,  t h e  

number  o f  f r e e  e l e c t r o n s / a t o m  (n  ) w i l l  be  n e g l i g i b l e  f o r  t h e  

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

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



i i i  R . : F o r  l o n g  w a v e l e n g t h s  t h e  s c a t t e r i n g  c r o s s - s e c t i o n  
*

V If.
o f  an i m p u r i t y  i s  i n v e r s e l y  p r o p o r t i o n a l . t o  a  * i * e *

l p i  X**" ( 1 .2 U )( 1 . 2 U )

S i n c e  1 w ocT -and  hy  i n v o k i n g  t h e  r e l e v a n t  p r o p o r t i o n a l i t i e s , ,  i t  

can  he  shown, t h a t

F o r  T-< ,  t h e r e f o r e , ,  t h e  c o n t r i b u t i o n ,  t o  t h e  t o t a l  c o n

d u c t i v i t y  h y  phonon  c o n d u c t i o n  i s  g i v e n  a s :

where  A1 B* and Gf a r e  c o n s t a n t s  o f  p r o p o r t i o n a l i t y .

T h e se  two e q u a t i o n s  ( 1 . 2 0 )  and ( t 02 6 )  a r e  t h e  o n e s  g e n e r a l l y  

u s e d  t o  d e s c r i b e  t h e r m a l  c o n d u c t i o n ,  hy  p h o n o n s .  I n  p r a c t i c e  

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

s i n c e  f o r  t h e  m a j o r i t y  o f  m e t a l s  and  c e r a m i c s  i s  i n v a r i a b l y

2') E l e c t r o n i c  C o n d u c t  i o n .(kc ^ )

In .  an e l e c t r i c a l  c o n d u c t o r  t h e r m a l  e n e r g y  c a n  a l s o  be  c- 

c a r r i e d  b y  any  c h a r g e  c a r r i e r s  s u c h  as. f r e e  e l e c t r o n s *  T h i s  

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

b y  t h e  m o d i f i e d  W ie d e m a n n /F ra n z  law

( 1 .2 5 )

k  = a ' t " 1 + + C1 e~®D/2T (1 . 2 6 )

i . e .  k  = (A+BT)“ 1:

b e lo w  room t e m p e r a t u r e .

where  k  » B o l t z m a n n 1 s  c o n s t a n t

e ~ e l e c t r i c a l  c h a r g e  o f  c a r r i e r *
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T = T°K

and cT = e l e c t r i c a l  c o n d u c t i v i t i e s  due  t o  e l e c t r o n s  and  

h o l e s  r e s p e c t i v e l y .

o '  =: cf ‘ + d  n p
E st a c t i v a t i o n :  e n e r g y  f o r  e x c i t i n g  an e l e c t r o n  i n t o

o
t h e  c o n d u c t i o n  h a n d .

F o r  m e ta l s  o' <£C and t h i s  e q u a t io n  r e d u c e s  to  th e  c l a s s i c a l .  

W iedem ann/Franz  form  o f

k e l  = ^  ( 1 . 2 8 )

However ,  t h e  l a s t  t e r m  o f  e q u a t i o n  1 . 2 7  r e p r e s e n t s  t h e  p r i n c i p l e

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

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

e n e r g y  E • I n  t h i s  c a s e  h e a t  t r a n s f e r  may be  b y  some fo rm  
S

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

s e c t i o n  U* F o r  e x t r i n s i c  s e m i c o n d u c t o r s ,  t h e  l a s t  t e r m  a g a i n  

e f f e c t i v e l y  v a n i s h e s  a s  cf^ ^>> cfn  f o r  p  — t y p e  o r  cf^ »  o '  

f o r  n -  t y p e *

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

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

any i m p e r f e c t i o n  w h ic h  d i s t u r b s  t h e  p o t e n t i a l  f i e l d .  The 

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

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

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

e l e c t r o n s  i n  a s e m i c o n d u c t o r  have l a r g e r  w a v e l e n g t h s .

C h r i s t e n s e n  (1 3 )  s a y s  t h a t  d e f e c t s  X w i l l  s c a t t e r  e l e c t r o n s  

i n  a m e t a l ,  w h e re a s  t h e  d e f e c t -  h a s  t o  be  ~2G& t o  s c a t t e r  them 

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

I n  p u r e  m e t a l s  k  T »  k  and t h e  number  o f  f r e e  e l e c t r o n .04  p
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. 1 1 *

c a r r i e r s  i n c r e a s e s  w i t h  t e m p e r a t u r e .  H o w e v e r * . i n  g e n e r a l ,  t h e  

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

p e r a t u r e  ow ing  t o  i n c r e a s e d  s c a t t e r i n g  w i t h i n  t h e  m e t a l .  In .  a 

s e m ico n d u c to r .*  t h e  im p ro v e d  m o b i l i t i e s  o f  p o s i t i v e  h o l e s  and  

e l e c t r o n s  t e n d s  t o  make t h e  e l e c t r i c a l  c o n t r i b u t i o n  t o  

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

i n g .  However* t h e  o v e r a l l  v a l u e  o f  t h i s  k  r e m a i n s  s m a l l6 i
com pared  t o  k ^  e x c e p t  a t  v e r y  h i g h  t e m p e r a t u r e s ,  i . e *  n e a r  t h e  

m e l t i n g  p o i n t ,  when t h e  b a n d  g a p  may have  n a r ro w e d  q u i t e  

s i g n i f i c a n t l y .  F i g .  1!.G2 ( a f t e r  C h r i s t e n s o n  ( i 3 )  ) g i v e s  t h e  

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

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

m e t r i e s .  k Q^ f o r  i s  l a r g e r  t h a n  k^^  f o r  ITÔ  s i n c e

h a s  a l a r g e r  e l e c t r i c a l ,  c o n d u c t i v i t y .  However ,  

i s  l e s s  t h a n  f o r  UO^ owing t o  i n c r e a s e d  p h o n o n  and

p h o t o n  s c a t t e r i n g  b y  t h e  e l e c t r o n s  , i n  U02+x •
4

3 )  R a d i a t i o n  C o n d u c t i o n  ( k ^ )

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

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

e n e r g y  o f  h i g h  f r e q u e n c y ,  t h a t  i s  b y  p h o t o n s *  T h i s  i s  a n a l o g o u s  

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

p r o p a g a t e  i n  a vacuum. The c o n t r i b u t i o n  t o  t h e  t o t a l  c o n d u c t ­

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

i n f i n i t e  t h i c k n e s s  can  be  d e r i v e d  f rom  k i n e t i c  t h e o r y  u s i n g  

e q u a t i o n  1 . 0 6  kR =- i c ^ . v . l ^ . .

w here  ' *n  ’ ' ( 1 * 2 9 )



12 *

w i t h  1^ = ( 1 . 3 0 a )

and v = G/^n ( 1 . 30b)

( 1 . 3 1 )
16 gr n3T3

S  i s  t h e  S t e f a n  — B o l t z m a n n  r a d i a t i o n  c o n s t a n t ;  n i s  t h e  r e f r a c t

t h e  mean f r e e  p a t h  o f  t h e  p h o t o n s , and 0 i s  t h e  v e l o c i t y  o f  

l i g h t *  I t  i s  a c o n v e n i e n t  way o f  e x p r e s s i n g  t h e  p r o c e s s  a l t h o u g h  

i t  d o e s  n o t  t a k e  i n t o  a c c o u n t  t h e  d e p e n d e n c e  o f  t h e  r e f r a c t i v e  

i n d e x  ( n )  and mean f r e e  p a t h  ( l g )  on t e m p e r a t u r e  (T)  and  w ave­

l e n g t h  (X)* I n  g e n e r a l ,  n  c a n  he  t a k e n  as  "being i n d e p e n d e n t  o f

X and T;  however I p * v a r i e s  a s  a f u n c t i o n  o f  X , T and<X* S i n c e*
h e a t  t r a n s p o r t  h y  t h i s  m echan ism  i s  s m a l l  com pared  t o  t h a t  h y  

ph o n o n s  (K ) ,  i t s  e f f e c t  w i l l  d e p e n d  c r i t i c a l l y  on 1R .

T h e r e  a r e  t h r e e  p o s s i b l e  r a n g e s  f o r  1^:

i  I f  1R i s  l a r g e r  t h a n  t h e  sample  d i m e n s i o n ,  t h e n  h e a t  

t r a n s f e r  w i l l  o c c u r  w i t h o u t  any i n t e r a c t i o n  w i t h  t h e  i n t e r v e n ­

i n g  m a t e r i a l , -  and t h e  m a t e r i a l  w i l l  o n l y  a l t e r  t h e  v e l o c i t y  

and hen ce  t h e  r a t e  o f  h e a t  f l o w .  I n  t r a n s p a r e n t  and s i n g l e  

c r y s t a l s  (w h e re  t h e r e  a r e  no. g r a i n  b o u n d a r i e s  t o  a f f e c t  ! „ )  

t h e r e  w i l l  b e  a  s i g n i f i c a n t  c o n t r i b u t i o n ' t p  t h e  t o t a l  

c o n d u c t i v i t y  (ipp) b y  k^ a t  h i g h  t e m p e r a t u r e s *

i i  I f  Xg i s  ~  s am ple  d i m e n s i o n s  t h e n  t r a n s f e r  o f  h e a t  w i l l  

o c c u r  a s  an ex ch a n g e  b e tw e e n  t h e  b o u n d a r i e s  and t h e  m a t e r i a l ,  . 

and t h e  r a t e  o f  e n e r g y  e x c h a n g e  w i l l  be  d e t e r m i n e d  b y  t h e  

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

t h e  m a t e r i a l *  T h i s  m echan ism  w i l l  p r e d o m i n a t e  i n  some c e r a m i c s  

where  l ^ ^ Q . 1  t o  100cm*

i v e  i n d e x ;  T i s  i n  °K; &< i s  t h e  a b s o r p t i o n  c o e f f i c i e n t ;  1^ i s



1 3 .

i i i  I f  i s  s m a l l e r  t h a n  t h e  sam ple  d i m e n s i o n ,  then ,  t r a n s f e r  

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

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

t h e  s p e c t ru m *  A b s o r p t i o n ,  i s  n e c e s s a r y  f o r  p h o t o n  t r a n s f e r  

s i n c e  i t  i s  a n  e n e r g y  c o n v e r s i o n  p r o c e s s ,  and i t  i s  i n t r i n s i c

m a t e r i a l *  However ,  i t  does- l i m i t  t h e  t r a n s f e r .  S c a t t e r i n g ,  on 

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

'There a r e  two m echan ism s  c a u s i n g  s c a t t e r i n g :  f l u c t u a t i o n  i n  

t h e  d e n s i t y  o f  t h e  m a t e r i a l  due t o  sou n d  w a v e s ,  and s t r u c t u r a l ,  

s c a t t e r i n g *  The l a t t e r  i s  f o u n d  t o  he t h e  more p r e d o m i n a n t ,  

w i t h . s c a t t e r i n g  hy  p o r e s  a s  i t s  main, s o u r c e  -  o n l y  a few

From e q u a t i o n  1*31- i t  c a n  he  s e e n  t h a t  f o r  m a t e r i a l s  w i t h  

a low a b s o r p t i o n  c o e f f i c i e n t  i s  I m p o r t a n t  a t  o n l y  a few  

h u n d r e d  d e g r e e s ,  and t h a t  f o r  o n e s  w i t h  a  h ig h o C o r  s u b s t a n t i a l  

s c a t t e r i n g ,  k ^  i s  n o t  s i g n i f i c a n t  u n t i l  v e r y  h i g h  t e m p e r a t u r e s *  

I n  s i n g l e  c r y s t a l s  and  t r a n s p a r e n t  m a t e r i a l s ,  where  1^. i s  o f  

t h e  o r d e r  o f  a few  c e n t i m e t e r s ,  k^ I s  a p p r e c i a b l e  a t  medium 

t e m p e r a t u r e s *  1^ i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e  owing 

t o  h i g h e r  t r a n s m i s s i o n ,  i n  w a v e - l e n g t h s  ^ 1 - 3 ]^ ,  s i n c e  i n  g e n e r a l  

s i n g l e  c r y s t a l s  a r e  t r a n s p a r e n t  in.  t h e  v i s i b l e ,  opaque  i n  t h e  

u l t r a v i o l e t  (due  t o  e l e c t r o n  e x c i t a t i o n )  and have  a b s o r p t i o n  

h a n d s  i n  t h e  i n f r a r e d  (d u e  t o  a to m ic  v i b r a t i o n s ) *  I n  p o l y ^  

c r y s t a l l i n e  m a t e r i a l s  1^ i s  s m a l l e r  due t o  s c a t t e r i n g ,  and  t h e  

t o t a l  mean f r e e  p a t h  c a n  b e  e x p r e s s e d  a s s

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

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

p e r c e n t  c a n  a l t e r  t h e  t r a n s m i s s i o n
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The mean f r e e  p a t h  due t o  a b s o r p t i o n  ( i ^ )  i n c r e a s e s  w i t h

t e m p e r a t u r e  * w h i l s t  t h a t  due  t o  s c a t t e r i n g  ( l  ) d e c r e a s e s * .s
1^ should , . ,  t h e r e f o r e ,  p a s s  t h r o u g h  a maximum v/hich w i l l  o c c u r  

a t  h i g h e r  t e m p e r a t u r e s  f o r  t h e  m a t e r i a l  w i t h  t h e  s m a l l e s t  

p o r e  s i z e  a n d .v o lu m e*  Most  c e r a m i c s  a r e  more  t r a n s p a r e n t  i n  

. t h e  v i s i b l e  and  n e a r  i n f r a r e d  t h a n  a t  l o n g e r  w a v e l e n g t h s ,  

t h e r e f o r e  k^  w i l l  be  i m p o r t a n t ,  o n l y  a t  h i g h  t e m p e r a t u r e s  

( ^ 1 5 0 0 ° 0 )  when t h e  maximum b l a c k  b o d y  r a d i a t i o n  e n e r g y  w i l l  

have  moved t o  t h e  l o w e r  w a v e l e n g t h s *

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

t r a n s f e r  t o  t h e  c o n d u c t i v i t y  o f  U0A, e q u a t i o n  1*31 i s  

u s u a l l y  u s e d  i n  t h e  f o l l o w i n g  fo rm ;

kjt = COT3 (1 .3  3)

where 0 i s  a  c o n s t a n t  o f  p r o p o r t i o n a l i t y *

E x c i t a t i o n  C o n d u c t i o n  ( k c -_)

W hereas  t h e  t h e r m a l  c o n d u c t i v i t i e s  o f  m e t a l s  have  b e e n  

a d e q u a t e l y  d e s c r i b e d  b y  u s i n g  k ^ ,  k Ql and  k p f  s e v e r a l  anom al ies -  

have  b e e n  o b s e r v e d  a t  h igh ,  t e m p e r a t u r e s  f o r  s e v e r a l  s e m i ­

c o n d u c t o r s .  A t t e m p t s  have  b e e n  made t o  a c c o u n t  f o r  t h i s  anom~ 

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

t i o n  c o n d u c t i o n  c o n t r i b u t i o n ,  and s e v e r a l  m ech an ism s  have  b e e n  

p o s t u l a t e d  i n c l u d i n g  e l e c t r o n - h o l e  p a i r s  ( 1 5 , 1 6 ) ,  i n t e r n a l  

r a d i a t i o n  ( 1 7 * 1 8 ) and  o t h e r  e x c i t a t i o n  m ech an ism s  (19* 2 0 ) .

I f  n ' i s  t h e  number o f  e x c i t a t i o n  s t a t e s  and E i s  t h e
q  "1"

e n e r g y  b e t w e e n  t h e  g r o u n d  s t a t e  and t h e  1 ■ e x c i t e d  s t a t e s  o f  

t h e  s y s t e m  and a s su m in g  . E / k T »  1 t h e n  a c c o r d i n g  t o  K rum hans l  ( 2 l )



k  is .  g i v e n - b yOX

k e x  = k - 1 *v *’C n2* e x P ( 0 -3*+)

where  k  i s  B o l t z m a n n ’ s, c o n s t a n t , .  1 i s  t h e  c h a r a c t e r i s t i c  

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

v e l o c i t y  o f  t r a n s p o r t  o f  t h e  e x c i t e d  s t a t e s * ,  S i m i l a r  e q u a t i o n s  

have  b e e n  o b t a i n e d  b y  P i k u s  (1 9 )  and b y  P r i c e  ( i 6 ) *

£ f  one e x a m i n e s  t h e  r e l a t i o n s h i p  g i v e n  b y

e q u a t i o n  1*27

i . e .  ke l  ,  g(V 8)a T (ty * 2 ^  f  )
w O f c M I — > l i n  ■ l l r f a t  M M M M i O *cr 2 kT

one o b s e r v e s  t h a t  t h i s  e q u a t i o n  r e d u c e s  t o  t h e  c l a s s i c a l

Wiedemann F r a n z  f o rm  k  o< T'tf f o r  m e t a l s  ( b  ̂ » c f l )  and f o r' n  p '
e x t r i n s i c  s e m i c o n d u c t o r s  ( t r 1n N>,>cr'p o r  ®o w e v e r * f o r

i n t r i n s i c  s e m i c o n d u c t o r s  w here  j f  ^  =. iT t h e r e  w i l l  be  a l a r g en  p
c o n t r i b u t i o n  f ro m  t h e  s e c o n d  t e r m  i n  e q u a t i o n  1 *2 7 , s i n c e  b o t h  

c h a r g e  c a r r i e r s  ( h o l e s  and e l e c t r o n s )  w i l l  c a r r y  t h e  r e c o m b i n a ­

t i o n  e n e r g y  E • T h e se  c a r r i e r s  a r e  fo rm e d  when s u f f i c i e n t  e n e r g y  

i s  a b s o r b e d  to. f o rm  a n  e l e c t r o n  and a  h o l e  w h ic h  can  t h e n  

d r i f t  dov/n t h e  t e m p e r a t u r e  g r a d i e n t  t o  t h e  c o o l  r e g i o n , ,  where  

t h e y  may r e c o m b i n e .  Thus  h e a t  i s  t r a n s f e r r e d  b y  an a m b i p o l a r  

■ m ech an ism ,  and t h e  e l e c t r o n  and h o l e  may move i n d e p e n d e n t l y  

o r  t o g e t h e r .

S e v e r a l  a u t h o r s  ( 1 9 ,  2 0 ,  2 2 ,  2 3 )  h av e  p r o p o s e d  an e x c i t a ­

t i o n  c o n d u c t i o n  i n  w h ich  t h e  e l e c t r o n  and h o l e  move t o g e t h e r  

a s  a  s t a b l e  bound  s t a t e  c a l l e d  an e x c i t o n .  An e x c i t o n  ( 2 h )  is ,  

fo rm e d  when, a p h o t o n  o f  e n e r g y  E i s  a b s o r b e d  b y  t h e  c r y s t a l
o

l a t t i c e  t o  c r e a t e  an e l e c t r o n  and  h o l e .  The a t t r a c t i v e  Goloumb 

i n t e r a c t i o n  b e tw e e n  t h e  e l e c t r o n :  and h o l e  e n a b l e s  them  t o  fo rm



a s t a b l e  'bound p a i r .  T h i s  p a i r  t r a n s p o r t e d  e x c i t a t i o n  

e n e r g y  b u t  n o t  c h a r g e .  I f  t h e  v a l e n c y  b a n d  i s  f u l l ,  t h e n  t h e  

e n e r g y  o f  t h e  p h o t o n  r e q u i r e d  t o  p r o d u c e  an e x c i t o n  w i l l  be  

l e s s  t h a n  t h e  gap  e n e r g y  E . A n o th e r  m echan ism  s u g g e s t e d  f o r  

t h i s  e x c i t a t i o n  h e a t  t r a n s f e r  i s  t h a t  o f  p o l a r o n s  (2 5  -  2 8 ) .  

When an e l e c t r o n  i n  t h e  c r y s t a l  l a t t i c e  i n t e r a c t s  w i th ;  t h e  

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

T h i s  d e f o r m a t i o n  can  f o l l o w  t h e  e l e c t r o n  and t h e  c o m b i n a t i o n  

o f  t h e  e l e c t r o n ,  and i t s  s t r a i n f i e l d  i s  c a l l e d  a p o l a r o n  ( 2 ^ )*  

Thus  t h e  e l e c t r o n  h a s  a  l a r g e r  e f f e c t i v e  m a s s ,  and  i n  t h i s :  

c a s e  b o t h  c h a r g e  and  e x c i t a t i o n  e n e r g y  a r e  t r a n s p o r t e d .

H e r r i n g  s t a t e d  ( 2 9 )  t h a t  u n l e s s  e x c i t o n  t r a n s p o r t  h ad  a 

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

w ould  n o t  make a  c o m p a r a b le  c o n t r i b u t i o n ,  t o  t h a t  o f  a m b i p o l a r  

h e a t  t r a n s p o r t ,  s i n c e  t h e r e  a r e  a  s m a l l e r  number  o f  momentum 

s t a t e s  a c c e s s i b l e  t o  e x c i t o n s .  Whitmore  ( 2 2 )  f o u n d  t h i s  t o  be  

t h e  c a s e  f o r  TiO^ w here  t h e  a c t i v a t i o n :  e n e r g y  f o r  a m b i p o l a r  

t r a n s p o r t  was much t o o  l a r g e >and so  he a t t r i b u t e d  h i s  o b s e r v e d  

i n c r e a s e  t o  e x c i t o n  h e a t  t r a n s f e r .

T h e r e  h a s  b e e n  c o n s i d e r a b l e  work  done on m e a s u r i n g  

e l e c t r i c a l  c o n d u c t i v i t y  and  H a l l  c o e f f i c i e n t s  i n  an a t t e m p t  

to. d e t e r m i n e  t h e  e x a c t  e x c i t a t i o n  m echan ism  o p e r a t i n g .

However ,  s i n c e  m o s t  m e a s u re m e n t s  o f  m o b i l i t i e s  have  b e e n  

o b t a i n e d  a t  low  t e m p e r a t u r e s  ( T <  1200°K),  t h e  p o s i t i o n  a t  

h i g h  t e m p e r a t u r e s  i s  s t i l l  u n c e r t a i n , ' a n d  some d i s c r e p a n c i e s  

a r e  o b s e r v e d .  For  e x a m p le ,  D e v y a t k o v a ( 17) s u g g e s t e d  t h a t  

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

t e l l u r i d e  (Pb  T e )  t o  d e v i a t e  f ro m  t h e  f o rm  l i n e a r  f o rm  o f
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k  K a n a i / N i i  (3 0 ) f o u n d  no s u c h  d e v i a t i o n *  F o r  U0 2 t h e

p o s i t i o n  i s  u n c e r t a i n  s i n c e  some a u t h o r s .  (25  -  2 8 ) have  a c c o u n t ­

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

o t h e r s .  (31 -  3 3 )  show UO^ t o  o b e y  t h e  h a n d  t h e o r y *  F i g .  1*01}. 

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

B a t e s  ( 3 h )  f o r  s i n g l e  c r y s t a l  UO^ .

From t h e  l i t e r a t u r e , ,  thez^efo re , .  i t  a p p e a r s  t h a t  t h e r e  i s  

an e x c i t a t i o n  c o n t r i b u t i o n  t o  t h e  t h e r m a l  c o n d u c t i v i t y  o f  

i n t r i n s i c  s e m i c o n d u c t o r s *  Bov/ever,,  d i s c r e p a n c i e s  a r i s e  o v e r  

t h e  m ech an ism  h y  w h ic h  t h i s  c o n t r i b u t i o n  i s  made,  and more work  

i s  r e q u i r e d  i n  t h i s  f i e l d .



1 8 ,

CHAPTER 1 

B, THERMAL CONDUCTIVITY" OF UOo 

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

t h e r m a l  c o n d u c t i v i t y  o f  U0X have  a l r e a d y  been ,  su m m a r i s e d  i n  

a n o t h e r  t h e s i s .  ( l ) .  The v a r i a t i o n ,  in .  t h i s  d a t a  h a s  b e e n  d e p i c t e d  

i n  f i g ,  1 *0 5 ,  where  t h e  v a l u e s  u s e d  a p p l y  t o  s p e c i m e n s  w i t h  

d e n s i t i e s  90$  T,D* The d o t t e d  l i n e  r e p r e s e n t s  t h e  v a l u e s  o f  

N i s h i j i m a  e t  a l  (35.) i ’o r  9 5 $  T ,D ,  'w h ic h  d i f f e r  g r e a t l y  f ro m  

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

i n  t h i s  a n a l y s i s .  The s c a t t e r  a b o u t  a  mean k  v a l u e  i s  o f  t h e  

o r d e r  o f  jr 7$  a t  20Q°C r i s i n g  t o  ±  35$  a t  1 2 0 0 ° 0 ,  At h i g h  

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

have  b e e n  made and  some a u t h o r s  show an. e n h a n c e m e n t  i n  t h e  

c o n d u c t i v i t y ,  However ,  f r o m  f i g ,  1*05 i t  c a n  b e  seen ,  t h a t  t h e  

s c a t t e r  above  1200°G i s  s t i l l  o f  t h e  o r d e r  o f  + 20$ ,  S u ch  a  

s c a t t e r  i n  t h e  r e s u l t s  wi 11 . . o b v io u s ly  make t h e  d e s i g n  o f  a 

r e a c t o r  more  d i f f i c u l t y  s i n c e  some v a l i d  ju d g em en t  r e g a r d i n g  

t h e  c o n d u c t i v i t y  o f  t h e  f u e l  m u s t  be  made i f  t h e  a c t u a l  c o n d i ­

t i o n s  i n  t h e  r e a c t o r  a r e  t o  be  d e s c r i b e d .  The c h o i c e  o f  a 

v a l u e  on t h e  law s i d e  a t  h i g h  t e m p e r a t u r e s  may r e s u l t  i n  an 

u n d e r e s t i m a t i o n ,  o f  t h e  c o n d u c t i v i t y  b y  u p t o  h 0 $ .  T h i s  c o u l d  

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

h e a t ,  w i t h  t h e  r e s u l t a n t  f a i l u r e  o f  t h e  f u e l .  S i m i l a r l y , ,  t h e  

c h o i c e  o f  t o o  h i g h  a  c o n d u c t i v i t y  v a l u e  w i l l  l e a d  t o  an o v e r ­

e s t i m a t i o n  o f  t h e  c o n d u c t i v i t y  w i t h  t h e  c o n s e q u e n c e  t h a t  t h e  

e f f i c i e n c y  o f  t h e  r e a c t o r  w i l l  be  r e d u c e d .

The s c a t t e r  i n  t h e " d a t a  can  be r a t i o n a l i s e d  i f  i t  i s  

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

wide  v a r i a t i o n  i n  s u c h  p a r a m e t e r s  a s  s p e c i m e n  d e n s i t y ,  s t o i c h i o -
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m e t r y ,  g r a i n  s i z e ,  i m p u r i t y  c o n t e n t  and  f a b r i c a t i o n  r o u t e ,  

some o f  w h ic h  a r e  d i s c u s s e d  l a t e r  i n  t h i s  c h a p t e r *  The s t a n d a r d  

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

c o n d u c t i v i t y  d a t a  t o  b e  o b t a i n e d *  Some o f  t h e  s c a t t e r  i n  t h e  

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

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

e r r o r s .  F o r  exam ple  t h e  c o n d u c t i v i t y  v a l u e s  o b t a i n e d  b y  a 

t h e r m a l  d i f f u s i v i t y  m e th o d  v / i l l  d e p e n d  on. t h e  s p e c i f i c  h e a t  

v a l u e s  u s e d ,  and,, s i n c e  t h e r e  a r e  wide d i s c r e p a n c i e s  i n  t h e  

s p e c i f i c  h e a t  v a l u e s  o f  UO  ̂ ( s e e  C h a p t e r  i+b), t h i s  w i l l  

a c c o u n t  f o r  some o f  t h e  s c a t t e r  i n  t h e  c a l c u l a t e d  1c v a l u e s .  

However t h e  a c t u a l  p u b l i s h e d  d i f f u s i v i t y  v a l u e s  as  shown i n  

f i g .  1*06 a r e  i n  good a g re e m e n t*  The s c a t t e r  a b o u t  a  mean 

v a l u e  i s  +  o v e r  t h e  w h o l e . t e m p e r a t u r e  r a n g e ,  and  t h i s  

r e f l e c t s  t h e  d i f f e r e n c e s  i n  t h e  s p e c im e n  p a r a m e t e r s .

I n  d i s c u s s i n g  t h e  t h e r m a l . . c o n d u c t i v i t y  o f  UO^ i t  i s  

u s u a l  t o  s e p a r a t e  t h e  v a l u e s  i n t o  two t e m p e r a t u r e  r a n g e s ,  (T 

< 1600°K and T > 1600°K ) ,  s i n c e  t h e  low t e m p e r a t u r e  values.- 

have  b e e n  w e l l  d e f i n e d *  

lo w  ' • t e m p e ra tu re  (hOO ~ 1600°K) ■'

From f i g *  1*05,- t h e  s c a t t e r  i n  t h e  v a l u e s  a t  I oy/ tem­

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

d o m i n a n t l y  b y  p honons  and t h u s  c an  be d e s c r i b e d  b y  e q u a t i o n  

1 *20  •

' ' A  = A + BT

The v a l u e s  o f  * r e f l e c t  t h e  c o n t r i b u t i o n s  t o  t h e  t h e r m a l  

r e s i s t i v i t y  f ro m  s u c h  f a c t o r s  a s  p o r o s i t y  c o n t e n t ,  g r a i n  s i z e ,  

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

■va lues  shoTild r e f l e c t  o n l y  t h a t  c o n t r i b u t i o n  f ro m  Umklapp



p r o c e s s e s .  Most  o f  t h e  p u b l i s h e d  d a t a  g i v e  v a l u e s  o f  , At

l y i n g  i n  t h e  r a n g e  3 t o  5 (w/cm°K)“  ̂ and v a l u e s  o f  1B* o f

0*020 t o  0 . 02 h (w /cm )"^*

H ig h  t e m p e r a t u r e  (T >  160G°K)

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

d a t a  f o r  UO^ show a d e v i a t i o n  f ro m  t h e  low t e m p e r a t u r e  l i n e a r
1/r e l a t i o n s h i p  o f  k d  '  T ,  and  some a u t h o r s  have  e v e n  o b s e r v e d  

e n h a n c e m e n t  o f  t h e  c o n d u c t i v i t y *  T h e re  i s  w ide  d i s a g r e e m e n t  

o v e r  t h e  h e a t  t r a n s f e r  m echan ism  s a i d  t o ' b e  p r o d u c i n g  t h e  

o b s e r v e d  d e v i a t i o n ,  i . e *  w h e t h e r  t h e r e  i s  a r a d i a t i o n  o r  a n  

e l e c t r o n i c  c o n t r i b u t i o n *  T h e r e  i s  ev en  g r e a t e r  d i s a g r e e m e n t  

c o n c e r n i n g  t h e  o b s e r v a t i o n  o f  en h an ce m e n t  o f  t h e  c o n d u c t i v i t y  

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

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

h e a t  t r a n s f e r .  Most  o f  t h e  p u b l i s h e d  d a t a  h a s  b e e n  c o v e r e d

a l r e a d y ,  ( 1 ) ,  and t h e r e f o r e  t h e  f o l l o w i n g  d i s c u s s i o n  c o n c e r n i n g
*

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

t h e  more r e c e n t l y  p u b l i s h e d  d a t a *  The f o l l o w i n g  m echan ism s  

have  b e e n  p o s t u l a t e d :  

i  R a d i a t i o n  h e a t  t r a n s f e r  ~

S o l v i n g  e q u a t i o n  1*31

= 16 o - .n 2. T *  .

d e p e n d s  on t h e  v a l u e s  o f  f n T and V 1 chosen*  I f  t h e  v a l u e s  

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

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

S e v e r a l  a u t h o r s  have  done  t h i s  and f o u n d  k  t o  have  a s m a l l  

b u t  s i g n i f i c a n t  e f f e c t *  B a t e s  (3U) showed a  k  f o r  s i n g l e



c r y s t a l  UO^ o f  ij.*1 x  10*”^  T w/em.°K.  Mogard e t  a l  ( 3 6 )  

c a l c u l a t e d  k  t o  be  2 x 10“ ^  w/cm.°C a t  500°C r i s i n g  t o  1*5 x
A

1.0* w/cm*QG a t  2750°C u s i n g  Myers and G y l l a n d e r t s  ( 3 7 )  room
I )

t e m p e r a t u r e  v a l u e  o f  <* • However, ,  s i n c e  t h e r e  i s  no p u b l i s h e d  

d a t a  r e l a t i n g  ’ n* o r  V 1 t o  t e m p e r a t u r e  a t  h i g h  t e m p e r a t u r e s ,  

t h e s e  v a l u e s  c a n  o n l y  be  r o u g h  a p p r o x i m a t i o n s *  I t  i s  b e l i e v e d  

t h a t  a s  t e m p e r a t u r e  i n c r e a s e s  t h e  number o f  f r e e  c h a r g e  c a r r i e r s  

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

t h e s e  a c t  a s  s c a t t e r i n g  c e n t r e s  f o r  p h o t o n s .  Thus  t h e  o p t i c a l  

a b s o r p t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a tu r e , . ,  and  t h e  

c o n t r i b u t i o n  by  p h o t o n s  t o  t h e  c o n d u c t i v i t y  i s  d e c r e a s e d .  T h i s  

a b s o r p t i o n  w i l l  a l s o  be  l a r g e  i n  s m a l l  g r a i n e d  s p e c i m e n s ,  im pure  

o x i d e s  and i n  h y p e r s t o i c h i o m e t r i e  o x i d e s *  Even  s t o i c h i o m e t r i c  

UO^ i s  b e l i e v e d  t o  be  opaque  t o  i n f r a r e d  r a d i a t i o n  a t  h i g h  

t e m p e r a t u r e s  owing t o  t h e  a t t e n u a t i o n -  o f  p h o t o n s  b y  f r e e  c h a r g e  

c a r r i e r s  ( 13* 3 6 ) -  a f a c t  t h a t  c o n t r a d i c t s  t h e  k now ledge  t h a t ,  

m os t  s e m i c o n d u c t o r s  a r e  opaque  i n  t h e  v i s i b l e  r e g i o n  and  t r a n s ­

p a r e n t  i n  m o s t  o f  t h e  i n f r a r e d .  B o th  C h r i s t e n s e n  (1 3 )  and  De 

H a l a s  ( 3 9 )  show a  maximum f o r  k  - o f  0 . 0 1 6 w/cm*°K a r o u n d  1000°K 

t h u s  s u p p o r t i n g  t h i s  t h e o r y .  K ubo ta  e t  a l  (2+0) p o s t u l a t e d  t h a t  

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

t o  l e v e l  o f f  a ro u n d  1200°C,  However ,  a l a c k  o f  h i g h  t e m p e r a t u r e  

d a t a  on. t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  U0 ^ makes c a l c u l a t i o n s ;  

u s i n g  V 1 s u s p e c t .

i i  E l e c t r o n i c / E x c i t a t i o n ,  h e a t  t r a n s f e r

U pto  1100°C U0a b e h a v e s  as  an e x t r i n s i c  s e m i c o n d u c t o r ,  _ 

and any c o n d u c t i o n  due t o  e l e c t r o n i c  h e a t  t r a n s f e r  ( k 0 ^)  i s  . 

v e r y  s m a l l .  Above 1200°C U0^ i s  i n t r i n s i c  ( 1 3 ) S and  s i n c e  t h e  

e l e c t r i c a l  c o n d u c t i v i t y  i s  i n c r e a s i n g  t h e r e  i s  ample j u s t i f i e s -



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

c o n d u c t i v i t y  f ro m  e x c i t a t i o n  h e a t  t r a n s f e r .  O b s e r v i n g  e q u a t i o n  

1 .2 7

er
Most a u t h o r s  t a k e  * t o  be  c o n s t a n t  and assume (V = tf , i . e . .

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

e l e c t r o n  m o b i l i t i e s .  B o th  a s s u m p t i o n s  a r e  u n j u s t i f i e d  owing

t o  t h e  l a c k  o f  h i g h  t e m p e r a t u r e  d a t a .  H ow ever ,  s i n c e  e a c h

c h a r g e  c a r r i e r  c a r r i e s  w i t h  i t  a r e c o m b i n a t i o n  e n e r g y  E ( t h e
§

b a n d  gap  f o r  i n t r i n s i c  c o n d u c t i o n ) ,  t h e  a n a l y s i s  g i v e s  a

u s e f u l  p o i n t e r  t o  t h e  maximum v a l u e  o f  k Q^ .  C h r i s t e n s e n  ( 1 3 )

gave  maximum v a l u e s  o f  x  10*° w/cm,°C a t  500°C r i s i n g  t a

^  9 x  l O '^ w / c m ^ C  a t  2000°C.  G o d f r e y  e t  a l  ( 4 1 )  gave  O.5 5  x

10“ 5 t o  2 x  ICT* w /c m .° 0  b e t w e e n  900 -  1100°C.

T h e r e  i s  a  n e e d  f o r  a m u c h , f u l l e r  i n v e s t i g a t i o n  u s i n g  8 a l c -

i  a t  eel- m o b i l i t y  v a l u e s  f o r  ftf * and ’s '  ’ , and f o r  more d a t an p.
on t h e  v a r i a t i o n :  o f  t h e  e l e c t r i c a l  c o n d u c t i v i t y  u p t o  t h e  

m e l t i n g  p o i n t .  Also,,  s i n c e  E ( t h e  b an d  g a p )  d e c r e a s e s  w i t hii .

i n c r e a s i n g  t e m p e r a t u r e ,  one would  e x p e c t  t h e  p o s s i b l e  ke ^ t o  

i n c r e a s e  a s  t h e  t e m p e r a t u r e  i n c r e a s e d .

Summary o f  h i g h  t e m p e r a t u r e  m echan ism s

The b a n d  t h e o r y  p r e d i c t s  t h a t  k  ^ i s  i m p o r t a n t  a t  h i g h  

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

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

c o n d u c t o r  ( i . e .  c o n t a i n s  f r e e  c h a r g e  c a r r i e r s  ) b u t  i s  a 

p o l a r  c o n d u c t o r  ( i , e ,  p o l a r o n s :  e l e c t r o n s  o r  h o l e s  jum ping  

f ro m  one c a t i o n  t o  a  n e i g h b o u r i n g  c a t i o n .  ( 3 ^ )  ) .  R e c e n t  h i g h  

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

( k / e f .  T(«- 2cr tr n p
E ' '
- JL ; f )



c l a r i f i e d  t h e  s i t u a t i o n .  S p r i n g e r  e t  a l  ( 4 2 )  f o u n d  no e n ­

h an c em en t  u p t o  ~  1800°C, w h i l s t  B a t e s  ( 4 3 )  f o u n d  an. u p s w in g  

i n  ^ a r o u n d  1800°C. C o n w a y /F Ia g e1 1 a ( 4 4 )  g o t  s i m i l a r  i f

somewhat l o w e r  c u r v e s  t o  B a t e s  ( 4 3 )$ and Van G r a e y n e s t  e t  a l  

( 4 5 )  f o u n d  e n h a n c e m e n t  above  1700°C. S t o d d a r d / M c G orm ick  ( 4 6 )  

r e c e n t l y  showed t o  be  more i m p o r t a n t  t h a n  k^  above 20G0°C

b u t  t h e y  f e l t  t h a t  b o t h  k  ~ and k would  p l a y  s i g n i f i c a n t6*l r
r o l e s  i n  t h e  t h e r m a l  c o n d u c t i v i t y .

E f f e c t  o f  V a r i a b l e s  .

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

o f  U02 hav e  b e e n  d i s c u s s e d  in .  a  p r e v i o u s  t h e s i s  ( l ) .  Of t h e s e  

v a r i a b l e s ,  p o r o s i t y  and s t o i c h i o m e t r y  a p p e a r  t o  have  p o s s i b l y  

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

h e r e  t o g e t h e r  w i t h  any d a t a  p u b l i s h e d  s i n c e  1 9 6 9 . 

j. P o r o s i t y

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

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

r o l e  i n  t h e  t r a n s f e r  o f  h e a t .  At low t e m p e r a t u r e s  t h e y  w i l l  

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

t h e  c o n d u c t i v i t y .  The amount o f  r e d u c t i o n  w i l l  d e p e n d  .on t h e  

s h a p e ,  s i z e , ,  d i s t r i b u t i o n  and c o n c e n t r a t i o n  o f  t h e  p o r e s *  At 

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

o c c u r  due t o  r a d i a t i o n  a c r o s s  t h e  poises  and  t o  c o n d u c t i o n  b y  

t h e  m e d i a  w i t h i n ,  t h e  p o r e s .  The l a t t e r  may w e l l  b e  s i g n i f i c a n t  

i n  low d e n s i t y  s p e c im e n s  where t h e  g a s  volume w i l l  b e  l a r g e  

and t h e  p o r e s  may be  l a r g e  and i r r e g u l a r .  However,,  i n  h i g h  

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

and t h e r e f o r e  t h e  g a s  volume w i l l  be v e r y  s m a l l  and  any p o r e



c o n d u c t i o n  s h o u l d  "be n e g l i g i b l e *

S e v e r a l  e q u a t i o n s  f o r  t h e  c o n d u c t i v i t y  of* a  two p h a s e  

m ed ia  c o n t a i n i n g  one d i s c o n t i n u o u s  p h a s e  have  b e e n  o b t a i n e d .

E u c k e n  (1*7) and R u s s e l l  (1*8) d e r i v e d  e x p r e s s i o n s  u s i n g  

M ax w e l l ’ s  (1*9) r e l a t i o n ,  f o r  c o n d u c t o r s  and  r e s i s t o r s * ,  and 

b o t h  w o r k e r s  t r e a t  i s o m e t r i c  ( s p h e r i c a l  and c u b i c a l )  p o r e s  

w i t h  e q u a l  d i m e n s i o n s  in .  a l l  t h r e e  a x e s .  E u c k e n  gave

V  = kc ■ <1 - P  + p ( 2 F ^ V  1 ) ( 1 . 3 5 )
c *  d

(r — p + p ( 31cc ) )
2 k  + k ,  c cl

where  p i s  t h e  volume f r a c t i o n ,  o f  t h e  d i s c o n t i n u o u s  p h a s e

( p o r e s )  o f  c o n d u c t i v i t y  k ^ ,  km i s  t h e  c o n d u c t i v i t y  o f  t h e

composi te* ,  and  k  t h a t  o f  t h e  c o n t i n u o u s  p h a s e .  R u s s e l l  gavec

K i  = k e * Q(1 -  ) ) , v 3 6 )
(p^/3 _ p  -[roXT -  + p ) ) *

where  Q i s  t h e  r a t i o  o f  k  t o  t h e  c o n d u c t i v i t y  o f  t h e  a i r
v

(k  ) i n  t h e  p o r e s *cl
Loeb  ( 5 0 )  d e r i v e d  an e q u a t i o n  a s su m in g  t h a t  any  p o r e  

c o n d u c t i o n ,  was due t o  r a d i a t i o n  a c r o s s  t h e  p o r e s .  He t o o k  i n t o  

a c c o u n t  t h e  d i s t r i b u t i o n  o f  p o r e s *  and o b t a i n e d

p r
p. k c ♦ 

k d
where  p and  p u a r e  t h e  p o r e  volume f r a c t i o n s  i n  p l a n e s  

t h a t  a r e  p e r p e n d i c u l a r  and l o n g i t u d i n a l  t o  t h e  d i r e c t i o n  o f  ' 

h e a t  f l o w  r e s p e c t i v e l y ,

ka = 4.S'.eXa,Tm3 ( 1. 38)

i s  S t e f a n ’ s  r a d i a t i o n ,  c o n s t a n t ,  e i s  t h e  e m i s s i v i t y  o f  t h e

km “  k c  ̂ ^  “  p r ^  * p r  ) (1 -3 7 )



p o r e s *  d i s  t h e  d i m e n s i o n  o f  t h e  p o re  i n  t h e  d i r e c t i o n  o f  

h e a t  f l o w , ^ i s  a  g e o m e t r i c a l  p o r e  f a c t o r ,  and Tm i s  t h e  mean, 

a b s o l u t e  t e m p e r a t u r e •

A l l  o f  t h e s e  e q u a t i o n s  a g r e e  w e l l  u p t o  3®fo p o r o s i t i e s  

a c c o r d i n g  t o  F r a n c l / K i n g e r y  (51)>  how ever  t h e y  p r e f e r r e d  t o  

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

s e v e r a l  c e r a m i c s  more  a c c u r a t e l y .

S i n c e  t h e  e q u a t i o n s  o f  Loeb and E u c k e n  a r e  t h o s e  m o s t  o f t e n  

q u o t e d  f o r  c o r r e c t i n g  t h e  c o n d u c t i v i t y  d a t a  o f  UQfl * a com­

p a r i s o n  o f  them  w ou ld  be  u s e f u l .  By a s su m in g  t h a t  t h e  p o r e  

c o n d u c t i o n  ( k ^ )  i s  n e g l i g i b l e  compared  t o  t h a t  o f  t h e  s o l i d  

(k  ) ,  t h e  f o l l o w i n g  a p p r o x i m a t i o n s  can  be made:
v

L o e b T s  e q u a t i o n  r e d u c e s  t o

km = k c  (1 ~ p )  ( 1 . 3 9 )

and E u c k e n ’ s  t o

km  = k e (1 - p) (1.1*0)'
T i  + °*5p )

E x p a n d in g  e q u a t i o n  1*1*0 f o r  p < 0 . 1  and  i g n o r i n g  a l l  t e r m s  

g r e a t e r  t h a n  p i n  t h e  b i n o m i a l  e x p a n s i o n  o f  (1 + 0 *5^ ) ^  t h e n ,  

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

\ i  ='kc " 1I* V  (1.1+1)

Thus  t h e r e  i s  an  o b v i o u s  d i s c r e p a n c y  b e t w e e n  t h e  two a p p r o x -  . 

i m a t i o n s  ( e q ,  1 .3 9  and e q ,  1.1*1 )* where Loeb. p r e d i c t s  a  p o r o s i t y  

c o r r e c t i o n  f a c t o r  o f  u n i t y  w h i l s t  Eucken  p r e d i c t s  one o f  1 . 5 ,  

B o th  o f  t h e s e  v a l u e s  a r e  maximums, and any s i g n i f i c a n t  

c o n t r i b u t i o n  f ro m  p o r e  c o n d u c t i o n  ( k ^ )  w i l l  r e d u c e  t h e s e  v a l u e s .  

T h e re f o re * ,  i n  n o r m a l i s i n g  t h e  r e s u l t s ,  t h e  p o r e  c o r r e c t i o n ,  

f a c t o r  s h o u l d  be l e s s  t h a n  o r  e q u a l  t o  1 .5  and may e v e n  be  l e s s  

t h a n  u n i t y .



S i n c e  t h e  e q u a t i o n s  g i v e n  above a r e  a p p r o x i m a t i o n s ,  

more g e n e r a l  f o rm s  a r e  u s u a l l y  u s e d .  An e m p i r i c a l  f o rm  o f  

Loeb* s  e q u a t i o n  t h a t  i s  u s e d  m ost  o f t e n  f o r  U0a  i s  g i v e n  a s

km = k c ' - - P P )  ( 1 ^ 2 )

where  jjJ i s  some m a t e r i a l  c o n s t a n t  d e p e n d i n g  on  t h e  g e o ­

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

p o r e s  w i t h  p < 0 . l .  The g e n e r a l  fo rm  o f  Eucken* s  e q u a t i o n :  i s

= kc ( 1 -  P) ( i *1+3)

where  o f i s  a  g e o m e t r i c a l  p o r e  f a c t o r  e q u a l  to. ( p  -  1) f o r  

P <  0*1* B i a n c h e r i a  ( 5 2 )  d e r i v e d  t h e  same e q u a t i o n  u s i n g  an 

e l l i p s o i d a l  p o r e  model , ,  and  he gave  a  l i s t  o f  v a l u e s  o f  $  

d e p e n d i n g  on t h e  p o r e  s h a p e .  B i a n c h e r i a  s u g g e s t e d  t h a t  L o e b * s  

e q u a t i o n ,  w i t h  1 was o n l y  v a l i d  f o r  v e r y  s m a l l  p o r e  con^- 

c e n t r a t i o n s .  I n s t e a d  o f  u s i n g  l r  ( t h e  c o n d u c t i v i t y  o f  100%T.D*
V

m a t e r i a l )  i t  i s  more common, t o  u s e  ( t h e  c o n d u c t i v i t y  o f  

9 5 $ T . D . ) s i n c e  i t  u s u a l l y  e n t a i l s  a  s m a l l e r  p o r o s i t y  c o r r e c t i o n  

( p )  and h e n c e  r e d u c e s  t h e  e r r o r  i n  p. I n  t h i s  c a s e

P -  d e n s i t y  o f  95o;&M}* -  d e n s i t y  o f  p o r o u s  m a t e r i a l  (1
d e n s i t y - o f  95$T.D*

O f t h e  two e q u a t i o n s  ( l * h 2  and 1.J13)? t h e  one t h a t ' h a s .  

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

f ro m  1 t o  I|. have b e e n  r e p o r t e d  f o r  U0a b y  s e v e r a l  a u t h o r s .

(35» 53m5 6 ) s The I.A*E*A* p a n e l  ( 3 8 )  s u g g e s t e d  a p  v a l u e  o f

2 . 5  ±  t o  n o r m a l i s e  t h e  c o n d u c t i v i t y  v a l u e s  t o  95%T.D*, 

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

p o r e s  w ou ld  p r o b a b l y  a f f e c t  t h e  v a l u e  o f  £ * R oss  ( 5 7 )  and 

Mogard e t  a l  ( 3 6 ) u s e d  a ^  v a l u e  o f  2 ,  w h e r e a s  K j a e r h e i m /



2 7 .

R o l s t a d  ( 5 8 ) gave  a h i g h e r  v a l u e  o f  ^ 3  f o r  O.9 6  and 0 . 9 8  

d e n s e  r o d s .  I iowever ,  K j a e r h e i m / R o l s t a d  p r e f e r r e d  t o  u s e  t h e  - 

e q u a t i o n

km 55 k i 0 0^d e n s i t y )CC> ( 1 . ^ 5 )

w here  CD i s  an e m p i r i c a l  d e n s i t y  c o r r e c t i o n  f a c t o r .  They  

f o u n d  t h i s  e q u a t i o n  gave  them more r e a l i s t i c  c o n d u c t i v i t y  

v a l u e s  f o r  v e r y  low  d e n s i t y  f u e l ,  and t h i s  e q u a t i o n  was= 

■ i d e n t i c a l  t o  e q u a t i o n  1.U2 f o r  h i g h  d e n s i t y  f u e l .  T a n  C r a e y n e s t  

e t  a l  (J-j-5 ) u s e d  a v a l u e  o f  £ =- 1 t o  n o r m a l i s e  t h e i r  r e s u l t s  

. to  1 0 0 $ T .D . ,  and G o l d s m i t h / D o u g l a s  ( 3 9 )  f o u n d  .p-to he  c o n s t a n t  

and gave  a v a l u e  o f  2 . 8  O.lj. f o r  s t o i c h i o m e t r i c  U02 and

1 .5  ±  0 . 7  f o r  h y p e r s t o i c h i o m e t r i c  o x i d e  ( 0//u 2 . 0 1 5 ) .

R e c e n t l y  s e v e r a l  a u t h o r s  have found.jg t o  he  t e m p e r a t u r e  

d e p e n d e n t*  T an  C r a e y n e s t / B t o r a  ( 6 0 ) o b t a i n e d  a  t e m p e r a t u r e  

d e p e n d e n t p t e r m  when m e a s u r i n g  t h e  t h e r m a l  d i f f u s i v i t y  o f  U0,, 

f ro m  50 -  1000°G f o r  7 2 . 3  t o  100$T.D.  They  f o u n d  g = 2 .3 8  -  

O.5 8  x  | 0 ” 3t  ( t ° C )  h u t  o f f e r e d ] ,  no • e x p l a n a t i o n  f o r  t h e i r  

f i n d i n g s .  E a r l i e r ,  work  h y  Asamoto e t  a l  ( 6 1 ) h a d  f o u n d  t h a t  

f o r  lo w  d e n s i t y  s p e c im e n s  t h e  p o r o s i t y  c o r r e c t i o n  f a c t o r  d e ­

c r e a s e d  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  T h i s  t h e y  a t t r i b u t e d  t o  

r a d i a t i o n  a c r o s s  and c o n d u c t i o n  h y  t h e  p o r e s .  H ow ever ,  t h e y  

s a i d  t h a t . t h e s e  f a c t o r s  w ere  s e l f - l i m i t i n g  owing t o  d e n s i f i c a - .  

t i o n  r e d u c i n g  t h e  p o r o s i t y  a t  h i g h  t e m p e r a t u r e s .  M ar ino  ( 6 2 ) 

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

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

(k**) and c o n d u c t i o n  b y  t h e  g a s  c o n t e n t  o f  t h e  p o r e s  ( k 0 ) .  The J? * P
v a r i a t i o n  o f p  w i t h  t e m p e r a t u r e  was f o u n d  t o  he  t o o  s m a l l

Q "\ /b e tw e e n  300  -  1900 0 t o  he  o b t a i n e d  f ro m  p l o t s  o f  f k a g a i n s t



T f o r  p o r e s  c o n t a i n i n g  20% ll%/  80$ CO, H ow ever ,  f ro m  

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

v/ould hav e  an i n c r e a s i n g  e f f e c t  on  ,, and  t h a t  f o r  d i s c ­

s h a p e d  p o r o s i t y  t h i s  e f f e c t  would  he  s i g n i f i c a n t .

T h e r e  a p p e a r s  t o  he  a wide  v a r i a t i o n  i n  t h e  v a l u e s  

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

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

t e m p e r a t u r e .  Some a u t h o r s  have  p r e f e r r e d  t o  u s e  t h e  E u c k e n ’ s  

e q u a t i o n  1 +k3 t o  n o r m a l i s e  t h e i r  r e s u l t s .  G tb b y  ( 6 3 ) u s e d  a 

v a l u e  o f  — 0*5 t o  n o r m a l i s e  t h e i r  r e s u l t s  t o  9 6 $ T .D . ,  w h i l s t  

Moore/M0 E l r o y  (6U) u s e d  t h e  same v a l u e  t o  n o r m a l i s e  t o  10Q$T.D. 

T h i s  v a l u e  o f  i s  o f  c o u r s e  e q u i v a l e n t  t o  a p  v a l u e  o f  1 . 5  

f o r  s m a l l  p o r e  c o n c e n t r a t i o n s  (p  <  0 * 1 ) .  However,,  Moore/Mc 

E l r o y  p o i n t e d  o u t  t h a t  t h e i r  v a l u e s  c o u l d  a l s o  he  f i t t e d  b y  

u s i n g  a  R v a l u e  o f  2 .  ( S p r i n g e r  e t  a l  (ij.2) i n  1968 s e l e c t e d  oc 

v a l u e s  e m p i r i c a l l y  t o  n o r m a l i s e  t h e i r  v a l u e s  t o  100$T.D. f o r  

p o r o s i t i e s , o f  7 t o  2 8 $ ( .

I t  c a n  he  seen , ,  t h e r e f o r e , ,  t h a t  a d i f f i c u l t y  h a s  a r i s e n  

r e g a r d i n g  ? /h ich  n o r m a l i s i n g  e q u a t i o n ,  s h o u l d  he  u s e d .  Of  t h e  

tw o j t h a t  o f  E o e h ' s

i . e .  km = k^5 (1 - j j p )

seems t o  f i t  t h e  p u b l i s h e d  d a t a  w i t h  v a l u e s  o f  1 c  jg <' k* 

T h e r e f o r e ,  s i n c e  t h i s  e q u a t i o n  h a s  f o u n d  wide a c c e p t a n c e  an d  

s i n c e  some a u t h o r s  have  o b s e r v e d  a  t e m p e r a t u r e  d e p e n d e n t  ^  

v a l u e ,  t h e  r e s u l t s  i n  t h i s  i n v e s t i g a t i o n ,  w i l l  he  n o r m a l i s e d  

hy  t h e  above e q u a t i o n .



i i  S t o i c h i o m e t r y

As  s t a t e d  i n  a p r e v i o u s  t h e s i s  ( 1 )  s e v e r a l  a u t h o r s  have  

e s t a b l i s h e d  t h a t  any a l t e r a t i o n  i n  t h e  o x y g e n / u r a n i u m  r a t i o  

f ro m  a  v a l u e  o f  2 . 0 0  h a s  a  c o n s i d e r a b l e  e f f e c t  on t h e  c o n d u c t ­

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

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

i n c r e a s e  i n  phonon  and p h o t o n  s c a t t e r i n g  b y  t h e  e x c e s s  ' I n t e r s t i ' a l  

oxygen  i o n s  and t h e  s t r a i n  f i e l d  a s s o c i a t e d  w i t h  them .  Alsa- 

a t  low  t e m p e r a t u r e s  t h e  s y s t e m  w.il.1 be  a  two p h a s e  o n e ,  i . e .

T < 35Q°C and ° 4  <  2 . 2 5  t h e  s y s t e m  c o n t a i n s  two p h a s e s  UO^ 

and • T h e r e f o r e , ,  any low t e m p e r a t u r e  m e a s u re m e n t s  w i l l

r e f l e c t  t h i s  change  i n  t h e  c o m p o s i t i o n  o f  t h e  s y s t e m .  Th is ,  

i n c r e a s e  i n  t h e  c o n d u c t i v i t y  w i t h  d e c r e a s i n g  o xygen  c o n t e n t  

( i . e .  ° 4  < 2 . 0 0 )  h a s  b e e n  a t t r i b u t e d  t o  a s i g n i f i c a n t  

c o n t r i b u t i o n  f ro m  p h o to n ,  h e a t  t r a n s f e r .

V e r y  few  a u t h o r s  h av e  r e l a t e d  t h e  ch an g e  i n  s t o i c h i o m e t r y  

t o  t h e  m e a s u r e d  c o n d u c t i v i t y  i n  any  q u a n t i t a t i v e  way.  F o r  t h e  

t e m p e r a t u r e  673°K and an ° 4  r a t i o  change  f ro m  2 . 0 0 6  t o  2 . 0 i 2 ,  

G o d f r e y  e t  a l  ( M l  gave  a  5$  r e d u c t i o n *  i n  t h e  c o n d u c t i v i t y ,  

w h i l s t  G o l d s m i t h / D o u g l a s  ( 5 9 )  gave  7$* O b v i o u s l y  more  work  i s  

r e q u i r e d  in. t h i s  f i e l d .  - *



CHAPTER 2̂

A. THEORY OF METHOD

The m e a su re m e n t  o f  t h e r m a l  d i f f u s i v i t y  (<*) n e e d s  a 

t r a n s i e n t  f T oy/ m e thod  and. i n v o l v e s  t h e  a p p l i c a t i o n  o f  a h e a t  

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

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

i m i z e  e r r o r s  t h e  p u l s e  m u s t  he  u n i f o r m l y  d i s t r i b u t e d  o v e r  t h e  

f r o n t  f a c e  o f  a  t h i n , ,  p a r a l l e l - s i d e d  spec im e n , ,  i n  a t im e  t h a t  

i s  s h o r t  com pared  t o  t h e  r i s e  t im e  o f  t h e  t e m p e r a t u r e  o f  t h e  

r e a r  f a c e ,  U nder  t h e s e  c o n d i t i o n s  i t  i s  p o s s i b l e  t o  assume

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

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

l o s s e s  a r e  n e g l i g i b l e .

The e g u a t i o n  f o r , . h e a t  f l o w  i n  t h r e e  d i m e n s i o n s  ( x , y , s )  

i s  t h e  F o u r i e r  e q u a t i o n ;

d T  =  c c S f ”S ( 2 . 0 1 )

where  V * T  = + f | 2 + , ( 2 . 0 2 )

and T i s  t e m p e r a t u r e , -  t  i s  t i m e .  T h i s  r e d u c e s  f o r  one 

d i m e n s i o n a l  h e a t  f l o w  t o  ■

I f  -  ( 2 . 0 3 )

A ssuming no h e a t  l o s s e s  and  an i n i t i a l  t e m p e r a t u r e  d i s t r i b ­

u t i o n  o f  T ( x , o ) ,  w i t h  b o t h  e n d s  x~o and x  = L t h e r m a l l y  

i n s u l a t e d ,  e q u a t i o n  ( 2 . 0 3 )  becomes

T ( x , t )  = T ( x , o ) d x  co s  “ j ”  j^T ( x , o ) c o s ^ ^ d x

(2.0U)

P a r k e r  e t  a l  ( 6S )  i n  t h e i r  a n a l y s i s  assume t h a t  a  p u l s e  

o f  r a d i a n t  e n e r g y  Q. i s  u n i f o r m l y  d i s t r i b u t e d  and i n s t a n t a n e o u s l y



a b s o r b e d  t o  a s m a l l  d e p t h  ‘•g11 a t  x  =o,  Then  t h e  t e m p e r a t u r e

( 2 . 0 5 )d i s t r i b u t i o n  a t  0 <  x <  g i s  T ( x , o )  = —

and a t  g<x<L  i s  T ( x * o )  = 0  

S u b s t i t u t i o n ,  i n t o  e q u a t i o n  2 , 014- g iv e s .

T ( x , t )  * £ c o s  - ^ . s i n — S . e x p  )

F o r  op aq u e  m a t e r i a l s  ug “ i s  v e r y  s m a l l

nTfe
U

( 2 , 0 6 )

(2 .0?)

s i n hng
l. ~  i-

Then a t  x  ~ L  ( the-  r e a r  f a c e )

T ( i , t )  « * § r  ( 1 + 2 I ( - D a exp  )
»T.= 1

( 2 . 0 8 )

( 2 . 0 9 )

To s o l v e  t h i s  e q u a t i o n , ,  P a r k e r  e t  a l  ( 6 5 ) d e f i n e d  two

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

■y / 1 f  \ _ “LOr.JtJil.
'  * '  ~ Tm (2 . 1 0 )

where Tm i s  t h e  maximum t e m p e r a t u r e  r i s e „o f  t h e  r e a r  f a c e

and w _ H k i
-  j_*

E q u a t i o n  2 . 0 9  t h e n  becom es
oO

-n* wV ( L , t )  = 1 + 2  2 I ( - l ) a e“n
n=i

T h i s  e q u a t i o n  i s  p l o t t e d  i n  f i g u r e  2 , 0 1 .

(2 . 11)

(2 . 12)

I f  "w" i s  known., "oc"' c a n ,  i n  t h e o r y , ,  he  o b t a i n e d  f ro m

t h i s  g r a p h  f o r  any v a l u e  o f  '’V’1 • I t  c a n  be  s e e n  t h a t  a t  V = 0,

w = 1 .3 7

oi 1 * 3 2
t r 2

L L
1 1_

2

( 2 . 1 3 )

where  i s  t h e  t im e  f o r  t h e  r e a r  f a c e  t o  r e a c h  h a l f  i t s  
2

maximum t e m p e r a t u r e  r i s e .

T h i s  a n a l y s i s  d o e s  n o t  t a k e  i n t o  a c c o u n t  , t h e  v a r i a t i o n  

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



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

s i v i t y  v a l u e  (<*) o v e r  a t e m p e r a t u r e  r a n g e  i s  o b v i o u s l y  m e a s u r ­

ed* P a r k e r  e t  a l  ( 6 5 ) d e f i n e d  an e f f e c t i v e  t e m p e r a t u r e  ( T - ■) 

f o r  t h e  specimen., ,

Te -  ( 2 .1 U )  ,

However ,  one g e n e r a l l y  assum es  t h a t  m e a s u r e m e n t s  a r e  made a t  

a m b ie n t  t e m p e r a t u r e , ,  s i n c e  Tm r a r e l y  e x c e e d s  2 -  5°C.

The above a n a l y s i s  r e q u i r e s  t h e  e n f o r c e m e n t  o f  s t r i c t  

b o u n d a r y  c o n d i t i o n s ,  n a m e ly  t h a t .

jL t h e  e n e r g y  p u l s e  i s  u n i f o r m l y ,  d i s t r i b u t e d  o v e r  t h e  f r o n t  

f a c e

i i  t h e  m easu rem e n t  t im e  i s  l o n g  com pared  w i t h  t h e  h e a t

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

t o  b e  n e g l e c t e d  

i i i  t h e  t e m p e r a t u r e  o f  t h e  sp ec im e n  i s  i n d e p e n d e n t  o f  h e a t  

l o s s  f o r  a t im e  c o m p a r a b le  t o - t h e  t r a n s i e n t  t im e  ( 6 6 ) 

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

f e r  i s  a x i a l l y  d i r e c t e d  

U nder  c e r t a i n  c i r c u m s t a n c e s  t h e s e  c o n d i t i o n s  may n o t  be  m e t .

At low t e m p e r a t u r e s ,  t h e r m a l  d i f f u s i v i t y  i n c r e a s e s , ,  t h u s  one

may be  m e a s u r i n g  a t ^  t h a t  i s  so  s m a l l  as  t o  b e  c o m p a r a b le  t o
2

t h e  he,at  p u l s e  d u r a t i o n ,  and  one m us t  c o n s i d e r  t h e  u s e  o f  

l o n g e r  s p ec im e n s*

At t e m p e r a t u r e s  above  2000°G r a d i a t i o n  h e a t  l o s s e s  a r e  

l i k e l y  t o  o c c u r  ev e n  i n  t h i n  s p e c i m e n s .  H e a t  w i l l  f l o w  l a t e r ­

a l l y  t h r o u g h  t h e  s i d e s  o f  t h e  sp ec im e n  an d ,  d e p e n d i n g  on t h e  

g e o m e t r y  o f  t h e  s p e c i m e n / s p e c i m e n  h o l d e r  s y s t e m  u s e d ,  one 

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



3 3 .

D e t a i l e d  a n a l y s i s  h a s  "been c a r r i e d  o u t  o f  t h e  e f f e c t  o f  h e a t  

l o s s e s -  (6 7  -  71 )> "both P a r k e r / J e n k i n s  ( 6 7 ) and Gov/an (68} 

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

an exam ple  o f  s u c h  a  c u r v e  i s  g i v e n  i n  f i g *  2 *0 1 * P a r k e r / .  

J e n k in s .  ( 6 7 } s t u d i e d  t h e  e f f e c t  o f  h e a t  l o s s  f ro m  one f a c e  o f  

t h e  s p e c i m e n ,  and  Cowan. ( 6 8 )  e x t e n d e d  t h i s  a n a l y s i s  t o  c o n s i d e r  

r a d i a t i o n  l o s s e s  f ro m  two faces .*

A c c o r d i n g  t o  C u t l e r / C h e n e y  ( 6 9 ) t h e  s o l u t i o n  o f  P a r k e r /  

J e n k i n s  ( 6 7 ) c a n  o n l y  he  a p p l i e d  a c c u r a t e l y  a t  low  t e m p e r a t u r e s  

where  r a d i a t i o n  l o s s e s ,  a r e  a l m o s t  z e r o .  Cowan ( 6 8 ) c o n s i d e r e d  

t h e  c a s e  o f  r a d i a t i o n  l o s s e s  f ro m  two f a c e s  o f  a t h i n  d i s c *  

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

n e g l i g i b l e  com pared  t o  t h o s e  f ro m  b o t h  f a c e s . .  Then  i f  h e a t  

l o s s e s ,  a r e  o n l y  f ro m  t h e r m a l  r a d i a t i o n , .  Cowan d e f i n e s  two h e a t  

l o s s ,  p a r a m e t e r s :

r  =  ( T ' ( 2 . 1 5 ) ,

where  TL- i s  t h e  r e a r  f a c e  t e m p e r a t u r e  and  T0 t h e  am b ien t  

t e m p e r a t u r e '  in .  °K.

and a = 2 . 3  x ' 10s ( T / 1000)3 (1 + 1  ) ^2. ( 2 . 1 6 )

where /  i s  t h e  l e n g t h  (cm ) ,  e is.  t h e  e m i s s i v i t y  a n d ' k  i s  t h e  

t h e r m a l  c o n d u c t i v i t y  ( e r g s / s e c *  cm °K)* As p r e v i o u s l y  m e n t i o n ­

e d ,  one c a n  assume t h a t  = Tc , t h u s  f o r  m o s t  p r a c t i c a l  

p u r p o s e s  r  = 1. Coy/an s u g g e s t s  t h e  u s e  o f  two e x p e r i m e n t a l

r a t i o s  T (1 0  t ^ ) /  T ( t - t )  and  T ( 5 t i  ) /  T ( t i ) ,  b o t h  o f  y/.hich 
2 2- 2 2

s h o u l d  e q u a l .  2 i n  t h e  i d e a l  c a s e ,  i . e .  no h e a t  l o s s e s .  Cowan1 s  

cu rves ,  o f  W/jfa p l o t t e d  a g a i n s t  t h e s e  r a t i o s  a r e  g i v e n  i n  f ig* .  

2 . 0 2 .  ' -
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(a fter  Cowan(bo))



Cape and Lehman ( 7 0 )  and W a t t  ( 7 1 )  have  p u b l i s h e d  more 

d e t a i l e d  a n a l y s e s , ,  g i v i n g  more co m p le te  g e n e r a l  s o l u t i o n s *  

W hereas  W a t t  g i v e s  o n l y  s o l u t i o n s  f o r  v a r i o u s  s t e p  h e a t i n g  

f u n c t i o n s ,  Cape and  Lehman g i v e  d e t a i l e d  n u m e r i c a l  s o l u t i o n s .  

They  d e f i n e  a  h e a t  l o s s  p a r a m e t e r  Y' a s  f o l l o w s :

Y = Yx + ( L / r f  . Y£ (2 .17 )

and Yx = . T„3. k"1. L . (2 .18 )

Yr  = t|.0' . e r .T03. k ~ V r  . ( 2 . 1 9 )

w here  <r i s  t h e  S t e f f a n  -  B o l tz m a n n  c o n s t a n t ,  and  eL a r e

e m i s s i v i t i e s ,  and Y' and Y- a r e  a x i a l  and r a d i a l  p a r a m e t e r sx r
r e s p e c t i v e l y .  T0 i s  t h e  t e m p e r a t u r e  o f  m e a s u r e m e n t .  By 

d e t e r m i n i n g  an i n i t i a l  v a l u e  f o r  W '  u s i n g  w -- 1 »3 7 > and  u s i n g  

t h i s  v a l u e  o f  ”bd,f’ t o  c a l c u l a t e  Y, one can, o b t a i n  a c o r r e c t

v a l u e  o f  "w11' f ro m  f i g .  2 . 0 1 .  From t h i s  one  c a n  r e c a l c u l a t e  a

t r u e  v a l u e  f o r  M‘.

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

h e a t  p u l s e s ,  s u c h  a s  f o r  a s q u a r e  p u l s e  ( c o r r e s p o n d i n g  to: a 

l a s e r  p u l s e )  o f  d u r a t i o n T :

Y U , t o  = (1 * 2 f ( - 1 : ) ne x p  r ^ K e x p ^ H )  \  )
C Kl\  Jo n^ r  )

( 2 . 2, o)

where  t  -  ~ t / w  ( 2 . 2 ,1 )

T a y l o r  and  Gape ( 7 2 )  g i v e  an e q u a t i o n  s i m i l i a r  t o  e q u a t i o n

2 . 2 1 •  They  have  a l s o  e v a l u a t e d  t h e  change  i n  " w " w i t h  t h e

r a t i o  T / t  •' c
I n  c a l c u l a t i n g  t h e  r e s u l t s  i n c l u d e d  i n  t h i s  t h e s i s , ,  

t h e  a u t h o r  h a s  made u s e  o f  Cowan* s c u r v e s  ( a s  shown i n  f i g .  

2 ' . 0 2 ) .  Of  t h e  two. c u r v e s  shown,  p r e f e r e n c e  h a s  b e e n  g i v e n  t o



• 3 5 .

t h e  T ( '1 0 t i  J /  T ( t i  ) and r  = 1 c u r v e .  T h i s  can  be  s e e n  t a
,"5: 2.

g i v e  a  more a c c u r a t e  v a l u e  t h a n  t h e  T ( 5 t i ) /  T ( t i_)  c u r v e
2 2.

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

f l a t t e r  and t h u s  a l l o w s  a w i d e r  e r r o r  i n  T ( l O t i ) /  T ( t x )
2 i  2 :

w i t h o u t  a f f e c t i n g  t h e  v a l u e  o f  t o o  m u c h : -  b y  c a r e f u l  

m e a s u re m e n t  one c an  m e a s u re  t i  t o  + Q.2'5 mm. t h e r e f o r e ,  f o rI 2"
T( 10tj_) o f  lj.8.00 mm. t o  J4.8 . 5O mm., and T ( t r )  o f  27*00 mm., t h e

2: ‘ s.
r a t i o  i s  1 .7 8  t o  i . 8 0 *  T h i s  g i v e s  an e r r o r  i n  W/n a o f  l e s s  t h a n

On th e  same f i g u r e  2 .0 2 ,  i f  T (5 t r ) '  l i e s  be tw een  53*00 mm.
2:

and 53*50 mm., w i t h  a T ( t r )  o f  2 7 .0 0  mm*, t h e  r a t i o  i s  1 . 9 6  t o
& /

i * 9 S .  T h i s  g i v e s  an. e r r o r  in.  HI* o f

I n  r e c e n t  y e a r s  t h e r e  h a s  b e e n  a  movement  t o w a r d s  t h e  

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

m e th o d s ,  s u c h  as  t h e  A n g s t ro m ,  l a s e r  -  f l a s h  and e l e c t r o n  

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

f o r  h i g h  t e m p e r a t u r e s .  W hereas  in .  t h e  d i r e c t  m e th o d  one i s  

m e a s u r i n g  t h e  q u a n t i t y  o f  h e a t  f l o w i n g ,  i n i  t h e .  d i f f u s i y i t y  . 

m e thod  one i s  m e a s u r i n g  t h e  r a t e  o f  h e a t  f l o w .  Thus  t h e  f o r m e r  

r e q u i r e s  t h e  a c c u r a t e  m e asu rem e n t  o f  t e m p e r a t u r e s  a t  s e v e r a l  

p o i n t s ,  w h e r e a s  t h e  l a t t e r  r e q u i r e s  t h e  m e a s u re m e n t  o f  t h e  

d u r a t i o n  o f  t h e  h e a t  f low* T h e r e f o r e ,  a t  h i g h  t e m p e r a t u r e s ,  

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

e r r o r s  a r e  i n c r e a s e d  when one c o n s i d e r s  h e a t  l o s s e s .  H e a t  l o s s  

b y  r a d i a t i o n  i s  p r o p o r t i o n a l  t o  ( T ^ -  Tq*1* ) ,  where  T and T0 

a r e  t h e  t e m p e r a t u r e s  (°K )  o f  t h e  body  and i t s  e n v i r o m e n t *

T h i s  f a c t o r  may be  l a r g e r  f o r '  t h e  d i r e c t  m e a s u re m e n t  m e th o d ,  

than, f o r  t h e  d i f f u s i v i t y  m e th o d  s i n c e  t h e  m e asu rem en t  t im e  o f  

t h e  l a t t e r  c a n  be  e x t r e m e l y  s m a l l .  J a i n / G o e l  ( 7 3 )  f o u n d  l a r g e



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

d i r e c t  m e t h o d s .  T h e se  e r r o r s  were  a t t r i b u t e d  t o  u n d e r e s t i m a ­

t i o n s  o f  t h e  h e a t  l o s s e s .

Though t h e  m e a s u re m e n t  o f  th e rm a l ,  c o n d u c t i v i t y  a t  h i g h  

t e m p e r a t u r e s  by  t h e  m e a su re m e n t  o f  t h e r m a l  d i f f u s i v i t y  a p p e a r s  

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

an  a c c u r a t e  know ledge  o f  t h e  s p e c i f i c  h e a t  o f  t h e  b o d y  i f  

. a c c u r a t e  c o n d u c t i v i t y  v a l u e s  a r e  t o  be  c a l c u l a t e d *  T h i s  can  

be  s e e n  f ro m  t h e  e q u a t i o n  0 . 0 1 .

k  = G.oC. D .

Most  s o l i d  m a t e r i a l s  have  t h e i r  s p e c i f i c  h e a t  and  i t s  

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

v a l u e s  o f  s p e c i f i c  h e a t  i n  t h e  above e q u a t i o n  have  b e e n  w e l l  

c h a r a c t e r i s e d .  However ,  t h e r e  i s .  a  wide  v a r i a t i o n  i n  t h e  a v a i l  

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

d i o x i d e  ( s e e  C h a p t e r  lift )„  and  t h i s  d e t r a c t s  f ro m  t h e  a d v a n t ­

a g es  o f  u s i n g  a  d i f f u s i v i t y  m e th o d .  T h e se  a d v a n t a g e s  a r e  

h i g h l i g h t e d  i n  C h a p t e r  5 w h ic h  d e a l s  w i t h  t h e . e r r o r s  i n v o l v e d  

i n  t h e  l a s e r  -  f l a s h  m e th o d  u s e d  b y  t h e  a u t h o r .
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CHAPTER 2

B. EXPERIMENTAL TECHNIQUE '

D e s c r i p t i o n  o f  t h e  E q u ip m e n t

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  c o n s t r u c t i o n  o f  t h e  e q u i p ­

m ent  and  i t s  u s e  f o r  m easu rem en ts :  o n  g r a p h i t e  f o rm  p a r t  o f  

a n o t h e r  P h .D .  t h e s i s  ( 2 ) ,  and  w i l l *  t h e r e f o r e *  o n l y  he  b r i e f l y  

d e s c r i b e d  h e r e .  The e q u i p m e n t  h a s  b e e n  d e s i g n e d  t o  p e r m i t  

m e a s u re m e n t s  o v e r  t h e  t e m p e r a t u r e  r a n g e  20 — 3000°C u s i n g  

e i t h e r  vacuum o r  an i n e r t  g a s  atmosphere*-  The h e a t  p u l s e  s o u r c e  

i s  a r u b y  l a s e r *  and t h e  s p e c im e n  i s  r a i s e d  t o  t h e  m e a s u re m e n t  

t e m p e r a t u r e  b y  i n d u c t i o n ,  h e a t i n g *  The t r a n s i e n t  i s  r e c o r d e d  

b y  e i t h e r  a  t h e r m o c o u p le  ( a t  20°C) o r  l e a d  s u l p h i d e  o r  i n d iu m  

a n t i m o n i d e  r a d i a t i o n  d e t e c t o r s *  A s c h e m a t i c  d i a g r a m  i s  g i v e n  

i n  f i g ,  2*03 and a  p i c t u r e  i n  f i g ,  2 .0 h *  D e t a i l s  o f  t h e  e q u i p ­

m ent  w i l l  be  o u t l i n e d  u n d e r  t h e  f o l l o w i n g  h e a d i n g s :  

ji H e a t i n g  s y s t e m .  

i i  D e t e c t i o n  and m e a s u r i n g  s y s t e m .  

i l l  V a c p u m / P r e s s u r e  chamber* 

and t h e  c o n t r i b u t i o n s  made b y  t h e  a u t h o r  w i l l  be  m e n t i o n e d  

u n d e r  t h e  s e c t i o n .  * Comments* *

A  H e a t i n g  s y s t e m  • ■ ■

T h i s  c o n s i s t e d  o f  e s s e n t i a l l y  two t h i n g s :  a  h e a t  s o u r c e -  

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

sam ple  t o  t h e  d e s i r e d  t e m p e r a t u r e  o f  m e a s u r e m e n t ,  

a )  h e a t  s o u r c e

A f 1' d i a m e t e r , ,  s o l i d  s t a t e  r u b y  l a s e r  ( B r a d l e y  t y p e  3 5 1 ) 

s u p p l i e d  power  i n  t h e  r a n g e  5 -  100 J o u l e s  i n  a  p u l s e  o f  d i s -  

s i p a t i o n  t i m e  8 x  .10*"^ s e c .  T e m p e r a t u r e  r i s e s ,  i n  t h e  s p e c i m e n
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38*

o f  a p p r o x i m a te ly  3°G w ere  o b s e r v e d  f o r  1 -  16 J  h e a t  i n p u t s ,  

b )  i n d u c t i o n  h e a t i n g r -

The pow er t o  t h e  i n d u c t i o n  h e a t i n g  s y s t e m  was s u p p l i e d  

b y  a  low  im pedance  v a lv e  o p e r a t e d  g e n e r a t o r  ( S t a n e l c o  -  T he rm - 

a t r o n  Type 2QL). I t  was c a p a b le  o f  d e l i v e r i n g  2 5 -kw. I n  o r d e r  

t o  a c h ie v e  c l o s e  c o u p l i n g  f o r  h ig h  t e m p e r a t u r e s  and t o  a v o id  

c o n ta in m e n t  p ro b le m s ,  t h e  h e a t i n g  c o i l  was p l a c e d  i n s i d e  t h e  

v a c u u m /p r e s s u r e  c h a m b e r .

i i  D e t e c t i o n  and  m e a su re m e n t  s y s te m

S in c e  no one d e t e c t o r  was c a p a b le  o f  m e a s u r in g  t e m p e r ­

a t u r e  t r a n s i e n t s  o v e r  t h e  w hole  ra n g e  t o  b e  i n v e s t i g a t e d ,  t h r e e  

d i f f e r e n t  d e t e c t o r s  w ere  u s e d .

a )  F o r  room t e m p e r a t u r e  m e a su re m e n ts  a th e rm o c o u p le  was. 

u s e d  w i t h  a  m o d i f i e d  h o l d e r  ( s e e  s e c t i o n  h  ’ Com m ents*) a n d  a. 

F en lo w  AD103S o p e r a t i o n a l  a m p l i f i e r  t o  a m p l i f y  i t s  s i g n a l .

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

h e a t  l o s s e s  b y  c o n d u c t i o n  f ro m  th e  r e a r  f a c e , ,  and  i t  r e q u i r e s  

good  e l e c t r i c a l  c o n t a c t  b e tw e e n  t h e  s p e c im e n  and  th e  th e rm o ­

c o u p l e .  I t  w as , t h e r e f o r e , ,  n e c e s s a r y  t o  c o a t  t h e  r e a r  f a c e s

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

T a y lo r  (7U) and I a c o b e l l i  and  M o r e t t i  (75)* The p ro b le m s  

e n c o u n t e r e d  in .  t h e  u s e  o f  t h i s  m ethod  a r e  d i s c u s s e d  in: 

s e c t i o n  Ij- ’ Comments1 *

b )  An in d iu m  a n t im o n id e  p h o to c o n d u c t iv e  d e t e c t o r  ( M u l l a r d  

ORPt3) was u s e d  i n  t h e  r a n g e .  6oa  -  lj.00oC<» I t  m u st be c o o le d

b y  l i q u i d  n i t r o g e n  and was s u p p l i e d  m o u n ted  i n  a D ew ar .  B e c a u se  

i t  h ad  t o  be m ounted  v e r t i c a l l y ,  i t  d i d  a f f e c t  t h e  d e s i g n  o f  

t h e  v a c u u m /p r e s s u r e  c h a m b e r .  I t  had  a maximum s e n s i t i v i t y  t o  

r a d i a t i o n  a t  w a v e le n g th s  o f  3j.\to 5 u  , so  i t  h ad  t o  be  u s e d  in.



c o n j u n c t i o n  w i t h  s p e c i a l  c a l c iu m  a lu m in a te  l e n s e s  and a 

windov/ w hich , t r a n s m i t  r a d i a t i o n ,  o f  t h e s e  w a v e le n g th s *  The d e ­

t e c t o r  h a d  a d a r k  c e l l  r e s i s t a n c e  o f  2 k j l  and  was u s e d  i n  a  s im ­

p l e  b r i d g e  c i r c u i t  b i a s e d  w i t h  a  9V s u p p ly *  The o u t p u t s  f ro m  

t h i s  b r i d g e  we r e  i n  t h e  r a n g e  500jiV t o  -2mV and  w ere  f e d  

d i r e c t l y  i n t o  th e  o s c i l l o s c o p e .

e )  A l e a d  s u l p h i d e  p h o to c o n d u c t iv e  d e t e c t o r  ( M u l l a r d  623V) 

was u s e d  f o r  th e  r a n g e  2 7 0 °  -  2300°C . I t  h ad  optim um  s e n s i t i v i t y  

t o  r a d i a t i o n  o f  w a v e le n g th  3jij* and so  c o u l d  be  u s e d  i n  c o n ­

j u n c t i o n  w i t h  t h e  q u a r t z  l e n s e s  and -w indow . The d e t e c t o r  h ad  

a d a r k  c e l l ,  r e s i s t a n c e  o f  2'MA and was u s e d  i n  a  b r i d g e  c i r c u i t  

b i a s e d  w i t h  a 6QV s u p p l y .  H ow ever,  s i n c e  o u t p u t s  f ro m  t h i s  

b r i d g e  w ere o n l y  I.OOmV -3mV d e p e n d in g  on t h e  t e m p e r a t u r e  o f  

m e a su re m e n t  , a  s m a l l  a m p l i f i e r  c i r c u i t  was i n c o r p o r a t e d  i n t o  

t h e  s y s te m  ( s e e  f i g .  2 . 0 5 ) ' .  T h i s  had  s w i t c h e d  g a i n s  o f  X 6,X 12,

X1i3 and  X30. I t  was. f o u n d  n e c e s s a r y  to. r e d u c e  t h e  amount o o f
<

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

t h e  d e t e c t o r .  S t r a y  l a s e r  l i g h t  was p r e v e n t e d  f ro m  r e a c h in g - ’ t h e  

d e t e c t o r  and th u s  p o s s i b l y  dam aging ' i t  b-y th e  u s e  o f  a  s i l i c o n  

f i l t e r  p l a c e d  on. t o p  o f  t h e  r i g h t  hand  window iix  t h e  o p t i c a l  

s y s te m  ( f i g *  2*04)*  T h i s  f i l t e r  c u t s  o u t  a l l  r a d i a t i o n  b e lo w  

a t  t e m p e r a t u r e s  above 1000°G. At e v e n  h i g h e r  t e m p e r a t u r e a  

( />/ l6 0 0 °G )  a n e u t r a l  d e n s i t y  f i l t e r  was ad ded  t o  r e d u c e  th e  

r a d i a t i o n ,  i n t e n s i t y  t o  10$ . I n  t h i s  way i t  was p o s s i b l e  t o  

p r e v e n t  t h e  d e t e c t o r ’ s  r e s i s t a n c e  f ro m  f a l l i n g  so  low  and  

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

t r a c e  becam e s e n s i t i v e  t o  v i b r a t i o n  and e l e c t r i c a l  i n t e r f e r e n c e .

The s i g n a l s  from  t h e s e  t h r e e  s e n s o r s  w ere  d i s p l a y e d  on- 

one beam o f  a T e k t r o n i x  5 0 2 A d u a l  beam o s c i l l o s c o p e ;  t h e  o t h e r
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"beam r e c e i v i n g  t im e  p u l s e s  f ro m  a  T T e k t r a n i x  ty p e  18U t im e

m ark  g e n e r a t o r *  From t h e  f i r s t  beam ti_ c o u ld  he  m e a s u re d ,
. 2

w h i l s t  t h e  s e c o n d  he am was u s e d  to. c a l i b r a t e  t h e  f i r s t s  The 

o s c i l l o s c o p e  was t r i g g e r e d  from  th e  l a s e r  u n i t ,  and  a  P o l a r o i d  

l a n d  c a m e ra  was u s e d  t o  p h o to g r a p h  th e  two beams* An exam p le  

o f  a t y p i c a l  p h o to g r a p h  i s  g iv e n  l a t e r  i n  f i g *  2*10* 

i i i  V a c u u m /P re s s u re  cham ber . . .

C o n s t r u c t i o n  o f  t h e  s y s te m  w,as t o  a l a r g e  e x t e n t  g o v e rn e d  

b y  t h e  u s e  a t  low  t e m p e r a t u r e s  o f  an in d iu m  a n t im o n id e  d e t e c t o r ,  

w h ic h  h ad  t o  be m ounted  v e r t i c a l l y .  The r a d i a t i o n  f ro m  t h e  r e a r  

f a c e  o f  t h e  sp e c im e n  h ad  t o  be b e n t  t h r o u g h  two r i g h t  a n g l e s ,  

so  t h e  s y s te m  was c o n s t r u c t e d  i n  t h e  fo rm  o f  an. * H* w i t h  th e  

l e f t  h an d  v e r t i c a l  a r m . ( t h e  h e a t i n g  c h a m b e r )b e in g  l a r g e r  t h a n  

t h e  o t h e r *

The l e f t  h an d  arm was 12,t i n t e r n a l  d i a m e t e r  and  3 0 H . h i g h ,  

c o m p r i s in g  o f  a t o p  v e s s e l  21*1 h ig h  which, c o u ld  be u s e d  f o r  

m a in te n a n c e  and a c c e s s  p u rp o s e s *  T h i s  v e s s e l  t o g e t h e r  w i t h  th e  

t o p  f l a n g e  and th e  i n d u c t i o n  f l a n g e  a t  t h e  r e a r  were a l l  w a t e r  

c o o le d *  I t  c o n t a i n e d  t h r e e  1’1' d i a m e t e r  p o r t h o l e s : ,  one o n  th e  

l * h . s *  f o r  th e  e n t r a n c e  o f  th e  l a s e r  beam w h ich  was d e f l e c t e d  

down o n to  t h e  sp e c im e n  v i a  a  ^ 5 °  g l a s s  p r i s m  a t t a c h e d  t o  a 

f i x e d  s h a f t  s e s , l  m oun ted  d i a m e t r i c a l l y  o p p o s i t e ;  one f r o n t  

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

th e  s p e c im e n  t o  be  m e a s u re d  t h r o u g h  t h e  w ork c o i l  u s i n g  a n  

o p t i c a l  p y ro m e te r ; ,  and one s p a r e  p o r t h o l e  above a t  9 0 °  t o  th e  

f i r s t  f o r  u s e  s h o u ld  a l t e r n a t i v e  m e a s u r in g  a r r a n g e m e n ts  be 

r e q u i r e d .  The i n t e r n a l  f l a n g e  on th e  b a s e  v e s s e l  was o n l y  7 ,f‘ 

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



w i t h i n  t h e  i n d u c t i o n  c o i l  on  a s im p le  t r i p o d  a r r a n g e m e n t ,  and 

t o  e n a b l e  a  r i n g  s u p p o r t  t o  he  a t t a c h e d  f o r  t h e  8H f o c a l  l e n g th ,  

q u a r t s  o r  c a lc iu m  a lu m in a te  l e n s e s ,  ( s e e  f i g ,  2 .0 6 J *

S e v e r a l ,  s y s te m s  w ere  t r i e d  ( s e e  ’ com m ents*) b e f o r e  th e  

f i n a l  d e s i g n  o f  s u s c e p t o r  and s u p p o r t  was e v o lv e d *  The g r a p h i t e  

s u c e p t o r  v/.as l | ,f d i a m e t e r  by. 2* lo n g ,  and i t  c o n t a i n e d  th e  

s p e c im e n  h o l d e r ,  w h ic h  was i n i t i a l l y  t h i c k  p y r o l y t i c  g r a p h i t e  

d i s c  w i t h  a  c e n t r a l  h o l e  ( r e c e s s e d '  ^ 3 2 *) some 0*020* s m a l l e r  

t h a n  t h e  s p e c im e n  d i a m e te r *  A s i m i l a r  h o l d e r  was made f ro m  

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

- c o n t a m i n a t i o n  o f  t h e  sp e c im e n  b y  th e  g r a p h i t e  h o ld e r *  A 

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

e x c e s s  l a s e r  beam* The s u s c e p t o r  was s u p p o r t e d  i n s i d e  t h e  

i n d u c t i o n  c o i l  o n  a g r a p h i t e  c y l i n d e r  w h ic h  was i n  t u r n  m o u n ted  

on a If* d i a m e t e r  b a s e *  T h is ,  w hole  s y s te m  o f  s u s c e p t o r  and  b a s e  

was s u p p o r t e d  on. a t r i p o d  a r ra n g e m e n t , ,  w h ich  i t s e l f  was. s u p p o r t ­

ed  on. t h e  i n t e r n a l  f l a n g e *  The a r r a n g e m e n t  i s  shown, in. f ig * 2 * 0 6 *

In. t h e  b a s e  o f  t h e  l* h *  . v e s s e l  a  by  3 ,r e l l i p t i c a l ,  

f r o n t  a l u m i n i s e d ,  s i l i c o n  m onoxide — c o a t e d  m i r r o r  waa m o u n ted  

a t  I|-5°* I t  was s u p p o r t e d  on. f o u r  a d j u s t a b l e  l e v e l l i n g -  s c r e w s ,  

and l i g h t  c o l l e c t e d  f ro m  t h e  s p e c im e n  r e a r  f a c e  was d e f l e c t e d  

t h r o u g h  a  r i g h t  a n g le  v i a  an i r i s  d ia p h ra g m  a lo n g  t h e  h o r i z o n t a l  

tu b e  “bo t h e  r*h*  cham ber* H ere  t h e  l i g h t  was d e f l e c t e d  th r o u g h  

a  f u r t h e r  r i g h t  a n g le  b y  a s i m i l a r  m i r r o r ,  and  a  q u a r tz .  l e n s  

( f o c a l  p o i n t  b r o u g h t  i t  t o  a f o c u s *

The i n d u c t i o n  c o i l  was l e d  i n t o  t h e  r e a r  o f  t h e  l*h*
* / ■

cham ber v i a  a 6* diametex* p o r t*  The c o i l  was n o m in a l  b o r e

c o p p e r  t u b i n g ,  and vacuum t i g h t  s e a l s  w ere  made be  tv/e en; th e

c o p p e r  t u b i n g  and t h e  p o r t  u s i n g  e i t h e r  a  c a s t  a r a l d i t e  p l u g
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o r  p o l y t e t r a f l u a r o e t h y l e n e  ( P .T .F .E .  )• I n  "both t h e  c o i l  was 

r i g i d l y  s u p p o r t e d *

The t e m p e r a t u r e  o f  t h e  s u s c e p t o r  was m e a s u re d  u s i n g  an 

o p t i c a l  p y r o m e te r  s i g h t e d  v i a  t h e  s e c o n d  q u a r t z  window above 

o n to  a  d i a m e t e r  h o le  in . t h e  s u s c e p t o r *  The m e a su re d  v a l u e s  

(Tg) w ere  c o r r e c t e d  Tor e m i s s i v i t y  ( e )  and t r a n s m i s s i o n  t h r o u g h  

th e  window ( t ^ )  u s i n g  e  = 0*95 Tor c a r b o n  and t  = 0*91 f o r  

q u a r t z *  F i g . 2 . 0 7  shows, t h e  t e m p e r a t u r e  c o r r e c t i o n  f a c t o r  f o r  

e a c h  m e a s u re d  t e m p e r a t u r e  (T^)* F o r  t e m p e r a t u r e s  l e s s  t h a n  

8Q0qC a chrome 1 - a lu m e l  th e rm o c o u p le  w.as u s e d ,  t h e  l e a d s  f o r  

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

l e a d  th ro u g h - m o u n te d  o n  a s m a l l  f l a n g e  a t  t h e  f r o n t  and b a s e  

o f  t h e  -l*"hi* chamber*.

An o u t l e t  i n  t h e  h o r i z o n t a l  arm w.as c o n n e c te d  t h r o u g h  a 

b a f f l e  v a lv e  and l i q u i d  n i t r o g e n  t r a p  t o  t h e  vacuum s y s te m .

T h i s  c o n s i s t e d  o f  an E d w ard s  EQi+ d i f f u s i o n  pump b a c k e d  b y  an 

E . S . 150 r o t a r y  pump* The h o r i z o n t a l  arm a l s o  s u p p o r t e d  P i r a n i  

and P e n n in g  g u ag es*  An a i r  a d m is s io n  v a lv e  i n  t h e  t o p  f l a n g e  

o f - t h e  l . h *  cham ber was u s e d  as  t h e  g a s  i n l e t  when t h e  s j^stem  

was t o  be u s e d  u n d e r  an  i n e r t  a tm osphere.*  The P e n n in g  guage  . 

was t h e n  r e p l a c e d  b y  a p r e s s u r e  g u a g e .  The w hole  a s se m b ly  was. 

p r e s s u r e  . t e s t e d  t o  10 a tm o sp h e re s ,  o f  i n t e r n a l  p r e s s u r e .  v n n e 

Comments, on u s e  o f  e q u ip m e n t  . ’ ... !.i\

The o r i g i n a l  h ig h  f r e q u e n c y  s e t  d i d  n o t  p r o v id e  a s u f f i ­

c i e n t  t e m p e r a t u r e  r a n g e ,  and i n i t i a l  m e a s u re m e n ts  c o u ld  o n ly  

be made i n  t w o . s t a g e s :  a )  800-120Q°G u s i n g  two p h a s e s  and  b )  

1200-1600°C  u s i n g  t h r e e  p h a s e s *  To a c h ie v e  a w id e r  r a n g e  o f  

t e m p e r a t u r e s  an a u t o t r a n s f o r m e r  was o b t a i n e d  so  t h a t ,  when, i t
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was c o u p le d  t o  t h e  i n p u t  s i d e  o f  t h e  H*F* s e t ,  t h e  i n p u t  v o l t ­

age t o  t h e  s e t  c o u ld  he  v a r i e d  f ro m  O-i4.l4.OV, I t  was th en ,  p o s s i b l e  

t o  o b t a in ,  t e m p e r a t u r e s  f ro m  50°  t o  2300°0  i n  one o p e r a t i o n ,  

a l t h o u g h  in : p r a c t i c e  t h e  r a n g e  had  t o  be  c o v e r e d  i n  two. s t a g e s  

s i n c e  above 800~9QQ°C th e  th e rm o c o u p le  t h a t  h a d  b e e n  u s e d  t o  

r e a d  t h e  t e m p e r a t u r e  o f  t h e  specim en, h ad  t o  b e  removed*

I t  was h o p ed  t o  o b t a i n  m ea su re m e n ts  a t  room t e m p e r a t u r e  

v / i th  t h e  u s e  o f  th e r m o c o u p le s  and a s p e c i a l  g r a p h i t e  o r  s t e e l  

s p e c im e n  h o ld e r (7 U )*  The th e rm o c o u p le  was s c re w e d  t i g h t l y  up.- 

a g a i n s t  t h e  r e a r  f a c e  o f  t h e  s p e c im e n ,  and  when t h e  h o l d e r  was 

i n v e r t e d  and p l a c e d  i n  p o s i t i o n  th e  s p e c im e n  was s o l e l y  s u p p o r t ­

e d  b y  th e  th e rm o c o u p le *  S in c e  i t  was a l s o  i m p o r t a n t  t o  p l a c e  

th e  th e rm o c o u p le  n e a r  t h e  c e n t r e  o f  t h e  s p e c i m e n s  r e a r  f a c e ,  

t h e  d i f f i c u l t i e s  i n  o b t a i n i n g  good  e l e c t r i c a l ,  c o n t a c t  (b e tw e e n  

t h e  sp e c im e n  .and th e  th e r m o c o u p le )  w ere c o n s i d e r a b l e *  H ow ever, 

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

s p e c im e n  d i d  im prove  th e  e l e c t r i c a l  c o n t a c t *  S e v e r a l  s p e c im e n s  

were b r o k e n  ow ing t o  t h e  th e rm o c o u p le  b e i n g  s c re w e d  too. t i g h t ­

l y  i n  an. a t t e m p t  t o  im p ro v e  t h i s  c o n t a c t  and t o  h o ld  t h e  , 

s p e c im e n  f i r m ly *  I t  w as , t h e r e f o r e ,  d e c i d e d  n o t  t o  p u r s u e  

m e a s u re m e n ts  a t  room t e m p e r a tu r e *  A lo w e r  l i m i t  f o r  m e a s u re ­

m en ts  v/as i n s t e a d  s e t  b y  t h e  s p e c i f i c  h e a t  c u rv e  t o  be u s e d  . 

( l o w e s t  t e m p e r a t u r e  a/ 500°K s e e  c h a p t e r  Ipb)

As m e n t io n e d  p r e v i o u s l y  an a u t o t r a n s f o r m e r  h ad  b e e n  

p u r c h a s e d  in. an  a t t e m p t  t o  o b t a i n  t e m p e r a t u r e s  i n  e x c e s s  o f  

2000°K a H ow ever, th e  g e o m e try  o f  th e  s y s te m  ( i , e .  s u s c e p t o r  

and  s u p p o r t  d e s i g n  and c o i l  s i z e )  b e i n g  u s e d  e n a b l e d  o n l y  

t e m p e r a t u r e s  o f  th e  o r d e r  o f  2000°K t o  be  r e a c h e d *  I n  o r d e r



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

u s i n g  molybdenum o r  p y r o l y t i c  g r a p h i t e  f o i l *  H ow ever, t h e s e  

s h i e l d s  t e n d e d  t o  c o u p le  w i t h  th e  c o i l . a n d  t h u s  p r e v e n t e d  th e  

o u t e r  l a y e r  o f  t h e  s u s c e p t o r  f ro m  c o u p l i n g .  H ence th e  s h i e l d a  

became i n c a n d e s c e n t , ,  w h i l s t  t h e  s u s c e p t o r  and  spec im en , r e m a in e d  

r e l a t i v e l y  c o o l .  C o n s e q u e n t l y ,  s l o t s  w ere  c u t  i n  t h e  s h i e l d s  

t o  p r e v e n t  them  fro m  c o u p l in g , ,  e v e n  so  no s i g n i f i c a n t  i n c r e a s e  

i n  t h e  maximum t e m p e r a t u r e  was. o b s e r v e d .  D i f f e r e n t  s u s c e p t o r /  

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

(sh o w n  p r e v i o u s l y  i n  f i g . 2 *06)  was e v o l v e d .
<

D u r in g  t h i s  a t t e m p t  t o  o b t a i n  h i g h e r  t e m p e r a t u r e s ,  p rob lem s, 

a r o s e  due t o  th e  u s e  o f  a vacuum . I t  was fo u n d  n e c e s s a r y  t o  

h o ld  t h e  vacuum a t  v a l u e s  b e lo w  +* 10*^ T o r r  i n  o r d e r  t o  p r e v e n t  

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

s i n c e  t h e  s u s c e p t o r s  e v o lv e d  o c c lu d e d  g a s e s  and s i n c e  a t  h i g h  

t e m p e r a t u r e s  th e  v a p o u r  p r e s s u r e  o f  ITÔ  i s  o f  t h e  o r d e r  o f  

to  ^  T o r r  ( s e e  f ig .2 h .0 8  a f t e r  Ackermann e t  a l  ( 7 6 ^ .  The f i r s t  

d i f f i c u l t y  was overcom e b y  p u r g in g  th e  s u s c e p t o r s  b y  s e v e r a l  

h e a t i n g  r u n s  p r i o r  t o  m easu rem en t; ,  t h e  s e c o n d  (U0a v a p o u r  

p r e s s u r e )  p r o v e d  m o r e . d i f f i c u l t  and i t  was d e c i d e d  to  u s e  an 

a r g o n  a tm o sp h e re  i n s t e a d  o f  a  vacuum a t  h i g h  t e m p e r a t u r e s . .  

H ow ever, t h i s  p ro v e d  u n s u i t a b l e  s i n c e  above 1,800°K s p a r k i n g  

o c c u r r e d  b e tw e e n  t h e  c o i l  ; and th e  s u s c e p t o r  ( t h e  d e s ig n ,  o f  

w h ich  had  n o t  y e t  b e e n  f i n a l i s e d ) .  The a l t e r a t i o n ,  o f  th e  

g e o m e try  o f  th e  s u s c e p t o r  s y s te m  r e d u c e d  t h e  i n c i d e n c e  o f  

s p a r k i n g ,  b u t  i t  was t h e n  fo u n d  t h a t  a t  h ig h  t e m p e r a t u r e s  t h e  

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

p r e s s u r e  o f  a rg o n  d i d  n o t  a f f e c t  t h i s  o b s e r v a t i o n ,  w h ich  w as
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a t t r i b u t e d  t o  c o n v e c t i o n  c u r r e n t s ,  w h ich  w ere  c a u s i n g  a s l i g h t

t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  t h e  t o p  and lo w e r  f a c e s  o f  t h e
{

sp e c im e n  i n  t h e  s u s c e p t o r .  T h u s  t h e r e  was assum ed t o  be  a 

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

f a c e  b e i n g  a t  th e  h i g h e r  t e m p e r a tu r e *  I t  w as ,  t h e r e f o r e ,  d e c i d e d  

t o  a l t e r  t h e  g e o m e try  o f  th e '  f u r n a c e  f o r  h i g h  t e m p e r a t u r e  

m e a su re m e n ts*

A new f u r n a c e  was d e s ig n e d  s u c h  t h a t  t h e  c o i l  c o u ld  be  

wound a ro u n d  i t  and t h u s  r e d u c e  th e  p o s s i b i l i t y  o f  s p a r k i n g  

s i n c e  t h e  gas: a tm o sp h e re  w ould  n o t  be  i n  c o n t a c t  w i t h  t h e  c o i l .  

I t  was n e c e s s a r y  t o  have  t h i s  f u r n a c e  h e l d  h o r i z o n t a l l y  i n '  

o r d e r  t o  e l i m i n a t e  t h e  1 c o n v e c t i o n 1, p ro b le m *  T h i s  a r r a n g e m e n t  

w ould  a l s o  make a l ig n m e n t  e a s i e r  b e tw e e n  t h e  h e a t  p u l s e  s o u r c e  

a t  th e  f r o n t  and t h e  d e t e c t i o n  s y s te m  a t  t h e  r e a r .  I t  was 

i n t e n d e d  t o  u s e  t h e  e x i s t i n g  s u s c e p t o r  2"'' d i a m e t e r )  and 

g r a p h i t e  f e l t  a s  th e  i n s u l a t i n g  m a t e r i a l *  S in c e  i t  was n e c ­

e s s a r y  t o  g e t  good c o u p l i n g  b e tw e e n  th e  c o i l  and t h e  s u s c e p t o r ,  

t h e y  w ere  t o  be a s  c l o s e  t o g e t h e r  a s  p o s s i b l e  t h e r e f o r e  t h e  

s m a l l e s t . p o s s i b l e  t u b i n g  was t o  be u s e d .  An. a lu m in a  tu b e  2 ,1! 

d i  aide t e r  was o b t a i n e d  and  w a te r  c o o le d  b r a s s  f l a n g e s  w ere  

d e s ig n e d  to. f i t  t h i s  tu b e  a t  e i t h e r  end*  A s c h e m a t ic  d ia g r a m  

i s  g i v e n  in: f i g . 2*09* Ho a r ra n g e m e n t  f o r  :h o l d i n g . t h e .  sp e c im e n  

v e r t i c a l l y  had  b e e n  f i n a l i s e d  a t  t h i s  t i m e .

W hile  t h i s  f u r n a c e  was b e i n g  made,, t h e  p ro b le m s  o f  s p a r k ­

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

a h e l iu m  a tm o sp h e re  and t h e  new s u s c e p t o r  d e s i g n  w ere  t r i e d *  

H e liu m  h a s  a h i g h e r  e l e c t r i c a l  s t r e n g t h  th an ,  a l l  o t h e r  g a s e s ,  

a s  c a n  be  s e e n  f ro m  t h e  P a s e h e n  c u r v e s  g i v e n  b y  G u sev a  (7 7 )*
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A lso  h e l iu m  h a s  one o f  t h e  l a r g e s t  t h e r m a l  c o n d u c t i v i t i e s  o f  

th e  i n e r t  g a s e s *  s e c o n d  o n l y  t o  h y d r o g e n ,a n d  i t  h a s  a v a lu e  

X9 t h a t  o f  argon*  T h i s  s h o u ld  r e d u c e  th e  e f f e c t  f ro m  c o n ­

v e c t i o n  s i n c e  no l a r g e  t e m p e r a t u r e  d i f f e r e n c e  s h o u ld  o c c u r  i n  

th e  h e l i u m  i n  c o n t a c t  w i t h  t h e  spec im en*  The a d d i t i o n  o f  a 

c e n t r a l  t a p  f ro m  t h e  H .F .  s e t  c o i l  t o  t h e  f u r n a c e  cham ber 

r e d u c e d  t h e  v o l t a g e  above e a r t h  o f  th e  w o rk  c o i l  i n s i d e  t h e  

cham ber* i . e *  i n s t e a d  o f  h a v in g  a  v o l t a g e  b e tw e e n  t h e  w ork  

c o i l  and th e  s u r r o u n d i n g s  ( s u s c e p t o r )  o f  V v o l ts* ,  one h ad  a 

v o l t a g e  o f  ^ 2 • T h i s  r e d u c t i o n  i n  t h e  v o l t a g e  d i f f e r e n c e  

m in im is e d  s t i l l  f u r t h e r  t h e  p o s s i b i l i t y  o f  s p a r k in g *  I t  t h e r e ­

f o r e  made f u t u r e  m e a s u re m e n ts  u n d e r  vacuum o r  a rg o n  p o s s i b l e *  

A l l  h i g h  t e m p e r a t u r e  m e a su re m e n ts  o n  tJOg w ere  made u s in g ,  a n  

a tm o sp h e re  o f  p * s . i *  o f  h ig h  p u r i t y  h e l iu m *

At a l l  t e m p e r a t u r e s  Cowan*s. c o r r e c t i o n  f o r  h e a t  l o s s  h ad  

t o  be  a p p l i e d  ( s e e  C h a p te r  2A)* This, h e a t  l o s s  c o r r e c t i o n  

so m e tim e s  r o s e  a s  h i g h  as: a t  v e r y  h i g h  t e m p e r a t u r e s *

The r e s u l t s  w i t h  t h i s  c o r r e c t i o n ,  g r e a t e r  t h a n  1+0$ w ere  n o t  

u s e d  in. t h i s  i n v e s t i g a t i o n *  To- e v a l u a t e  t h e  c o r r e c t i o n  r e q u i r e d  

and t o  c o n s e r v e  P o l a r o i d  f i lm *  two t r a c e s :  a t  d i f f e r e n t  sweep.

r a t e s  w ere  t a k e n  on t h e  same p h o to g ra p h *  Prom one t r a c e  t i  was
2

m e a s u re d  and f ro m  t h e  o t h e r  t h e  r a t i o -  o f  T ( i O t i ) t o  T(t*_J. was
£  2:

m e a s u re d .  The p h o to g r a p h  was m ounted  on t h e  r e a r  o f  a p r i n t e d  

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

c a l c u l a t i o n  o f  t h e  t h e r m a l  c o n d u c t i v i t y *  An exam ple  o f  a 

t y p i c a l  t r a c e  and c a r d  i s  g iv e n  i n  fig*2V1';Go T h ese  c a r d s  c o u ld  

th e n ,  be  s t o r e d  f o r  f u t u r e  r e f e r e n c e *  ■
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CHAPTER' 3 

SPECIMEN PREPARATION 

F o r  t h e  p u rp o s e  of* t h i s  i n v e s t i g a t i o n  i t  was n e c e s s a r y  

t o  p r e p a r e  s p e c im e n s  w i t h  v a r y i n g  p o re  volum e f r a c t i o n s ,  and 

w ith ,  v a r y i n g  s t o i c h i o m e t r i e s *  The v a l u e s  o f  p o r o s i t y  and 

o x y g e n  t o  u r a n iu m  r a t i o  w ere  c h o s e n  s u c h  t h a t  t h e y  n o t  o n l y  

en c o m p a sse d  th o s e  v a lu e s ,  fo u n d  w i t h i n  t h e  r e a c t o r  f u e l  b u t  

a l s o  e n a b l e d  s u i t a b l e  c o m p a r is o n s  t o  be made w i t h  o t h e r  a u t h o r s *  

I n  o r d e r  t o  s a t i s f y  t h e  l a s t  r e q u i r e m e n t  t h e  r a n g e s ,  h ad  t o  be  

w id e n e d  t o  i n c l u d e  v a l u e s  s e ld o m  fo u n d  i n  th e  r e a c t o r , ,  i* e *  

o x y g en  t o  u r a n iu m  r a t i o s  g r e a t e r  t h a n  2*005  and",poro 3 i t  i  e s h e l o w  

.95 -97$  T*D*

A*I n i t i a l  M a t e r i a l

The i n i t i a l  i n v e s t i g a t i o n  was to. ex am in e  t h e  e f f e c t  o f  

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

t i o n  h a s  b e e n  d e v o te d  t o  t h e  p r e p a r a t i o n  o f  t h e  s p e c im e n s  i n  

a  p r e v i o u s  t h e s i s  ( i }* H ow ever, a  rev iew , o f  t h i s  w ork may be 

a p p r o p r i a t e  h e re *

To i n v e s t i g a t e  t h e  e f f e c t  o f  p o re  volum e f r a c t i o n ,  

sp ec im e n s ,  w ere  to. be p r e p a r e d  w i t h  d e n s i t i e s  in. t h e  r a n g e  9 0 -  

96$  T*D* A lo w e r  l i m i t  o f  a ro u n d  9 0 $  T*D* was; s e t  s i n c e  b e lo w  

t h i s  v a lu e  t h e r e  is .  a t e n d e n c y  f o r  e x a g g e r a t e d  g r a in ,  g ro w th  

t o  o c c u r  (7 8 )*  A f u r t h e r  d raw b ack  a r i s e s ,  f ro m  th e  t e n d e n c y  

f o r  l„ow d e n s i t y  s p e c im e n s  t o  d e n s i f y  on s u b s e q u e n t  h e a t  t r e a t™  

m ent (7&)a-Erom one b a tc h ,  o f  powder th e  s p e c im e n s  w ere p r e p a r e d  

b y  p r e s s i n g  and s i n t e r i n g ,  and  th e  f o l l o w i n g  d e n s i t i e s  w ere 

o b t a i n e d :  95*$9$  T*D* ( n o m e n c la tu r e  9 6 ) ,  95*16$  T*D* ( 9 3 * ) ,  

90*97$  T*D. (9 1 1 )* T h e se  s p e c im e n s  h ad  r a n d o m ly  d i s t r i b u t e d  

p o r e s  and  t h e i r  g r a i n  s i s e s  l a y  i n  t h e  r a n g e  k  t o  6jx <»



X IU n f o r t u n a t e l y ,  t h e  s p e c im e n s  o f  93 and 91 h ad  to o  h i g h  an. 

i m p u r i t y  c o n t e n t  o f  c o p p e r ,  f o r  w h ich  an a r b i t r a r y  t o l e r a n c e  

l e v e l  o f  100 p .p .m .  ( p a r t s  p e r  m i l l i o n )  h ad  b e e n  s e t  b y  t h e  

U .K .A .E .A . ( 7 8 ) .  I t  was n e c e s s a r y , ,  t h e r e f o r e ,  t o  p r e p a r e  new. 

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

r e g a r d e d *  S p ec im en s  w ere  p r e p a r e d  h a v in g  d e n s i t i e s  o f  9k*&9%

T .D . ( 9 h B) and 91*h2$  T.D* (91 * ) ,  and t h e y  h a d  g r a i n  s i z e s ,  

a ro u n d  Q ji • -

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

on th e  t h e r m a l  c o n d u c t i v i t y ,  sp e c im e n s  w ere  p r e p a r e d  h a v in g  

d e n s i t i e s  n o m in a l ly  93$  T .D . and 91$  T.D* f ro m  th e  96 (9 5 * 6 9 $  

T .D . )  b y  h o l d i n g  some o f  t h e  s p e c im e n s  o f  96 a t  1600°C i n  a 

m ix tu r e  o f  90 v o l . $  c a r b o n  d i o x i d e  and 10 v o l . $  h y d ro g en *

The C02 a c t s  a s  an  o x i d i s e r  w i t h  r e s p e c t  t o  t h e  h y d r o g e n ,  and 

t h u s  oxygen  d i f f u s e s ,  i n t o  t h e  U0a l a t t i c e *  T h i s  o x ygen  r e a c t s  

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

and fo rm s  CO/CO^ b u b b le s *  On c o o l i n g  t h e s e  b u b b l e s  fo rm  i s o ­

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

th e  g r a i n  b o u n d a r i e s ,  t h e - p o r e s  fo rm  o n  g r a i n  b o u n d a r i e s  and 

a t  t r i p l e  p o i n t s *  A lso  e x i s t i n g - p o r e s ,  g row  a t  th e  e x p e n s e  o f  

s m a l l e r  o n e s  t h u s  i n t e r g r a n u l a r  p o r e s  t e n d  t o  d i s a p p e a r .  The 

n e t  e f f e c t  I s  a r e d u c t i o n  i n  t h e  d e n s i t y  o f  t h e  o r i g i n a l  96 

m a t e r i a l  and  a  r e d i s t r i b u t i o n ,  o f  th e  p o r e s .  By v a r y i n g  th e  

d u r a t i o n  o f  th e  p x 'o c e s s ,  any amount o f  r e d u c t i o n  c a n  b e  e f f e c t e d .  

A f t e r  26 h o u r s  a d e n s i t y  o f  9^-*h3$ T .D . ( n o m e n c la tu r e  9 69h)

.was- o b t a i n e d ;  a f t e r  90 h o u r s  9 2 .1 5 $  T .D . ( n o m e n c la tu r e  9 6 9 1 ) .

A s i d e  e f f e c t  o f  t h i s  p ro c e s s < w a s  t h a t  t h e ' g r a i n ,  s i z e s  

i n c r e a s e d  b y  a  f a c t o r  o f  t h r e e  t o  ^  17 -  30  jx*  I t  was a l s o
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n e c e s s a r y  t o  h o ld  th e  s p e c im e n s  i n  h y d ro g e n  a t  1600°0  f o r  one

h o u r ,  and t h e n  a t  13GQ°C f o r  2 - 6  h o u r s  in . o r d e r  t o  e f f e c t

some r e d u c t i o n  h a c k  t o  s t o i c h i o m e t r y .

A l l  t h e  ahove sam p le  h a t c h e s  w ere made i n  t h e  fo rm  o f

p e l l e t s  i . 0 l 6 c m .  d i a m e t e r  1 .27cm* l o n g .  I n i t i a l l y  s p e c im e n s

0 .1 5 2 ^ c m . t h i c k  w ere  s e c t i o n e d  f ro m  t h e s e  d i s c s  and u s e d  f o r

t h e r m a l  d i f f u s i v i t y  d e t e r m i n a t i o n s .  At h ig h  t e m p e r a t u r e s  t ^
2 ,

f o r  t h e s e  s a m p le s  was a h o u t  0 . 5  s e c o n d s .  W ith  t h i s  v a lu e  o f  

1 1_. i n o r d i n a t e l y  l a r g e  h e a t  l o s s e s  o c c u r r e d ,  n e c e s s i t a t i n g  a 

h e a t  c o r r e c t i o n  o f  t h e  o r d e r  o f  $0% i n  t h e  v a lu e  o f  t h e  c o n s t a n t  

ŴT13 .  M oreover ,,  t h e  t o t a l  sweep t im e  was o f  t h e  o r d e r  o f  5 

s e c o n d s  com pared  to . a  more d e s i r a b l e  t im e  o f  <1  s e c o n d ,  and 

t h i s  m ean t  t h a t  one h ad  t o  w a i t  l o n g e r  f o r  e q u i l i b r i u m  c o n d i ­

t i o n s ,  i . e .  f o r  when t h e  t r a c e  w ould  he s t a b l e  enough  f o r  a 

m ea su re m e n t t o  be t a k e n .  T h e r e f o r e , ,  t o  g iv e  more p r a c t i c a b l e

tj_ v a l u e s  ( ^ 0 .0 5  -  0 .1 0  s e c o n d s ) ,  f u r t h e r *  s p e c im e n s  0 . 0 6 8 6 cm.

lo n g  b y  1 . 0 1 6 cm. d i a m e t e r  w ere s e c t i o n e d  f ro m  th e  p e l l e t s .  

C o n s i d e r a t i o n s  o f  t h e  o p t i c a l  a r ra n g e m e n t  o f  t h e  s y s te m  showed 

t h a t  o n l y  r a d i a t i o n  f ro m  t h e  c e n t r e  o f  t h e  sam p le  was c o l l e c t e d  

and f o c u s s e d  o n  t h e  d e t e c t o r .  S in c e  th e  t o t a l  h e a t  l o s s  f ro m  

th e  sam p le  may i n c l u d e  h e a t  c o n d u c te d  i n t o  t h e  sam ple  h o l d e r ,  

t h i s  s h o u ld  have  a p r o p o r t i o n a t e l y  g r e a t e r  e f f e c t  on th e  

c o n d u c t i v i t y  m e a s u re d  u s i n g  a sam ple  o f  s m a l l e r  d i a m e t e r .

( T h is  i s  o f  s p e c i a l  i n t e r e s t  t o  t h e  s i n g l e  c r y s t a l  s p e c im e n ,  

s e e  n e x t  s e c t i o n ) .  A c c o r d in g ly  sa m p le s  Cu66ohem, d i a m e t e r  b y  

0.0686cm* l o n g  w ere p r e p a r e d ,  and t h i s  r e p r e s e n t e d  a L|.0  ̂

r e d u c t i o n  i n  t h e  c r o s s  s e c t i o n a l  a r e a .  D e t a i l s  o f  t h e  s p e c im e n s  

and t h e  s i z e s  w h ic h  w ere f i n a l l y  m e a s u re d  a r e  g i v e n  i n  t a b l e s  

3>1 and 311*



N o m e n c la tu re D e n s i t y  
( g /cm 3 ) 0 / u

r a t i o
G r a in
S iz e
> )

I m p u r i t y  C o n te n t  ( p p m ,)

Pe S i Or Ni Mg Ca Cu c S’

96 10.51 2 .0 0 1 U.6 60 15 7 2 15 17 11 20 30

9 3 1 10.21 2 .0 0 1 5 .7 65 25 7 2 15 k5
*

275 20 30

9 1 1 9 .9 7 2 .0 0 1 6 60 25 7 2 15 18
*-

155 20 20

9̂ 4-̂ 1 0 . uo 2 .0 0 1 8 9 75 10 5 3 15 19 35 20 20

91" 1 0 ,0 2 2 .0 0 1 8 80 35 5 2 15 18 90 20 20

969!+ 1 0 ,3 9 - 17

9691

1^ 4-.,-----

1 0 .1 0 — 30

^  above t o l e r a n c e  l e v e l  o f  100 ppm.

TABltE 3 .1



SPECIMEN SIZES

Type A -  1*016 cm* d i a m e t e r  b y  0*152l{. cm* t h i c k

Type B- -  1 .0 1 6  cm* d i a m e t e r  "by 0 .0 6 8 6  cm. t h i c k

Type C -  0*660l|cm* d i a m e t e r  b y  0 .0 6 8 6  cm. t h i c k

Name Type T e s t e d

9 6 A,B,C
U

9U B

• 9 3 X A,B,C

91* B

911 A,B,C

969U- A?B, 0

9691 A,Bf C

2006

96 2030 B

2060

2006
1

93 2030 B-

2060 • .

TABLE 3* I I



B. S i n g l e  C r y s t a l

Two s i n g l e  c r y s t a l s  had  b e e n  s u p p l i e d  ( 7 8 ) ,  and  i t  was 

i n t e n d e d  t o  c u t  s u i t a b l e  s p e c im e n s  f o r  u s e  i n  th e  l a s e r  — 

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

from  t h e s e  sp e c im e n s  w ould  b e  o f  s c i e n t i f i c  i n t e r e s t  s i n c e  

v e r y  l i t t l e  work h a s  b e e n  p e r fo rm e d  on  s i n g l e  c r y s t a l  UO^ * 

H ow ever, m ore r e l e v a n t  t o  t h i s  i n v e s t i g a t i o n ,  t h e  v a l u e s  w ou ld  

p r o v id e  a  r e f e r e n c e  a g a i n s t  w hich  t h e  p o l y c r y s t a l s  c o u ld  b e  

co m p ared ,  i . e .  t h e  s i n g l e  c r y s t a l  w i l l  have  no r e s i s t i v i t y  

c o n t r i b u t i o n  f ro m  g r a i n  b o u n d a r i e s  and p o r o s i t y ,  Ah a t t e m p t  

was made t o  c u t  a  p a r a l l e l - s i d e d  p i e c e  f ro m  one o f  th e  c r y s t a l s  

u s i n g  a  d iam ond c u t t i n g  w heel*  T h i s  was n o t  s u c c e s s f u l ,  th e  

c r y s t a l  b r e a k i n g .  I t  was d e c i d e d ,  t h e r e f o r e ,  t o  u s e  a m i c r o s l i c e  

a n n u l a r  saw w h ich  was known to  be a b le  t o  c u t  d i s c s  o f  any 

t h i c k n e s s  f ro m  t h e  m o s t  b r i t t l e  o f  m a t e r i a l s *  S in c e  t h i s  

m ach in e  was n o t  a v a i l a b l e ,  t h e  s e c o n d  s i n g l e  c r y s t a l  was. s e n t  

t o  M e ta l s  R e s e a r c h  t o  be  c u t  i n t o  0 .0 7 6 2 c m , and  0 .1270cm * 

t h i c k  s l i c e s  on t h e i r  a n n u l a r  saw* They m anaged to  o b t a in ,  two 

d i s c s  e a c h  o f  t h e s e  t h i c k n e s s e s ,  p l u s  one d i s c  0 *0 2 5ij.cm* t h i c k *  

Owing t o  t h e  i r r e g u l a r  sh a p e  o f  th e  c r y s t a l ,  t h e  c u t  d i s c s  w ere 

o f  i r r e g u l a r  sh ap e  b u t  w ere  a p p r o x im a te ly  0©2cm* s q u a re *  I t  

was: n e c e s s a r y  to  m ach in e  g r a p h i t e  h o l d e r s  f o r  them  and g r a p h ­

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

a d ju s tm e n ts :  t o  th e  h o l d e r s  w ere made to. e n s u r e  a b e t t e r  f i t *

The d i s c s  u s e d  i n  th e  l a s e r  -  f l a s h  a p p a r a t u s  v/ere o r i e n t a t e d  

b e f o r e  and  a f t e r  m easu rem en t, ,  and th e  r e s u l t s  a r e  g iv e n ,  in. 

C h a p te r  6*1* Any e f f e c t  on t h e  s t r u c t u r e  c a u s e d  e i t h e r  d u r i n g  

c u t t i n g  o r  d u r i n g  m e a su re m e n t  w ould  be o b s e r v e d  f ro m  an exam—



i n a t i o n  of* th e  X - ra y  p a t t e r n s .

C. V a r i a t i o n  of* °A i r a t i o

S u b s e q u e n t  t o  t h e  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  p o r o s i t y ,  

i t  v/as d e c i d e d  t o  p r e p a r e  sp e c im e n s  o f  h i g h e r  oxygen  c o n t e n t  

and t o  i n v e s t i g a t e  th e  e f f e c t  o f  n o n - s t o i c h i o m e t r y .  P e l l e t s  

o f  96 and 9 3 ^ w ere  s e n t  t o  S p r i n g f i e l d ' s  w here  t h e y  w ere c u t  

i n t o  d i s c s  0 .0 6 8 6 cm . t h i c k  and th e n  h e l d  i n  a  f u r n a c e  a t  1800°K 

f o r  h i  h o u r s  i n  a c a rb o n  d i o x i d e / c a r b o n  m onoxide a tm o s p h e r e .

By v a r y i n g  t h e  r a t i o  o f  t h i s  g a s  m ix tu re , ,  t h e  r e q u i r e d  amount 

o f  o x i d a t i o n  w.as a c h i e v e d :

a r a t i o  o f  ^ ^ / q o  = 0 .5 7  gave  an. ° ^ vl r a t i o  o f  2 .0 0 6 -

tt »f = 1 . 1 9 8  »' 11 » "  2 .0 30

**' ,! ” = 8 .9 7  ,f " u " 2 .0 6 0

T h ese  v a l u e s  were f a i r l y  c l o s e  t o  t h e  o n e s  r e q u i r e d  nam ely

2 .0 0 5  “  2 . 0 5 .  T h i s  low  v a l u e  ^  2 .0 0 5  was c h o s e n  s i n c e  d u r i n g  

f i s s i o n  i n  a  r e a c t o r  t h e  s u r p lu s ,  oxygen  m u s t  be  s h a r e d  b e tw e e n  

t h e  molybdenum  and  t h e  u r a n iu m  d i o x i d e ,  and one g e t s  ITÔ  ^

0 001 2 .0 0 5  i s  a  r e a l i s t i c  v a l u e ) .  The r a n g e  2 .0 0 5  t o

2 .0 5  was- c h o s e n  i n  o r d e r  t h a t  th e  r e s u l t s  c o u l d  be u s e d  i n  a 

co m p ariso n , w i t h  r e s u l t s  b y  o t h e r  w o r k e r s ,  i . e .  one m ig h t  be 

a b le  t o  e x p l a i n  t h e i r  r e s u l t s ,  and  th e  r e a s o n  f o r  th e  d i v e r g e n c y  

b e tw e e n  them  i n  t e r m s  o f  n o n - s t o i c h i o m e t r y .  I t  was f e l t  t h a t  

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

m ent o f  d i f f u s i v i t y  and  f o r  p o s t  t e s t  0//u  r a t i o ,  d e n s i t y  and  

g r a i n  s i z e  d e t e r m i n a t i o n s *  T h i s  p ro v e d  t o  be a  l i t t l e  o p t i m i s t i c  

s i n c e  th e  sp e c im e n  w e ig h t  was l e s s  t h a n  igm . ( t h e  lo w e r  l i m i t  

f o r  a  s t o i c h i o m e t r i c  a n a l y s i s )  and hence  two s p e c im e n s  w ere  

r e q u i r e d  f o r  one s t o i c h i o m e t r i c  a n a l y s i s *  T h i s  l e f t  one s p e c im e n



f o r  d e n s i t y  and  g r a i n  s i z e  d e t e r m i n a t i o n s .  T h u s ,  p r o v i d i n g  n o t  

t o o  many s p e c im e n s  w ere  "b roken , and t h a t  a l l  b r o k e n  p ie c e s ,  

w ere c o l l e c t e d ,  i t  was j u s t  p o s s i b l e  t o  o b t a i n  a l l  t h e  i n f o r m a ­

t i o n .  r e q u i r e d  t o  c h a r a c t e r i s e  th e  s p e c im e n s  a f t e r  t e s t i n g *  

U n f o r t u n a t e l y  th e  b a t c h  96  w i t h  0//u  = 2 .0 3 0  p r o v i d e d  no 

s p e c im e n  f o r  d e n s i t y  o r  g r a i n  s i z e ,  d e t e r m i n a t i o n s .

D. T u n g s te n  coa ting :.

The f i n a l  s t a g e  i n  t h e  p r e p a r a t i o n  o f  a l l  t h e  s p e c im e n s  

p r i o r  to. t h e i r  u s e  in .  t h e  ,!:f l a s h ,r a p p a r a t u s  r e q u i r e d  t h e i r  

b e i n g  c o a t e d  i n  t u n g s t e n  o n  b o t h  f r o n t  and r e a r  f a c e s .  T h i s  

was done  t o  e n s u r e  t h a t  a l l  t h e  h e a t  f ro m  th e  l a s e r  was a b s o rb e d  

i n  t h e  s u r f a c e  l a y e r , ,  and t h a t  no h e a t  was t r a n s m i t t e d  t h r o u g h  

th e  s p e c im e n  w i t h o u t  b e i n g  f i r s t  a b s o rb e d  b y  i t .  T h i s  w ou ld  

c a u s e  an  i n c o r r e c t  h i g h e r  d i f f u s i v i t y  t o  b e  r e c o r d e d .  O th e r  

r e s e a r c h  w o rk e r s  (U3> 7 9 )  have  c o a t e d  UO  ̂ s p e c im e n s  i n  t u n g s t e n  

f o r  t h i s  r e a s o n ,  how ever B a t e s  (h 3 )  n o t i c e d  no d i f f e r e n c e  i n  

his., r e s u l t s  on c o a t e d  and u n c o a t e d  p o l y c r y s t a l l i n e  sp e c im e n s  

u p t o  2500°C  i n  a r g o n .  I t  was f e l t  t o  be  m ore i m p o r t a n t  f o r  

th e  s i n g l e  c r y s t a l s  w h ic h -w o u ld  be more t r a n s p a r e n t  b y  n a t u r e  

t h a n  t h e  p o l y c r y s t a l s  (3 9 )*

A s c h e m a t i c  d i a g r a m  i s  g i v e n - i n  f i g .  3*01'. The s p e c im e n s  

w ere  h e l d  i n  a vacuum o f  t h e  o r d e r  o f  10*"^ T o r r ,  w h i l s t  t u n g s t e n  

was e y a p o r a t e d  o n to  th e m . By u s i n g  a g l a s s  s l i d e  p l a c e d  o v e r  

some o f  t h e  h o l e s  in . t h e  h o ld e r , ,  i t  was p o s s i b l e  t o  d e t e r m in e  

w h e th e r  s u f f i c i e n t  t u n g s t e n  had  b e e n  e v a p o r a t e d  i n  o r d e r  t o  

g iv e  an opaque  c o a t i n g  t o  th e  .spec im ens  ( a  l a y e r  ^ 2 0 0 0 A  was 

r e q u i r e d ) .  The m ethod  o f  s u p p o r t  l e f t  a  r e g i o n  a ro u n d  t h e  edge  

o f  t h e  d i s c s  w h ich  was n o t  c o a t e d ,  h o w e v e r ,  t h i s  r im  ( <  0 .1 c m * ) 

was o f  t h e  same o r d e r  a s  t h a t  o f  th e  p y r o l y t i c  and  t u n g s t e n
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h o l d e r s  i n  t h e  ’’' f l a s h " '  a p p a r a tu s *  U s in g  t h i s  m ethod  o f  s u p p o r t  

u p to  s i x  d i s c s  c o u ld  he  c o a t e d  a t  any one t im e*  The s i n g l e  1 

c r y s t a l s  w ere  h e l d  one a t  a t im e  i n  a v i c e  -  l i k e  h o ld e r , ,  

w h ich  e n a b l e d  t h e  w hole  f a c e  t o  he c o a te d *  i* e*  i t  l e f t  no. 

u n c o a t e d  r e g io n *  I n i t i a l l y *  some o f  t h e  h i g h  d e n s i t y  d i s c s  

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

5 0 0 °0 .  Thus th e  c o a t i n g  h a d  t o  h e  p e r fo r m e d  i n  s h o r t  h u r s t s ,  

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

l a y e r  o f  t u n g s t e n *  T h e re  was a t e n d e n c y  f o r  t h e  t u n g s t e n  

c o a t i n g  t o  f l a k e  o f f  d u r i n g  m easu rem en t i n  t h e  " f l a s h " '  a p p a r a ­

tu s *  T h i s  o c c u r r e d , ,  h o w e v e r ,  o n l y  am ongst th e  e a r l y  b a t c h e s  

o f  m a t e r i a l  t o  be  c o a t e d ,  and no s ig n s ,  o f  any  f l a k i n g  w ere 

fo u n d  am ongst s u b s e q u e n t l y  c o a t e d  sp e c im e n s*  S in c e  t h e  c o n d i ­

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

o f  f l a k i n g  l a y  i n  t h e  p u r i t y  o f  th e  t u n g s t e n *  I t  may n o t  have  

b e e n  c o a t i n g  as  a  s u f f i c i e n t l y  f i n e  v a p o u r  ow ing  t o  i m p u r i t i e s  

s u c h  a s  o c c lu d e d  g a s e s *

E* M e ta l l o g r a p h y

I n i t i a l  t e s t s  show ed’- t h a t  th e  r Af s p e c im e n s  ( s e e  t a b l e  

j ^ I l )  h ad  to o  l a r g e  a and  t h i s  i n c r e a s e d  t h e  p o s s i b l e  

e r r o r s  due t o  h e a t  l o s s e s *  The ’ O’ s p e c im e n s  w ere  t o o  f r a g i l e  

and  m o st  o f  them  b ro k e  e i t h e r  d u r i n g  m e a su re m e n t  o r  d u r i n g  

h a n d l in g *  As a  c o n s e q u e n c e  o n ly  a few  r e s u l t s  w ere  o b t a i n e d  

on t 0 t s p e c im e n s ,  and no c o m p le te  r u n s  w ere  p o s s i b l e *  S in c e  

t h e  , B'? s p e c im e n s  w ere  p r o d u c in g  c o n s i s t e n t  r e s u l t s  and th e  

few  r e s u l t s  f ro m  th e  ’ G1 s p e c im e n s  w ere  i n  v e r y  good a g r e e ­

m ent w i t h  t h e s e ,  i t  was d e c i d e d  t o  make u s e  o f  t h e  f o rm e r  

and d i s r e g a r d  th e  l a t t e r *  A ls o ,  t h e  few  v a l u e s  o b t a i n e d  

i n i t i a l l y  o n  ?A1 s p e c im e n s  w ere s l i g h t l y  lo w e r  t h a n  t h o s e



f ro m  t h e  r Bt‘ t y p e ,  so  t h e s e  w ere d i s r e g a r d e d  a s  b e i n g  l e s s ,  

a c c u r a t e .  C o n s e q u e n t l y ,  p o s t  -  t e s t  e x a m i n a t i o n s  w ere  p e r f o r m - ,  

e d  o n l y  on  *Bf sp e c im e n s*

When t h e  t e s t e d  s p e c im e n s  w ere ex am in ed  u n d e r  t h e  m i c r o ­

s c o p e ,  some c r a c k i n g  was fo u n d  i n . t h o s e  w h ich  h ad  b e e n  

m oun ted  b y  h o t  p r e s s i n g *  S in c e  c r a c k s  w ere  n o t  o b s e r v e d  i n  

o t h e r  s p e c im e n s  o f  t h e  same c a t e g o r y  w h ich  h ad  b e e n  c o l d  

m o u n te d ,  i t  was assum ed t h a t  th e  m ethod  o f  m o u n t in g  h ad  c a u s e d  

th e  c r a c k in g *  A few s p e c im e n s  d i d  c r a c k  a c r o s s  t h e i r  d i a m e t e r  

w h i l s t  b e i n g  rem oved f ro m  th e  a p p a r a t u s  a f t e r  b e i n g  t e s t e d ,  

b u t  no c r a c k s  we r e  fo u n d  i n  t h e s e  .sp e c im e n s  when, t h e  two 

h a l v e s  w ere  exam ined* As a  c o n se q u e n c e  o f  l o s s  o f  s p e c im e n s  

due t o  c r a c k i n g  ( d u r i n g  h a n d l i n g  o r  i n  t h e  room t e m p e r a t u r e  

h o l d e r  ( s e e  c h a p t e r  2B) ) and th e  n e e d  t o  s e n d  some away f o r  

a n a l y s i s ,  t h e r e  w ere  no s p e c im e n s  o f  9 11* o r  96*2030 l e f t  f o r  

m e ta l lo g r a p h y *

The r e m a in in g  p o s t  t e s t  sp e c im e n s  w ere  p o l i s h e d  on  em ery  

p a p e r  and  t h e n  6ja and d iam ond  p a s t e *  F i n a l l y  an. a t t a c k  

p o l i s h  was, p e rfo rm ed , u s i n g  a s u s p e n s io n ,  o f  a lu m in a  in. h y d ro g e n  

p e r o x i d e  (1 0 $  b y  v o l*  H20 ^ /9 0 $  H^O ) on. a  s e l v y t  c l o t h *  They  

were e t c h e d  i n  95$  v o l*  Hn0 p /5 $  v o l ,  K2S04 a t  6 0 °0  f o r ’ 

a p p r o x i m a te ly  10 t o  15 s e c o n d s*

D e n s i t y  m e a su re m e n ts  w ere p e r fo r m e d  p r i o r  t o  e t c h i n g  

u s i n g  th e  q u a n t im e t .  S in c e  t h e r e  was good  c o n t r a s t  b e tw e e n  

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

spec im en . ( i * e ,  w i t h i n  1$ o f  e a c h  o t h e r ) .  I t  was n o t  p o s s i b l e  

t o  m e a s u re  g r a i n  s i z e s  u s i n g  t h e  q u a n t im e t , .  s i n c e  t h e  i n ­

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



l i g h t  i n t e n s i t i e s  o f  t h e  g r a i n  b o u n d a r i e s  and t h e  g r a i n s . ' I n  

t h e s e  s p e c im e n s  c o n s i d e r a b l e  e t c h  p i t t i n g  ( a n d  some g r a i n  t e a r -  

o u t  } o c c u r r e d  c a u s i n g  t h e  q u a n t im e t  t o  r e g i s t e r  t h e  p i t t i n g  

a s  p a s s i b l e  g r a i n ,  b o u n d a r i e s #  Any a t t e m p t  t o  co m p e n sa te  f o r  

t h i s  i n t e r g r a n u l a r  " g r a s s " '  l e d  to. r e s u l t s  w h ich  c o u ld  d i f f e r  

b y  a s  much as  300% ( i . e .  t o  1 5 jx )»  t h i s  r e a s o n  g r a i n  

s i z e s  w ere  o b t a i n e d  b y  c o u n t i n g  u s i n g  a V i c k e r s  m ic ro s c o p e  

and a m a g n i f i c a t i o n  o f  X300# T h i s  t e c h n i q u e  v/as u s e d  i n  r e f . 1 .

S p ec im en s  w ere s e n t  t o  S p r i n g f i e l d s  f o r  s t o i c h i o m e t r i c
£

a n a l y s i s ,  w here  th e  U *  i o n  c o n c e n t r a t i o n ,  was m e a s u re d  b y  a  

p o X a r o g ra p h ic  m ethod* T h i s  m ethod  had  t h e  d i s a d v a n t a g e  t h a t  

i t  c o u ld  n o t  d e t e c t  w h e th e r  t h e  s p e c im e n s . h a d  gone h y p o -  

s t o i c h i o m e t r i c  ( O//u < 2 * 0 0 ) ,  a l t h o u g h  i t  c o u l d  s t a t e  t h e  o x y g e n /  

u r a n iu m  r a t i o  t o  l e s s  t h a n  2*001'.

S in c e  t h e  s i n g l e  c r y s t a l s  w ere to o  few  i n  number and to o  

s m a l l ,  no s t o i c h i o m e t r i c  o r  i m p u r i t y  c o n t e n t  d e t e r m i n a t i o n s  

w ere p o s s i b l e *  T h e r e f o r e , ,  no v a l u e s  have  b e e n  q u o te d  f o r  

t h e s e  p a r a m e t e r s  f o r  t h e  s i n g l e  c r y s t a l s *  H ow ever ,  in .  a n  

a t t e m p t  t o  f u r t h e r  c h a r a c t e r i s e  th e  c r y s t a l s *  X - ra y  p a t t e r n s  

w e re  t a k e n  b e f o r e  and a f t e r  m easurem ent#  L a u e * s  b a c k  r e f l e c ­

t i o n  m eth o d  was u s e d  t o g e t h e r ,  w i t h  w h i te  r a d i a t i o n .  The 

t u n g s t e n  c o a t i n g  was rem oved  f ro m  th e  s i n g l e  c r y s t a l s  b y  f i n e  

em ery  p a p e r  p r i o r  t o  th e  p o s t  t e s t  X - r a y  a n a l y s i s .  The c r y s t a l  

was t h e n  a l i g n e d  on a  g o n io m e te r  so  t h a t  one o f  t h e  two 

p a r a l l e l - s i d e d  f a c e s  was p e r p e n d i c u l a r  t o  t h e  X - ra y  beam and 

3cm. f ro m  th e  X - r a y  f i l m .  V alues : o f  UOkv and  l6ma w ere a p p l i e d  

a c r o s s  a t u n g s t e n  tu b e  i n  o r d e r  to  p ro d u c e  w h i t e  r a d i a t i o n ,  

and s u i t a b l e  n e g a t i v e s  w ere  o b t a i n e d  a f t e r  an e x p o s u re  o f  

. a p p r o x i m a t e l y  i.j-5 m in u te s #  By u s i n g  a G -ren inger  c h a r t  and a



W u lf f  n e t ,  t h e  a n g le s  "between th e  s p o t s  on  t h e  n e g a t i v e s  

c o u ld  he  m e a s u re d .  The s p o t s  c o u ld  th en ,  "be o r i e n t a t e d  u s i n g  

th e  a n g le  v a l u e s  g i v e n  b y  M inkin. ( 8 0 ) .  I t  was assum ed t h a t  

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

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

b e i n g  r e f l e c t e d  f ro m  t h e  f r o n t  f a c e  o f  t h e  c r y s t a l *  An. exam ple  

o f  a t y p i c a l  n e g a t i v e  and  th e  c r y s t a l  o r i e n t a t i o n  a r e  g i v e n  

i n  f i g .  6 .0 1  C h a p te r  6 . 1 .

The r e s u l t s  f ro m  t h e  s t o i c h i o m e t r i c  and m e t a l l o g r a p h i c  

a n a l y s e s  a r e  g i v e n  i n  C h a p te r  6 Table- 6 l*

F u r t h e r  to  t h i s  m e t a l l o g r a p h y ,  p h o to m ic r o g r a p h s  w ere 

t a k e n  a t  a m a g n i f i c a t i o n  o f  X300 u s i n g  a  R e i c h e r t  m ic ro s c o p e  

and t h e s e  a r e  g i v e n  i n  c h a p t e r  6 .  F o r  m ic r o g r a p h s  a t  l a r g e  

m a g n i f i c a t i o n s  (X1000 t o  X I5 0 0 ) ,  t h e  e l e c t r o n  m ic ro s c o p e  and 

s e c o n d a r y  c a r b o n  r e p l i c a s  w ere  u s e d .  The m oun ted  s p e c im e n s  h a d  

. t h e i r  s u r f a c e s  c o v e r e d  i n  a p l a s t i c  l a y e r ,  w h ich  on  re m o v a l  

was c o a t e d . i n  a f i n e  l a y e r  o f  germ anium  and  th e n  i n  a  t h i c k e r  

l a y e r  o f  c a r b o n .  The l a y e r  o f  c a rb o n  and  germ anium  ( i . e .  t h e  

r e p l i c a )  was. s e p a r a t e d  f ro m  . th e  p l a s t i c  b y  d i s s o l v i n g  th e  

p l a s t i c  i n  a c e t o n e .  T h e . r e p l i c a  'was t h e n  p u t  o n to  a  g r i d  f o r  

u s e  i n  t h e  e l e c t r o n  m i c r o s c o p e .  M ic ro g ra p h s  o b t a i n e d  f ro m  

t h e s e  ca rb o n ,  r e p l i c a s  a r e  shown, i n  c h a p t e r  6 .



57.

CHAPTER 4 

VARIABLES

The e q u a t i o n s ,  "being u s e d  t o  c a l c u l a t e  r u  f and  f k l  v a lu e s :

have  a l r e a d y  b e e n  g i v e n  a s  0/ =  (Wy/1Ta / t x  V  ^
z

an d  k  = ot.C.L 

Of* t h e  v a r i a b l e s  w i t h i n  t h e s e  e q u a t i o n s  o n l y  0 and L 

c o u ld  n o t  be  m e a s u re d  d i r e c t l y  in .  t h i s  t h e s i s ,  e v e r y  o t h e r  

v a r i a b l e  c o u l d  be  m e asu red ^  ( L i n  t h i s  c o n t e x t  i s  n o t  t h e  

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

e x p a n s i o n  r e q u i r e d  t o  c o r r e c t  th e  m e a s u re d  L a t  300°K  t o  L a t  

T°K)* T h e se  two v a r i a b l e s  m u s t  be  o b t a i n e d  f ro m  p u b l i s h e d  d a t a ,  

and th e  c h o i c e s  and f a c t o r s  i n f l u e n c i n g  them  a r e  d i s c u s s e d  

b e low *

1+aJ C o e f f i c i e n t  o f , L i n e a r  E x p a n s io n

w and ti_ a r e  e a s i l y  o b t a i n e d  b y  d i r e c t  m e a s u re — 
tr1 a

m ent o f  t h e  t r a c e ,  and t h e y  have  a l r e a d y  b e e n  m e n t io n e d  i n  

C h a p te r s .  3A and B * 'F o r  an a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  l e n g t h  

( L  ) i t  i s  n e c e s s a r y  t o  know th e  c o e f f i c i e n t  o f  l i n e a r  e x p a n ­

s i o n  o f  UOa • V a lu e s  q u o te d  i n  t h e  l i t e r a t u r e  g iv e  v a l u e s  t h a t  

a g re e  q u i t e  w e l l :

R o u g h /D ie k e r s o n  ( S i )  12*6 x  10“^  /  °C 800 -  125Q°C

I C r ik o r i a n  ( 8 2 )  12*19 x  10“ ^ /  °C 2 5  ~ 1200°C

B r ads  haw/M a t  he ws (8 5 )  11*15 x  10” ^  /  °C 25  -  1750QC

W arde ( 8 4 )  11 *2 x  10“ ^  /  °C 2 7  -  1260°C

B ak e i* /B a ld o ck  ( 8 5 ) 9 * 4  x  10"^  /  °C 20 -  2000°C

A c o m p a r is o n  o f  t h e  v a l u e s  g i v e n  b y  Conway e t  a l  ( 8 6 ) ,  

B u r d ic k  and  P a r k e r  ( 8 7 ) and Mc Ewan (8 8 )  a r e  g i v e n  i n  f i g  4*01* 

T h i s  i s  n o t  a  t r u e  c o m p a r i s o n  s i n c e  e a c h  a u t h o r  t o o k  t h e i r  

u n i t  l e n g t h  a t  d i f f e r e n t  te m p e ra tu re s . : .  Conway e t  a l  u s e d  L  

a t  25°C , B u r d i c k / P a r k e r  u s e d  L a t  27°G, and M° Ewan u s e d  L
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5 8 .

a t  20°C* The v a lu e  c h o s e n  f o r  u se  i n  t h i s  t h e s i s  was t h a t  o f  

Mc Ewan* a  c h o ic e  t h a t  was a r b i t r a r y *

The c o e f f i c i e n t  o f  l i n e a r  e x p a n s i o n  d e c r e a s e s  w i th  i n ­

c r e a s i n g  ° / u  r a t i o *  M u r ra y /T h a c k ra y  (8 9 )  show th e .  d i f f e r e n c e  

i n  t h i s  c o e f f i c i e n t  b e tw e e n  o f  2*00  and  2*13 t o  be  1 $

a t  500°K r i s i n g  t o  2% a t  i200°K * The d i f f e r e n c e , ,  t h e r e f o r e ,  

is- v e r y  s m a l l ,  i* e *  a t  t h e  m ost o f  t h e  o r d e r  o f  2%^ and so  

t h e  above c o e f f i c i e n t  was u s e d  f o r  th e  n o n - s t o i c h i o m e t r i c  

spec im ens, a s  w e l l*

4b ) Spe c i f  1c He a t

I n  o r d e r  t o  c a l c u l a t e  t h e r m a l ^ c o n d u c t i v i t y  ( k )  f ro m  t h e  

m e a s u re d  th e r m a l  d i f f u s i v i t y  v a l u e s  (<*)» e q u a t i o n  0.01 is :  u s e d :

' i.*. k (T )  =  oe (*T)*0 (Tj.- B
.P

The d e n s i t y  ( d ) i s  w e l l  d e s c r i b e d  and  i s  assum ed  t o  be  c o n s t a n t  

w i t h  t e m p e r a t u r e *  T h e r e f o r e ,  t h e  com puted  c o n d u c t i v i t y  v a l u e s  

w i l l  be  s t r o n g l y  i n f l u e n c e d  b y  t h e  s p e c i f i c  h e a t  v a l u e s  (C ^)
XT

c h o se n *  A- l a r g e  number o f  i n v e s t i g a t i o n s  have  b e e n  c a r r i e d  

o u t  t o  d e t e r m in e  th e  s p e c i f i c  h e a t  o f  u r a n iu m  d i o x i d e .  However,, 

t h e  r e s u l t s  t e n d  t o  show q u i t e  a w ide v a r i a t i o n .

The m o s t  q u o te d  d a t a  i s  t h a t  o f  M o o re /K e l l e y  (9 0 )  who 

u s e d  a  d r o p  m ethod  and fo u n d  t o  i n c r e a s e  s t e a d i l y  w i t h  

t e m p e r a t u r e .  Gonway e t  a l  (8 6 )  a l s o  u s e d  a d r o p  m e th o d ,  and 

C onw ay/H ein  ■. . ( 9 1 )  a n a l y s i n g  t h e  r e s u l t s  f o u n d  a more r a p i d  

i n c r e a s e  i n  C Y/ith t e m p e r a t u r e  t h a n  M o o re /K e l le y *  G o d f re yJr
e t  a l  ( 9 2 )  u s e d  p u b l i s h e d  d a t a  t o  o b t a i n  an  e q u a t i o n  f o r  C ,

Jtr '
and t h i s  e q u a t i o n  f i t t e d  t h e  v a l u e s  c a l c u l a t e d  f ro m  th e  d a t a  

o f  Popov  e t  a l  (9 3 )?  b u t  was h i g h e r  t h a n  t h a t  c a l c u l a t e d  

u s i n g  Moore and K e l l e y ' s  d a t a .  0 g a r  d /h e  a r y  (9 4 )  u s e d  d ro p



c a l o r i m e t r y  t o  g e t  U02 "between. 13-38 -  2303°K . They a p p l i e d  

a l e a s t  s q u a r e s  a n a l y s i s  t o  t h e i r  e n t h a l p y  r e s u l t s ,  and ch o se  

t h e  m o st s u i t a b l e  C e q u a t i o n .  T h i s  e q u a t i o n  a g r e e d  b e t t e r  w i t h  

t h e  d a t a  of* M o o re /K e l le y  t h a n  w i t h  t h a t  o f  C on w ay /H ein , s o  

t h e y  u s e d  th e  f o rm e r  and t h e i r  own e q u a t i o n  t o  d e r i v e  a f i n a l  

e n t h a l p y  e q u a t i o n .  H e i n / F l a g e l l a  (95)  and  H e in  e t -  a l  (96 )  

u s e d  t h e  d r o p  t e c h n i q u e  (1 2 0 0  — 3260°K ) p lu s ,  a  l e a s t  s q u a r e s  

a n a l y s i s .  They  a g r e e d  w e l l  w i t h  M o o re /K e l le y  and w i th  C onw ay/ 

H e in  b u t  n o t  w i th  Q g a r d /L e a r y .  More r e c e n t l y  A f f o r t i t  ( 9 7 ) »

L e ib o w . i tz. e t  a l  ( 9 8 ) ;  E n g e l  ( 9 9 ) ;  G r0 'nvo ld  e t  a l  (1 Q 0 );  Hach 

( 1 0 1 ) ;  F r e d r i c k s o n /C h a s a n o .v  (1.02) have  a l l  t r i e d  t o  d e f i n e  C 

UO^ 9 E n g e l  (99)  and A f f o r t i t  (97 )  b o t h  u s e d  th e rm a l ,  a n a l y s i s  

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

d i r e c t l y .  E n g e l  a g r e e s  w e l l  w i t h  M o o r e /K e l l e y .  A f f o r t i t  g i v e s  

v a l u e s  t h a t  d i f f e r  g r e a t l y  f ro m  th o s e  o f  o t h e r  w o r k e r s ,  b e i n g  

lo w e r  o v e r  t h e  w hole  t e m p e r a t u r e  r a n g e .  The r e s u l t s ,  o f  G r0 n v o ld  

e t  a l  (100.) and F r e d r i e k s o n / C h a s a n o v  (1 0 2 )  a g r e e  f a i r l y  w e l l  -  

t h e  l a t t e r  m ak in g  t h e  p o i n t  t h a t  th e  r e s u l t s  o f  M o o re /K e l le y  

(9 0 )  and  H e i n / F l a g e l l a  (95 )  w ere o b t a i n e d  u s i n g  hypo -  and  

h y p e r s . t o . i c h io m e t r i c  s p e c im e n s  r e s p e c t i v e l y .

Some o f  th e  r e s u l t s  o f  th e  above w o rk ers ,  a r e  g iv e n ,  i n  f i g .  

4t.02' a lo n g  w i t h  t h e  v a lu e s :  u s e d .  i n : t h l s :iw o rk .  I t  c a n  be  s e e n  

f ro m  t h i s  g r a p h  t h a t  t h e  v a l u e s  show, w ide v a r i a t i o n  and d i f f ­

e r e n t  t r e n d s  an d ,  t h e  s c a t t e r  i s  o f  t h e  o r d e r  o f  8% a t  130.0°K, 

r i s i n g  t o  26$  a t  230Q°K. Shaw (1 0 3 )  o b s e r v e d  t h a t ,  th o u g h  th e  

0^  d a t a  o f  o t h e r  w o r k e r s  showed w ide v a r i a t i o n ,  t h e i r  h e a t  

c o n t e n t  m easu rem en ts :  w ere  i n  good a g re e m e n t*  S in c e  s p e c i f i c  

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

t o  t e m p e r a t u r e :
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d <H?  -  W  “  Cp<T)' (4*01 )
dT

(w here  i s  t h e  e n t h a l p y  a t  T°K, i s  th e  e n t h a l p y  a t

2 9 8 °K ) ,  t h e  v a r i a t i o n  m u s t  l i e  i n  th e  fo rm  o f  t h e  m a t h e m a t i c a l  

e x £ > ress io n  c h o s e n  t o  d e s c r i b e  t h e  h e a t  c o n t e n t  v a lu e s *  I t  c an  

be s e e n ,  t h e r e f o r e ,  t h a t  t h e r e  i s  a  g r e a t  n e e d  f o r  d i r e c t  

m e a su rem en t o f  s p e c i f i c  h e a t ,  and th e  IAEA P a n e l '■ (104)' 

s t r e s s e d  t h e  im p o r ta n c e  o f  o b t a i n i n g  h ig h  t e m p e r a t u r e  C v a lu e s ,  

b y  a d i a b a t i c  t e c h n i q u e s  r a t h e r  th a n  b y  e n t h a l p y  i n c r e m e n t  

d e t e r m i n a t i o n s .  S e v e r a l  a u t h o r s  have s i n c e  o b t a i n e d  C b y
ir

d i r e c t  m e a su re m e n t  (4* 97* 9 9 ) .

S in c e  th e  w ide v a r i a t i o n  i n  e x i s t i n g  C d a t a  a p p e a r s . t o
Jr

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

was d e c i d e d  t o  c o l l a t e  a l l  a v a i l a b l e  d a ta *  A c c o r d in g ly  a l l  r  

a v a i l a b l e  e n t h a l p y  d a t a  f o r  U0a was a s s e m b le d  i n  o r d e r  t o  be 

f i t t e d ^ ,  u s i n g  a  c o m p u te r  program m e, t o  a  p o ly n o m ia l  e x p r e ~  

s s io n .  f ro m  w h ich  a new G c u rv e  c o u ld  be  o b t a i n e d *  A f o u r t h ,  

'o rd e r  p o ly n o m ia l  was a d o p te d  (A in eco u g h  (3 ‘) )*

(Ht  -  = -4602.30 + 1U.299T + 6 .3 6 7 9  X 10- 3 T2 -

3 .3 3 5 7  x  10~6T3 + 7 .6 9 9 0  x  IQ "'10^  (U .0 2 )

(T°IC)

w hich  on. d i f f e r e n t i a t i o n  gave  S'-

C = 1U .299 + 1 .2 7 3 6  X  10_2T -  10 .0071 x  10~5T2 + 3 .0 7 7 6  x

1 c r V  c a l /m o le ° K  (4 * 0 3 )

T h i s  e x p r e s s i o n  gave t o  i n c r e a s e  w i t h  t e m p e r a t u r e , ,  
t  hw h e re a s  th e  3 o r d e r  p o ly n o m ia l  gave a  s l i g h t  d e c r e a s e  i n  

o f  t h e  o r d e r  o f  0*66%  b e tw e e n  t h e  t e m p e r a t u r e s  1000 -  l40Q a K* 

T h e re  i s  no t h e o r e t i c a l  r e a s o n  f o r  s u c h  a d e c r e a s e  i n  0 ^
t  he x c e p t  t h e  c h o ic e  o f  t h e  w rong p o ly n o m ia l ,  t h e r e f o r e  t h e  5



6 1 . . '
\ ■ _ .

o r d e r  o r  above w ere  n o t  u s e d .  O nly  th e  k  o r d e r  c u rv e  i s  g iv e n  . 

i n  f i g *  U*02 ( i t  i s  i n t e r e s t i n g  t o  n o te  t h a t  t h e  c u rv e  o f  

G o d f re y  e t  a l  ( 9 2 )  shov/s a s i m i l a r  d ro p  b e tw e e n  900 -  1300°K ),

T h i s  c u rv e  i s  i n  good  a g re e m e n t  w i t h  t h e  c u r v e s  o f  

o t h e r  a u t h o r s ,  e x c e p t  t h o s e  o f  Oony/ay/Hein (9 1 )  b e lo w  1700°K; 

A f f o r t i t '  ( 9 7 )  and M o o r e / K e l l e y . (9 0 )  b o t h  o f  w h ich  a r e  much 

1ower a t  h i g h  t e m p e r a t u r e s . I t  a g r e e s  we1 1 . w i t h  F I a g e 1 1 a /H e in .

(9 5 )  and G o d f re y  e t  a l  (9 2 )  a t  h ig h  t e m p e r a t u r e s .  Thus i t  was 

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

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

d i r e c t  m e a su re m e n t  o f  s p e c i f i c  h e a t  o f  t h e  t e s t  s p e c im e n s .  T h i s  

w ould  have r e q u i r e d  th e  u s e  o f  a s p e c i a l i s e d  p i e c e  o f  e q u ip m e n t  

and w ould  have  t a k e n  th e  a u t h o r  i n t o  an a r e a  w h ic h ,  th o u g h  

i m p o r t a n t ,  Y/as f e l t  to. be o u t s i d e  t h e  r a n g e  o f  t h i s 1 i n v e s t i g a t i o n .  

S i m i l a r l y ,  s i n c e  th e  c u rv e  o b t a i n e d  b y  A in sc o u g h  was i n  good  

ag re e m e n t  w i t h  o t h e r  w o r k e r s  and s i n c e  m o st o f  th e  e x i s t i n g  

h e a t  c o n t e n t  d a t a  on UOa w e re ’ i n  good a g r e e m e n t ,  i t  was f e l t  . 

u n n e c e s s a r y  t o  u s e  f a c i l i t i e s  w hich  were a v a i l a b l e  e l s e w h e r e .

Such f a c i l i t i e s  may have  c o n f u s e d  th e  m a t t e r  f u r t h e r  by  

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

A in sc o u g h  Vs. c u rv e  would, d e s c r i b e  th e  s p e c i f i c  h e a t  a d e q u a t e l y .  

O b v io u s ly  i f  i t  had  b e e n  p o s s i b l e ,  i t  w ould  have  b e e n  i n ­

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

s p e c im e n s  t o  s e e  haw t h e y  com pared  w i th  t h o s e  c a l c u l a t e d  b y  

A in sc o u g h .  *

-A lth o u g h  t h i s  c u rv e  was th o u g h t  s a t i s f a c t o r y  f o r  s t o i c h i o ­

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

t h e  h y p e r s t o i c h i o m e t r i e  s a m p le s  (U0? q£ q > UO^ q^ q and U0? Q0 g ) ,



s i n c e  i t  h a s  b e e n  shown t h a t  th e  s p e c i f i c  h e a t  i n c r e a s e s  w i t h  

i n c r e a s i n g  o x y g e n /u ra n iu m  r a t i o  due t o  an e l e c t r o n i c  c o n t r i b u ­

t i o n  ( r e f .  Hoch (1 0 1 )  ) .  V e ry  l i t t l e  work has , b e e n  p e r fo r m e d  

t o  r e l a t e  0/^u r a t i o  t o  0 , how ever A f f o r t i t / M a r c o n .  ( h )  and
-fcr

G ndnvo ld  e t  a l  (lOO) have  s u p p l i e d  some C r e s u l t s  f o r  s e l e c t e d  
/0/!u  r a t i o s .  A f f o r t i t / M a r c o n  u s e d  a dynam ic  m eth o d  t o  m e a su re  

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

s a m p le s  b e tw e e n  1600°K and t h e i r  m e l t i n g  p o i n t *  G rd n v o ld  e t  

a l  m e a s u re d  th e  s p e c i f i c  h e a t  o f  U02 and UOg. b e tw e e n  

300 -  1000°K u s i n g  a d i a b a t i c  c a l o r i m e t r y .  B o th  gave  g r a p h s  o f  

s p e c i f i c  h e a t  a g a i n s t  t e m p e r a t u r e ,  b u t  a s  y e t  no one h a s  

e q u a t e d  C t o  ° ^ u  r a t i o *  The v a l u e s  o f  A f f o r t i t / M a r c o n  w ere  

c o n s i d e r e d  v e r y  low  ( a b o u t  12^ low  a t  2 5 OO ° K ) ,  t h e r e f o r e  t h e y  

c o u ld  n o t  be u s e d ,  b u t  a s  t h e y  w ere th e  o n l y  w o r k e r s  t o  g iv e  

c o n c e r t e d  d a t a  f o r  h y p e r s t o i c h i o m e t r i c  UO^ t h e i r  v a l u e s  h ave  

b e e n  u s e d  f o r  co m p ariso n ,  p u r p o s e s .

I t  v/as d e c id e d  t o  e x t r a p o l a t e  t h e i r  r e s u l t s  t o  500°K and' 

t o  u s e  them  t o  o b t a i n  t h e  r a t i o s .  0 U0 o , C U fu  andp 2*060  7 p '  2 .0 3 0
. w rtith u w M .  I i.ilfr. 

■ Cp U0 2..00  ° p ^ . 0 0

C U02, 0 0 g

n lm  * * T hese  r a t i o s  c o u ld  be u s e d  i n  c o n j u n c t i o n  w i t h
up 2 *.00

t h e  C UOg, qq v a l u e s  o f  A in sc o u g h  ( 3 ) t o  a r r i v e  a t  t h e  r e q u i r e d

° p  U° 2 . 0 6 0 ’ Gp  G02 .0 3 0  and  ° p  Xr02 s006valueSl> I n  ° r d e i ' t 0  d °
t h i s  a  g r a p h  o f  A f f o r t i t / M a r c o n 1s  v a l u e s  h a d  t o  be  p l o t t e d  ( f i g .  

h* 0 3 a )  f ro m  w h ich  t h e  r a t i o s  CJ U0o XJOn c o u ld  be
P  £  p .  d  o  U U

c a l c u l a t e d  ( u s i n g  f i v e  t e m p e r a t u r e  v a lu e s :  and  t h e i r  t h r e e  M'xHf 

v a l u e s ,  n am ely  2 . 1 0 ,  2‘o.Oh and 2 .0 3 )*  T h e se  r a t i o s  w ere  p l o t t e d  

as  p e r c e n t a g e s  a g a i n s t  G//u  r a t i o  ( f i g *  h * 03b ) ,  and  c o n s e q u e n t l y
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th e  r a t i o  -O' ^ G2' 00 ^ ov  x  "  2 '*060, 2*030  and 2*006

c o u ld  h e  r e a d  o f f  a t  t h e  f i v e  t e m p e r a t u r e s *  T h e se  r a t i o s ,  when 

m u l t i p l i e d  b y  t h e  c o r r e s p o n d i n g  IT02 v a lu e  o f  A in s c o u g h  

a t  e a c h  o f  th e  f i v e  t e m p e r a t u r e s , ,  gave t h e  ah s a l u t e  v a lu e s :  o f

Gp  U02 * 0 6 0 ’ Gp U0 2*030 an(* Gp  UG2*006* T tlese  v a l u e s  a r e  p l o t t e d  

i n  f i g .  U.OU* S in c e  th e  d i f f e r e n c e  b e tw e e n  t h e  v a lu e s :  o f  Gp 

IlOg^oo °** A in sco u g h  and t h e  c a l c u l a t e d  v a lu e s ,  o f  UO^ 

was o n l y  o f  th e  o r d e r  o f  one p e r c e n t , ,  i t  was. d e c i d e d  t o  u s e  

th e  v a l u e s  o f  A in sc o u g h  f o r  0 ^  UQg qq when, c a l c u l a t i n g  t h e  

t h e r m a l  c o n d u c t i v i t y  o f  t h e  UOg, s p e c im e n s *
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CHAPTER 5 

ERROR ANALYSIS

In . e x a m in in g  t h e  e r r o r s  i n  t h e  c a l c u l a t e d  **'«: ^ and  'r k 11 

v a l u e s *  i t  i s  i m p o r t a n t  t o  s e p a r a t e  t h o s e  e r r o r s  w h ich  a r e  due 

t o  d i r e c t  m ea su re m e n t and  t h o s e  due t o  t h e  u s e  o f 1 unknow n v a r ­

i a b l e s  ( s u c h  a s  Cp and s e e  c h a p t e r  5)* I t  i s  p o s s i b l e  t o  

v iew  t h e s e  s e p a r a t e l y  u n d e r  t h e  h e a d in g s :

1 a b s o l u t e  e r r o r  in. m e a su re m e n t  o f  d i f f u s i v i t y  

i i  e r r o r  i n  c a l c u l a t e d  c o n d u c t i v i t y  

i  E r r o r  i n

S in c e  t h e  d i f f u s i v i t y  i s  c a l c u l a t e d  f ro m

o( =■ ( wV ) . L% i
2

we g e t

I n  c< =s i n  *  2 1 n L  -  l n : , t . i

g iv in g  = cV W/Tr2) + ghL -  J t i .
<* L “ t t

2

a)  ̂ti_ i

M easu rem en ts  c a r e f u l l y  t a k e n  b y  d i f f e r e n t  o b s e r v e r s

show t h a t  tjL c a n .b e  m e a s u re d  t o *  0 .2 5  mm. and  s i n c e  t t  l a y
2: — , 2:

in .  t h e  r a n g e  10-20  mm., t h e  e r r o r  was g i v e n  as  l y i n g  b e tw e e n  

( *  1 .2 5  t o  * 2 *5 0 )# ;  -

b ) 5jL *

The s p e c im e n  l e n g t h  o f  0.70mm. c o u ld  be m e a s u re d  t o  

*  0*005 mm., t h u s  g i v i n g  an e r r o r  o f  ±  0 . 7 %* T h i s  l e n g t h  was . 

c o r r e c t e d  f o r  d i f f e r e n t  t e m p e r a t u r e s  u s i n g  Mc Ewan’ s ( 8 8 )  

c o e f f i c i e n t  o f  l i n e a r  e x p a n s i o n  ( c h a p t e r  ij. f i g .  - i+ .O l). The 

e r r o r  in .  r e a d i n g  f ro m  t h i s  c u rv e  i s  « i % ,  b u t  t h e  a c t u a l  e r r o r

(5.01)

(5 .0 2 )
( 5 . 0 3 )



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

°3 (w/rra ):

The e r r o r  i n  Cowan* s c o r r e c t i o n  i s  more d i f f i c u l t  

t o  c a l c u l a t e *  I t  d e p e n d s  o n  s u c h  f a c t o r s  a s  a c t u a l  v a lu e  o f  

t i .  and  t h e  r a t e  o f  h e a t  l o s s f b o t h  o f  w h ic h  v / i l l  a f f e c t  th e
Z

m a g n i tu d e  o f  A T ( lO ti_ ) , .  i * e .  t h e  l a r g e r  t i  and  t h e  r a t e  o f
z  ' "S

h e a t  l o s s ;  t h e  s m a l l e r  A T ( 10ti_) and h e n c e  th e  l a r g e r  t h e  e r r o r
12-

i n  m e a s u r in g  AT ( l O t ^ ) . Two t r a c e s  w ere a lw a y s  m easu red , ,  one
z

f ro m  w h ich  11_ was. o b t a i n e d  and  a n o t h e r  a t  0 *U o r  0*5 t i m e a  t h e
2 i

sw eep r a t e  f ro m  w h ich  A ^ O o t i J  was o b t a i n e d .  One f e a t u r e  was
2.

t h a t  a s  h e a t  l o s s e s  i n c r e a s e  t h e n  ti_ may be l a r g e r  * re m em b erin g
. a

t h a t  i n  th e  i d e a l  c a s e  t ( T  ) ^  5 t  + b u t  w i t h  i n c r e a s i n g  h e a tIn 9.X
l o s s e s  <  5 t i • Two c a s e s  a r e  i l l u s t r a t e d :max

c a s e  I  A t a  t e m p e r a t u r e  o f  13Q0°K some o f  th e  t y p i c a l  v a l u e s

m e a s u re d  w e re :  11_ ^  8mm. *  0 . 1,2:5 ,
2

A T  ^  l\2' +; Q.25mm. ( i . e .  A T( ti_) ^  21: * 0 .125m m .)Ili ^

‘ A  T ( i O t i J  (3 7 o 2 5  t o  3 6 . 5 0 ) mm. * 0 .2 5  mm.z
E r r o r  i n  A T ( l Q t i j  = ±  Q .6%'

z

\  E r r o r  i n  A T ( t i J  = + 0.5%'z

E r r o r  i n  A T( 1.0tjL) / A T ( t j L) =  + 1*1%
Z Z ~ ~ "  

nr /
T a k in g  t h i s ,  r a t i o  / t  -  1*75

t h e n  1 *73 <  1 . 77

Prom CoY/an*s c u rv e  t h i s  g iv e s :

.1 2 9 0  <  W/ltT2 <  .1 3 0 0  

i . e .  E r r o r  i n  W/TTa = _£ 0 .1 |$
m /

( I t  c a n  be seen, t h a t  t h i s  j u s t i f i e s  t h e  u s e  o f  ,0 / T r a t h e r
T /  T /  w /  "it h a n  5;  T* a s  an  e r r o r  o f  1% i n  /rf  g i v e s  an  e r r o r  i n  / TT
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o f  + Q+b%) w h e re a s  an  e r r o r  o f  i n  w o u ld  g iv e  an

e r r o r  o f  g  0 *8^  ( t a k i n g  ^ 5  ^T ^ 1*93 as  a  t y p i c a l  v a l u e ) . )  

s a s e  I I  At a  t e m p e r a t u r e  o f  2 0 0 0 °K some o f  t h e  t y p i c a l

v a l u e s  m e a s u re d  v/ere : 1 w  5*25 0 *1 2 5 >2:

T _ n_ ^  39mm. +■ 0 *25 mm. ( i * e .  T = 19*5
Iilo L A  *“»■

Q*125mm.) and' f )0 = ( i5 * 7 5  t o  13*50) *  0*25mm*

/ ,  E r r o r  i n  T 10 =  ±- %+9%

/ # E r r o r  i n  1  ^  i  0 * 6 ^

/ . E r r o r  i n  -  ±  2 *3$

T a k in g  T« 0 «  0*75

0*73 < T , o / T <  0 * 7 7  ■

Erom 007/00.’ s  c u rv e  t h i s  g i v e s

.1 0 2 5  < w4t1 < .1 0 3 5

i * e .  E r r o r  i n  w‘T T a  =  +  Q » 5%.

/ e T o t a l  e r r o r  i n  d . = 0*5 + 2 ( 0 . 7 ) + (2 * 5 )  fa

= + Li.*l$ ( f o r  t t  ^iOmm*)
b

T h i s  e r r o r  i n  d  i s  t h e  e r r o r  i n  e a c h  m e a s u re m e n t ,  how ever 

t h e  a c t u a l  e r r o r  i n  t h e  c u rv e  f i t t i n g  t h e  o< v a l u e s  o v e r  t h e

w hale  t e m p e r a t u r e  r a n g e  w i l l  he  l e s s  t h a n  ±
' > ¥

i i  E r r o r  i n  k

a) ci(Cp )s
The e r r o r  i n  C i s ,  d i f f i c u l t  t o  a s s e s s  s i n c e  th e  

v a l u e s  q u o te d  by  o t h e r  o b s e r v e r s  ^uow a  w ide v a r i a t i o n *  As 

s t a t e d  i n  c h a p t e r  5 ** t h e  c u rv e  ch o sen  u s e d  t h e  e n t h a l p y  r e s u l t s
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o f  o t h e r  w o rk e rs *  t h u s  t h e  e r r o r  i s  e v e n  h a r d e r  t o  a s s e s s *  

H ow ever, t h e  c u rv e  u s e d  ca n  h e  r e a d  t o  ±  0*0001 w s e h * /g ° K ,  

t h u s  g i v i n g  a  r e a d i n g  e r r o r  o f  0 .  l i j$  a t  500°K  and <  0*1 k% 

a t  T >  500°IC.

b )  (> 0  ) t

The e r r o r  i n  t h e  d e n s i t y  i s  o f  t h e  o r d e r  o f  1$ 

f o r  v a l u e s  be tw een : 9 . 9  t o  10*5 g/cm?-*

J l  E r r o r  i n  k  -  ( It 0*1t + i  )%

± 5 / 5 ♦

The e r r o r  i n  t h e  b e s t  f i t  c u rv e  t o  a l l  t h e  k  v a l u e s  

s h o u ld  be l e s s  t h a n  t h i s  v a lu e *



CHAPTER 6 .

RESULTS

As was s t a t e d  i n  c h a p t e r  3 o n ly  t h e  r e s u l t s  f ro m  th e  

s p e c im e n s  have  b e e n  u s e d ,  s i n c e  c o m p le te  s e t s  o f  r e s u l t s ,  w ere 

n o t  o b t a i n e d  u s i n g  t h e  ’ Af o r  f Cf s p e c im e n s*  S e v e r a l  s p e c im e n s  

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

r e p r o d u c i b i l i t y  o f  r e s u l t s  and  s e c o n d ly  b e c a u se ,  i t  was n e — 

c e s s a r y  ow ing  t o  s p e c im e n s  b e i n g  b r o k e n  on  r e m o v a l  f ro m  th e  

a p p a r a t u s *  i

The r e s u l t s  f ro m  p o s t  t e s t  m e t a l l a g r a p h i c  and  s t o i c h ­

i o m e t r i c  a n a l y s e s  a r e  g iv e n ,  in . t a b l e  6,1* The d e n s i t i e s  w ere 

c h e c k e d  u s i n g  th e  q u a n t im e t  and r e s u l t s  w ere  o b t a i n e d  w h ic h  

w ere w i t h i n  1 -2 $  o f  t h e  p r e t e s t  v a l u e s ,  F o r  t h i s  r e a s o n  i t  

was assum ed t h a t  t h e  d e n s i t i e s  had  n o t  a l t e r e d  d u r i n g  t e s t i n g *  

The d e n s i t i e s  f o r  th e  n o n - s t o i c h i o m e t r i c  s p e c im e n s  l a y  w i t h i n  

1 -2 $  o f  t h e  d e n s i t i e s  o f  th e  p a r e n t  m a t e r i a l s ,  i , e *  96 and 93X > 

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

sp ec im en *  F o r  th e  s i n g l e  c r y s t a l  i t  was n e c e s s a r y  t o  t a k e  

t h e  a v e r a g e  o f  s e v e r a l  m e a s u re m e n ts  a l l  o f  w h ic h  l a y  w i t h i n  

1$  o f  e a c h  o t h e r *

The m e asu rem en t o f  g r a i n  s i z e s  showed t h a t  i n  n e a r l y  

e v e r y  c a s e  t h e r e  h ad  b e e n  an i n c r e a s e  o f  a t  l e a s t  1 0 0 $ .on. th e  

p r e t e s t  v a lu e s *  S in c e  no p r e t e s t  g r a i n  s i z e  d e t e r m i n a t i o n s  h ad  

b e e n  p e r fo r m e d  f o r  t h e  n o n - s t o i c h i o m e t r i c  s p e c im e n s ,  th e  v a l u e s  

f o r  t h e  p a r e n t  m a t e r i a l s  o f  4 * 6 jA fo r  96 and  5 > 7 j * f o r  9 3 1 had  

b e e n  t a k e n  as  th e  p r e t e s t  g r a i n  s i z e s  f o r  a l l .  n o n - s t o i c h i o -  

m e t r i c  s p e c im e n s .  The p o s t  t e s t  g r a i n  s i z e s  f o r  t h e  n o n -  

s t o i c h i o m e t r i c  s p e c im e n s  showed an  i n c r e a s e  o f  30Q-U0G$ o n  V 

t h e s e  v a l u e s .  H ow ever, i t  was e x p e c t e d  t h a t  t h e  assum ed p r e t e s t  

v a l u e s  w o u ld -b e  to o  s m a l l ,  s i n c e  th e  g r a in ,  s i z e s  o f  t h e  non—



HAME DENSITY 
( g /cm 3 )

P + 0/  RATIO GRAIN SIZE ( it) TOTAL . 
IMPURITY

No. o f  
s p e ­

BEFORE AFTER BEFORE AFTER
( p p m .) c im en s

t e s t e d

96 10 .51 - .0 0 9 4 2 .0 0 1 < 2 .0 0 1 4 . 6 9 .1 177 2
ts

9h 1 0 .4 0 .0012 2 .0 0 1 < 2 ,001 8 9 2 0 ,1 202 2

9 3 1 10 .21 .0 1 9 4 2 .0 0 1 < 2 ,0 0 1 5 .7 8 .9 484 2 + 1
a rg o n

91tt 1 0 .0 2 .0 3 7 7 2 .0 0 1 < 2 .001 8 - 285 1

911 9 .9 7 .0 4 2 4 2 ,0 0 1 < 2 .0 0 1 6 10 322 2

9694 1 0 ,3 5 2 .0 0 1 < 2 .001 17 17 1 7 7 ^ 2'

9691 1 0 .1 0 2 ,0 0 1 * < 2 .0 0 1 30 30 1 7 7 * 3

S.X . 1 0 .9 5 — — — — 3

96

1 0 .5 1 * 2 .0 0 6 < 2 ,0 0 1 b .6 * 1 6 .9

I)I 
*£ 

j 
V

2

&
T

*•
O

 
**— 

|

2 .0 3 0 < 2 .0 0 2 tt * - if 2

1 '0 .51* 2 .0 6 0 < 2 .0 0 2 I f  ^ 1 3 .2 tr 2

9 3 1

1 0 .2 1 * 2 .0 0 6 <2.001 ' 5 .7 * 1 6 ,0 484* 1

10 .21 .* 2 .0 3 0 < 2 .0 0 1 tl 1 6 .0 1;

1 0 ,2 1 * 2 .0 6 0 < 2,001 tf 2 0 .0 2

4* p == f ,x
IP qs

5K- Assumed v a l u e s  t a k e n  same as  p a r e n t  m a t e r i a l  

-  no s p e c im e n

TABLE 6*1



s t o i c h i o m e t r i c  s p e c im e n s  v/ould  have a l t e r e d  b y  a t  l e a s t  x2 

d u r in g  t h e  *n o n - s t o i c h i o m e t r i c f p r o c e s s .  I n  t h i s  p r o c e s s  t h e  . 

p a r e n t  m a t e r i a l s  of* 96 and 93*  had  "been h e l d  a t  1800°K f o r  

k i  h o u r s  i n  o r d e r  t o  o b t a i n  °A i r a t i o s  of* 2 .0 0 6 ,  2 .0 3 0  and' 

2 .0 6 0 *  T hus  i t  c a n  he  s e e n  t h a t  t h e  r e a l  i n c r e a s e  i n  g r a i n ,  s i z e '  

d u r i n g  t e s t i n g  was p r o b a b l y  ** 1 0 0 -2 0 0 ^ .

R e s u l t s  f ro m  th e  s t o i c h i o m e t r i c  a n a l y s i s  showed t h a t  In. 

a l l  c a s e s  t h e  0/^\x r a t i o  o f  th e  n o n - s t o i c h i o m e t r i c  s p e c im e n s  

had  d e c r e a s e d  t o  v a l u e s  b e lo w  2 .0 0 2 .  T h i s  f a c t  h ad  b e e n  

i n d i c a t e d  d u r i n g  t e s t i n g  s i n c e ,  when s e l e c t e d  m e a s u re m e n ts  

were made on th e  c o o l i n g  c y c l e  f o r  t h e  s p e c im e n s  w i t h  °^xx -  

2 .0 6 0 ,  h i g h e r  d i f f u s i v i t y  v a l u e s  had b e e n  o b s e r v e d .

The m e a s u re d  v a l u e s  o f  t h e r m a l . . c o n d u c t i v i t y  ( k )  w ere 

f i t t e d  w here  p o s s i b l e  b y  a r e g r e s s i o n  a n a l y s i s  t o  t h e  e q u a t i o n s

1 / k  = A+BT ( 6 .0 0 a )

f o r  r < - l6 7 3 ° K

and k  = X(A+BT)“ 1 +i CT3 (6 .00 t> )

w here X i s  a c o e f f i c i e n t  ^ 1 ,  f o r  500°K <  T <  2500°K .

The f i r s t  e q u a t i o n  a p p l i e d  t o  t h a t  r a n g e  o f  t h e  r e s u l t s

w here i t  c o u ld  be assum ed  t h a t  phonon c o n d u c t io n ,  was t h e  p r e ­

d o m in a n t  c o n d u c t i o n  m ech an ism . The r a n g e  was o b t a i n e d  by
1 /o b s e r v i n g  t h e  c u rv e  o f  '  k a g a i n s t  T and s e l e c t i n g  th e  tern-

1 /p e r a t u r e  a t  w h ich  th e  / k  v a l u e s  b e g a n  t o  d e v i a t e  f ro m  t h e  

l i n e a r  fo rm  a T . T h i s  t e m p e r a t u r e  was fo u n d  to. b e < l 6 7 3 ° K  

f o r  t h e  s p e c im e n s  9 6 ,9 4 3I*93I  > 91^ ,91 :i:*9694 and 9691 > t u t  

v a r i e d  f o r  th e  n o n - s t o i c h i o m e t r i c  o n e s . - T h e  s e c o n d  e q u a t i o n ,

( 6 .0 0 b )  assum ed t h a t  t h e  d e v i a t i o n ,  f ro m  l i n e a r i t y  was due 

s o l e l y  t o  c o n d u c t io n  by  r a d i a t i o n ,  and h e n c e  t h e . r e s u l t s



0
w ere f i t t e d  u s i n g  a CT te rm *  T h i s  w i l l ,  he shown to. he  i n a p p r o ­

p r i a t e  a s  t h e  c a l c u l a t e d  c u rv e  d i d  n o t  f i t  t h e  r e s u l t s  very- 

w e l l  ( s e e  c h a p t e r  7 )  *

The r e s u l t s  a r e  p r e s e n t e d  u n d e r  th e  f o l l o w i n g  h e a d i n g s :  

S i n g l e  C r y s t a l  

2 E f f e c t  o f  P o r o s i t y  *' -

*>_ E f f e c t  o f  n o n - s t o i c h i o m e t r y



6 .  1 S i n g l e  C r y s t a l .

To c h a r a c t e r i s e  t h e  c r y s t a l  more f u l l y  X - r a y  p a t t e r n a  

w ere t a k e n  b e f o r e  and a f t e r  t e s t i n g  u s i n g  L a u e f s  h a c k  r e f l e c ­

t io n -  t e c h n i q u e  ( s e e  c h a p t e r  3<i)* T hese  p a t t e r n s  gave  u s e f u l  

i n f o r m a t i o n  c o n c e r n in g  th e  o r i e n t a t i o n  o f  th e  f r o n t  f a c e  and  

i n d i c a t e d  v /h e th e r  any s t r a i n  had  b e e n  p r o d u c e d  i n  t h e  c r y s t a l  

d u r i n g  d i f f u s i v i t y  m easu rem en t*  An ex am p le  o f  a t y p i c a l  X - r a y  

p a t t e r n  i s  g iv e n  i n  f i g *  6*01 a* By in d e x i n g  t h e  X - r a y  p o i n t s  

i t  was. p o s s i b l e  t o  o r i e n t a t e  t h e  c r y s t a l  ( s e e  f i g *  6*01b) j 

and th e  f r o n t  f a c e  i s  shown to. be c l o s e  t o  (3 1 9 )*  By c o m p a r in g  

p a t t e r n s  b e f o r e  and a f t e r  i t  c o u ld  be  s e e n  t h a t  t h e r e  h ad  

b e e n  no change  w i t h i n  th e  c r y s t a l  d u r i n g  t e s t i n g *

Two s p e c im e n s  o f  d i f f e r e n t  t h i c k n e s s e s  030 ,r and 050'' 

w ere  t e s t e d , ,  and th e  r e s u l t s  w ere  i n  c o m p le te  a g re e m e n t  w i t h  

e a c h  o t h e r *

F ig*  6*02a* shows t h e  p l o t  o f  o< a g a i n s t  T and  i n c l u d e s  th e  

v a l u e s  q u o te d  f o r  M ontgom ery (1 0 5 )*

F ig *  6*02b* shows t h e  p l o t s  o f  k  and ^ k  a g a i n s t  T where 

t h e  b r o k e n  l i n e  r e p r e s e n t s ;

^ k  — - ( 1 * 3 6  ±  1*20) + (2*26  ^  0 *1 0 ) x  ICf^T (w/cm°K)~^

( 6 *0 1 )

f o r  T <  1673°K
1 /The s o l i d  l i n e s  r e p r e s e n t  th e  k  and  7 k  v a l u e s  g i v e n  b y  

th e  f u l l  e q u a t i o n  f o r  600 -  20Q0°K. o f t

k  -  ^ ( “ 1»39 + 2*30 x  l O ^ T )  + 3*68 x 10_ ,3 T 3 w/cm°K

' ( 6 *0 2 )

w here 1 = 2*258 x  10 3 w/cm°K
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6* 2 E f f e c t  o f  P o r o s i t y  

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

and' t h e y  w i l l  c o n s i s t  of* a c h a r a c t e r i s a t i o n  o f  t h e  sp e c im e n  

o n  one p a g e  f a c i n g  p h o to m ic r o g r a p h s  on t h e  o t h e r * The f o l l o w ­

in g  p ag e  h o l d s  h o t h  t h e  t h e r m a l  d i f f u s i v i t y  and  th e r m a l  c o n d u c t  

i v i t y  c u r v e s  p l o t t e d  a g a i n s t  t e m p e r a tu r e *  U n f o r t u n a t e l y *  t h e r e  

were no s p e c im e n s  o f  f o r  m e t a l l o g r a p h y ,  h e n c e  t h e r e  i s  no. 

p h o to m ic r o g r a p h  o f  t h i s  d e n s i t y *



D e n s i t y  = 1 0 * 5 1  g /c m 3 

o / u  r a t i o  'b e fo re  = 2*001

'* tf a f t e r  = < 2 , 0 0 1 :

G r a in  s i z e  b e f o r e  = U » 6 j\  •

** M' a f t e r  -  9 * 1 ja

T o t a l  i m p u r i t y  l e v e l  -  177ppm

The m ic r o g r a p h s  i n  f i g ,  6 ,0 3  showr t h a t  t h e  p o r o s i t y  is :  

m o s t l y  s p h e r i c a l  and v e r y  sm all .  ( <  %  i n  d i a m e t e r ) .  P i g ,  6 .0 3 b  

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

A r e g r e s s i o n  a n a l y s i s  .on th e  r e s u l t s ,  b e lo w  1673°K gave

1 / k  =  ( 5 . 5 7  *  0 .3 3 )  + ( 2 . 0 2  + 0 . 0 3 ) x  10_ a  T (w /cm °K )~1

( 6 . 0 3 )

The c o m p le te  e q u a t io n ,  f o r  i+00 -  2200°K was

k  = 1/ ( 5 .5 8  + 2 .0 2  x  10"a T) + 1 .9 7  x  10- , 3 T 3 w/em°K

(6 * 0 ^ )

w i t h  1 1 .0 9  x  10" 3 w/cm°K:

P ig *  6*-0i.j,a shows th e  p l o t  o f  & a g a i n s t  T , and f i g .  6,0l|.b
1 /shows t h e  p l o t s  o f  k  and  Me a g a i n s t  T . The b r o k e n  l i n e  

r e p r e s e n t s  e q u a t i o n  6 *0 3 , and th e  s o l i d  l i n e s  r e p r e s e n t  t h e
a /

k  a n d  ' k  v a l u e s  g i v e n  b y  e q u a t i o n  6 .OI4..
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7k*

u
b) 9k

D e n s i t y  = 1 0 . UO g /cm 3 

%  r a t i o  b e f o r e  = 2*001':

,1! '» a f t e r  = < 2 .0 0 1 ,

G r a i n  s i s e  b e f o r e  = 8*9 ja

,r a f t e r  = 20*11 ^

T o t a l  i m p u r i t y  l e v e l .  ~ 202 ppm.

The m i c r o g r a p h s  i n  f i g .  6 .0 5  show:- t h a t  t h e  p o r o s i t y  i s  

e v e n l y  d i s t r i b u t e d  and m o s t l y  s p h e r i c a l  (5  — 1 5 j ^ i n  d i a m e t e r ) .  

T h e re  i s  some l a r g e  p o r o s i t y  w h ich  i s  i r r e g u l a r  w i t h  d i a m e t e r s  

o f  th e  o r d e r  o f  li0jA . Some o f  t h i s  p o r o s i t j '  c o u ld  be  due t o  

g r a i n  t e a r  o u t  v/hieh may have  o c c u r r e d  d u r i n g  p o l i s h i n g *

A r e g r e s s i o n  a n a l y s i s  on  th e  r e s u l t s  b e lo w  1673°K gave  

t h e  e q u a t i o n

1 / k  = ( 6 .1 5  + 0 .2 3 ) '  + (2 .1 '5  i  0 .0 2 )  x  10“ a T (w /cm °K )_1

( 6 . 0 5 )

The f u l l  e q u a t i o n  f o r  5 °0  -  2200°K was 

k = ^ ( 6 * 2 l i  + 2 *1:9 x. 10 * T) -t~ 3*52 x  10*~,3T 3 w/cm°K

( 6 *06 )

w i th  1 — 0*73 x  1 0 ~ 3 w/em°K.

F i g .  6 . 0 6 a  shows t h e  p l o t  o f  *o<f a g a i n s t  T .  I n  f i g .  6*06b‘

th e  b r o k e n  l i n e  r e p r e s e n t s  e q u a t i o n  6 . 0 5 ,  and t h e  s o l i d  l i n e s
1 /r e p r e s e n t  t h e  v a l u e s  o f  k  and ' k  g iv e n  b y  e q u a t i o n  6 .0 6 *
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D e n s i t y  = 10 ,21  g /em  

° / u  r a t i o  “b e f o re  = 2 oQ01:

,,f " a f t e r  = <  2*001

G r a i n  s i z e  "before = 5 * 7 j a  

ir u a f t e r  =

T o t a l  i m p u r i t y  l e v e l  — JLj.81|. ppm 

( *  T h i s  h i g h  i m p u r i t y  l e v e l  r e f l e c t s  t h e  h i g h  c o p p e r  c o n t e n t  

(275  ppm) ) .

The m ic r o g r a p h s  in . f i g ,  6 ,0 7  show. , t h a t  th e  p o r o s i t y  i s  

s p h e r i c a l  and m o s t ly  l e s s  t h a n  10j,v i n  d i a m e t e r ,  The p o r o s i t y  

i s  e v e n l y  d i s t r i b u t e d *

F ig *  6 * 08a  shows t h e  p l o t  o f  d  a g a i n s t  T ,

A r e g r e s s i o n ,  a n a l y s i s  was a p p l i e d  t o  t h e  r e s u l t s  as  f o l l o w s :  

f o r  T <  1673°K

k  = (7 * 1 6  + 0 .2 2 )  + (2 .1 1 ' ±  0 .0 2 )  X  10~* T (v//cm°IC)“ 1

( 6 . 0 7 )

f o r  500 < T  < 2 1 0 0 ° K

k  = 1/ ( 7 . 16. * 2 .1 1  X- 1 0 ~ 2 T) + 0 .7 3  x  1 0 ~ '3|r 3 w/cm°K

(6  c»q8 )

w i t h  I d  =  0*61 x  10” 3 w /cm °K

T h e se  e q u a t i o n s  a r e  p l o t t e d  i n  f i g *  6*08b* w i t h  th e

"broken l i n e  r e p r e s e n t i n g  e q u a t i o n  6*0 7 , and  t h e  s o l i d  l i n e s
1/r e p r e s e n t i n g  k  and 7 k  g i v e n  "by e q u a t i o n  6 * 0 8 ,



I

x300.

X1000.

FIG. 607 93*



k.
(w

/cm
°K

 
x1

03
). 

ex 
(c

m
2/s

ec
 

x 
10

3).
20 •

16

12

8

4 Ll-  « »
300 600 1000 1400 1800 2200

qJ Temperature0 K

4670

60
38

50

30Q
40

2230

20

2200 ' 2500
Temperature °K.

• 300 1000 1300600 1400



76.

11
< L ) _ 2 J _

D e n s i t y  = 1 0 .0 2  g /c m 3 

0 / u  r a t i o  b e f o r e  -  2*001 

** lt a f t e r  = < 2 . 0 0 1

G r a i n  s i z e  b e f o r e  = 8 j* ,

t!' a f t e r  = —  .

T o t a l  i m p u r i t y  l e v e l  = 285 ppm (90  ppm o f  c o p p e r )

T h e re  was no sp e c im e n  f o r  p o s t  t e s t  g r a i n  s i a e  o r  d e n s i t y  

m e a s u re m e n ts ,  t h e r e f o r e  no p o r o s i t y  a s s e s s m e n t s  c o u ld  be m ade.

F i g ,  6 * 0 9 a  shows th e  p l o t  o f  a g a i n s t  T ? and f i g *  ,6 , 09b 

shows th e .  p l o t s  o f  b o t h  k  and ^ k  a g a i n s t  T„ The b r o k e n  l i n e  . 

i n  f i g *  6 . 09b r e p r e s e n t s  t h e  e q u a t i o n

=- (7*69  ±  0 . 5 ^ )  -ir (2 .1 :0  Hf 0 . 0 5 ) X 1-0"3 T (w/cirftc)"*^

( 6 . 0 9 )

f o r  T <  1673°K.

The s o l i d  l i n e s  r e p r e s e n t  th e  f u l l  e q u a t io n ,  f o r  k  and ^ k  

be tw een . 300 -  2 5 0 0 °K g i v e n  b y

k = 17 (7 .7 6  + 2.12- x T0“ a T) # 3*53 x  10~ '3 T3 w/ora°K

(6 . 1 0 )
w i th  1 'zf = 1*26 x  1 0 ~ 3 w/emQK.
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D e n s i t y  = 9 * 9 7  g /cm 3 

%  r a t i o ,  b e f o r e  = 2*001;

lf" a f t e r  = <  2*001

G r a in  s i z e  b e f o r e  = 6 j a

,r a f t e r  = 1 0 ^

T o t a l  i m p u r i t y  l e v e l  = 322ppm (155  ppm o f  c o p p e r )*

The m i c r o g r a p h s  i n  f i g .  6*10 show t h a t  t h e  p o r e s  a r e  s p h e r i c a l  

and o f  t h e .  o r d e r  o f  20j^ i n  d i a m e t e r .

F i g .  6 . 1 1 a  shows th e  p l o t  o f  a g a i n s t  T *

F i g .  6* 11b shows t h e  p l o t  o f  b o t h  k  and  ^ k  a g a i n s t  T w here

th e  b r o k e n  l i n e  r e p r e s e n t s  t h e  e q u a t io n , .

1A :  = (7*02' Jr 0*18) + (2*16 + 0 .0 2 )  x 10“ * T (w/cm°K)“ i ■

( 6 . 11 )

f o r  T <  1673°K.

The s o l i d  l i n e s  r e p r e s e n t  th e  f u l l  e q u a t i o n  f o r  k  and  ^ k  

b e tw e e n  300 ~  2lj.00°K g i v e n  b.y

k  =  1 / ( 7 » 0 6  +  2 . 1 7  x  10“ 2 T )  +- 1 . 9 3  x  1 0 - '3 T  3 w /c m ° K

(6 . 1 2)
w i t h  1 t f  = 0 .6 2  x  1 0 ~ 3 w/cm°K.
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76.

D e n s i t y  = 1 0 ,3 5  g /em 3 '

%  r a t i o  'b e fo re  = 2 , 001:

,f a f t e r  ss < 2 * 0 0 1 ;

G r a in  s i z e  b e f o r e  ~ 17 j a

u a f t e r  1.7

T o t a l  i m p u r i t y  l e v e l  = 177 ppm

T h i s  m a t e r i a l  was o r i g i n a l l y  96 w h ic h  had. h ad  i t s  p o r e  

volume f r a c t i o n  i n c r e a s e d  and i t s  p o r o s i t y  r e d i s t r i b u t e d  t o  

l i e  m o s t l y  a t  t r i p l e  p o i n t s  and on  g r a i n  b o u n d a r i e s .  The 

m ic ro g ra p h s ,  i n  f i g .  6 ,1 2  show t h i s  r e d i s t r i b u t i o n ,  and  th e  

p o r e s  a r e  s p h e r i c a l  w i t h  d i a m e t e r s  5 -

F i g ,  6 .1 3 a  shows t h e  p l o t  o f  cx: a g a i n s t  T *

F i g .  6 ,1 3 b  shov/s t h e  p l o t s  o f  b o t h  k  and  a g a i n s t  T ,  The

b r o k e n  l i n e  r e p r e s e n t s  t h e  e q u a t io n ,  f o r  T <  1673°K g i v e n  as

*^k “  (6 0 6 6  jr  0 ,3 7 )  + (1 * 9 7  Jt 0*03) x  10*** T (w/em°K)~*

( 6 . 1 3 )

The s o l i d  l i n e  i n  f i g ,  6 .1 3 b  r e p r e s e n t s  t h e  f u l l  e q u a t i o n  f o r  

and  k  b e tw e e n  500 -  2 3 0 0 °K g iv e n  b y :

k  1‘/ ( 6 * ? 1  -fr 11.98 x  1.0" 3 T) + 2 .0 1  x  10” ' 3T 3 w/cm°K

( 6 . 1L}.)

w i t h  11 cf = 1 .0 0  x  10“ 3 w/cm°K.
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e1
D e n s i t y  = 1 0 .1 0  g /c m 3 

o / u r a t i o  b e f o r e  = 2 .0 0 1  

11 a f t e r  = <  2 .0 0 1

G r a in  s i z e  “b e f o r e  = 3 0 ^

,r 11 a f t e r  = 30  j l^

T o ta l  im p u r i ty  l e v e l  = 177 ppm

T h i s  m a t e r i a l  was o r i g i n a l l y  96 w h ic h  h ad  h ad  i t s  p o r o s i t y  

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

g r a i n  b o u n d a r i e s .  The p o r o s i t y  was m o s t ly  s p h e r i c a l  and l e s s  

t h a n  2 0 j > i n  d i a m e t e r  a s  i s  shown i n  t h e  m ic r o g r a p h s  i n  f i g .  

6 . 1U .

F i g .  6 .1 5 a  shows th e  p l o t  o f  a g a i n s t  T .

F i g .  6 .1 5 b  shows th e  p l o t  o f  k  and a g a i n s t  T , w here  th e

b r o k e n  l i n e  r e p r e s e n t s  t h e  e q u a t i o n  f o r  T <  1673°K g i v e n  a s :

1 / k  = (7 .3 9  + 0 .2 7 )  + ( 1 .9 3  + 0 .0 2 )  x 10- 1  X’ (w /cm °K )-1

( 6 .1 5 )

The s o l i d  l i n e  r e p r e s e n t s  th e  f u l l  e q u a t i o n  f o r  k and k  

b e tw e e n  500 -  2300°K g i v e n  by

k = ^ /(7 .t | .1  + 1 .93  x 1 0  T ) + 1 . h h . x 1 0 -  T 3 w/cm°K

(6 . 16)
w ith  1 tr  = 0 .98  x 1 0 " 3 w/cm°K.
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6 . 5 E f f e c t  o f  N o n - S to ic h io m e t r y

The r e s u l t s  a re p r e s e n t e d  i n  th e  f o l l o w i n g  o r d e r :

a) 96 o / u = 2 .0 0 6

■b) (• °4 “  2 .O3 O

c ) i> °4 = 2 .0 6 0

d ) 9 3 X °4 = 2 .0 0 6

e ) u o / u = 2 .0 3 0

f ) n °4 = 2 .0 6 0

E a c h  s e c t i o n  c o n t a i n s  a  h i s t o r y  o f  t h e  m a t e r i a l ,  m ic ro g ra p h s ,  

a n d - tw o  g r a p h s  a s  i n  t h e  p r e c e e d i n g  s e c t i o n  6 .2 #  A l l  o f  t h e  

s p e c im e n s  l o s t  n e a r l y  a l l  o f  t h e i r  e x c e s s  oxygen  d u r i n g  t e s t i n g  

a s  c a n  h e  s e e n  f ro m  t h e  p o s t  t e s t  a n a l y s i s * T h i s  was c o n f i r m e d  

h y  s e l e c t i v e  m e a s u re m e n ts  t a k e n  on th e  2 .0 6 0  s p e c im e n s  d u r i n g  

c o o l in g *



a )  96 0//u  -  2 .0 0 6

The %  r a t i o  a l t e r e d  f ro m  2 .0 0 6  t o  -< 2 .0 0 1  d u r i n g  

t e s t i n g .  The m ic r o g r a p h  i n  f i g .  6 .1 6  shows, t h a t  some o f  t h e  

p o r o s i t y  i s  i r r e g u l a r  i n  sh a p e  ( ^  30  i n  d i a m e t e r ) ,  "but

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

■ boundaries  and a t  t r i p l e  p o i n t s .

E i g .  6 .1 7 a  shows t h e  p l o t  o f  a g a i n s t  T ; and  f i g .  6 . 17h 
1 /shows, k  and  / k  a g a i n s t  T . The "broken l i n e  i n  f i g .  6,17"b 

r e p r e s e n t s  t h e  e q u a t i o n  f o r  T .< 1573°K g i v e n  "by

1//k  = ( 8 .8 0  *  O.I4.O) + ( 1 .9 9  ±  0 .0U ) x  1 0 “ 2 T (w/cm°K)'!

( 6 . 1 7 )

The s o l i d  l i n e s ,  i n  f i g .  6 .1 7 b  r e p r e s e n t  t h e  f u l l  e q u a t i o n  f o r  

k  and  "between 500 2350°K g iv e n  b y :

k  = 1'/ ( 8 . 9 0  + 2 .0 1  x  10- 2  T) + (+.77 x  1 0 " I3T :J w/cm°K
-r

(6 . 18)

w i t h  1 cf =  0 .9 7  x  10“ 3 w/om°K
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The ° / u r a t i o  a l t e r e d  f ro m  2 ,0 3 0  t o  C  2 ,0 0 2  d u r in g -

t e s t i n g .  T h e re  was no s p e c im e n  f o r  p o s t  t e s t  d e n s i t y  o r  g r a i n

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

o r i g i n a l  96 m a t e r i a l  w ere  u s e d  w here n e c e s s a r y *

F i g ,  6 * l 8 a  shows t h e  p l o t  o f  c/ a g a i n s t  T ,  and  f i g ,  6 ,1 8 b
i /shows t h o s e  o f  k and ' k  a g a i n s t  T , I t  c a n  he  s e e n  t h a t  a

d e f i n i t e  change  i n  s l o p e  o c c u r s  b e tw e e n  700 -  750°K, w h ich  i s .
1 /more n o t i c e a b l e  i n  t h e  p l o t  o f  v k  a g a i n s t  T ,  T h i s  i s  due t o  

a  p h a s e  ch an g e  w h ich  i s  d i s c u s s e d  i n  t h e  n e x t  c h a p t e r .

I n  f i g ,  6 , 18b t h e  b r o k e n  l i n e  r e p r e s e n t s  t h e  e q u a t i o n

1- /k  = ( 1 3 .5 0  ± 2 +1+6 ) + ( t .8 3  + 0 *214.) x  10“ * T (w /cm °K )” 1

(6 * 1 9 )

. f o r  7 5 3 °K  <  T <  1373°IC 

The s o l i d  l i n e  r e p r e s e n t s  th e  f u l l  e q u a t i o n  f o r  k  and  ^ k  

b e tw e e n  753 -  2h 03°K g i v e n  b y :

k  & ^(13*8^1- + 1*88 x  10*~2 T) + 6 ,1 3  x  10“ ,3 T 3 w/cm°K

( 6 *2 0 )

w i t h  1 t  = 1.3^- x  10“ 3 w/cm°K,
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c )  96 ° 4  = 2 ,aQ60

The °^Vl r a t i o  had  a l t e r e d  from  2 .0 6 0  t o  <  2*002 d u r i n g  

t e s t i n g *  The m ic r o g r a p h  i n  f ig *  6*19 shows t h a t  th e  p o r o s i t y  

i s .  m o s t l y  s p h e r i c a l  ( d i a m e t e r  o f  <  5 j a ) l y i n g - a t  t r i p l e  p o i n t s  

and o n  g r a i n  "boundarie s*  T h e re  a r e  a  few  l a r g e  s p h e r i c a l  p o r e s  

o f  ✓v 2 0 j \  i n  d i a m e t e r .

F i g .  6 . 2 0 a  shows t h e  p l o t  o f  U a g a i n s t  T , and  i t  i n c lu d e s ;  

t h e  v a l u e s  o b t a i n e d  on t h e  c o o l i n g  c y c le *  T h e se  v a l u e s  show 

an i n c r e a s e  i n  t h e  t h e r m a l  d i f f u s i v i t y  a t  lo w e r  t e m p e r a t u r e s ,  

t h e  v a l u e s  a p p ro a c h  t h o s e  g iv e n ,  i n  th e  p r o c e e d i n g  s e c t i o n  

6 .2 0 a  f o r  s t o i c h i o m e t r i c  96* T h i s  i n c r e a s e  c a n ,  th e r e fo r e - , ,  

he  a s s o c i a t e d  w i t h  a r e d u c t i o n  in . th e  0//u r a t i o , ,  and  f u r t h e r  

•p ro o f  i s  f o u n d  i n  th e  p o s t  t e s t  s t o i c h i o m e t r i c  a n a ly s is .*

. F i g .  6*20b shows th e  p l o t s  o f  k ( d o t s )  and ( c r o s s e s )  

a g a i n s t  T .  B o th  c u r v e s  show a g r a d i e n t  chan g e  b e tw e e n  700 

800°K, and t h i s  i s  due t o  a p h a s e  change w h ic h  w i l l  b e  d i s ­

c u s s e d  i n  c h a p t e r  7* S in c e  t h e  sh a p e  o f  t h e  c u r v e s  i s  so 

i r r e g u l a r , , ,  i t  was i m p o s s i b l e  t o  app ljr  a r e g r e s s i o n  a n a l y s i s  

t o  §ny s e c t i o n  o f  t h e  r e s u l t s  w i t h  any c e r t a i n t y *  I n s t e a d  a 

b e s t - f i t  c u rv e  was draw n f o r  u s e  i n  t h e  d i s c u s s i o n  c h a p t e r ,  

w here  a  c u rv e  c o m p a r in g  th e  ’ k ’ v a l u e s  f o r  t h e  n o n - s t o i c h i o - -  

m e t r i c  s p e c im e n s  was r e q u i r e d .
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d )  9 3 X Q/u  s  2 .0 0 6  

The ° / u  r a t i o  had  a l t e r e d  f ro m  2*006 t o  * < 2 * 0 0 t  d u r i n g  

t e s t i n g * .  From t h e  m i c r o g r a p h  i n  f i g *  6*21 i t  c a n  he  s e e n  t h a t  

t h e  p o r o s i t y  i s  s p h e r i c a l  ( 20ja. i n  d i a m e t e r ) . and  l y i n g

m o s t l y  a t  t r i p l e  p o i n t s  and  on  g r a i n  b o u n d a r i e s *

F ig *  6 .2 2  a  shows a  p l o t  o f  oi  a g a i n s t  T , and  f i g .  6*22b 

■shov/s t h e  p l o t s  o f  b o t h  k  and ^ k  a g a i n s t  T .  The b ro k en ,  l i n e  

r e p r e s e n t s  t h e  e q u a t io n .  f o r  T <  1573°IC

k  =  (-11.19 i  0 .3 9 )  + ( 2 „ 0 h  h. 0 .3 8 )  x  10“ * T (w/cm0K )“ '1

(6 .2 1 )
T h e . s o l i d  l i n e  r e p r e s e n t s  th e  f u l l  e q u a t i o n  f o r  k  and  k

b e tw e e n  526 — 21j.50oK g i v e n  b y :

k  =  1//( 1 1 .5 5  + 2 . 0 7  x  1 0 ' 2 T) + h .hO  x  10"'3 T 3 w/cm°K

(6 . 2 2 )
w i t h  1; o ' =  0 .8 0  x  10“ 3 w/cra°K.
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e )  9 3 1 o / u  ~ 2 .0 3 0

The 0//u  r a t i o ,  h a d  a l t e r e d  f ro m  2 .0 3 0  t o  -< 2 .0 0 1  d u r i n g  

t e s t i n g .  From th e  m i c r o g r a p h  i n  f i g ,  6 .2 3  i t  can  h e  s e e n  t h a t  

t h e  p o r o s i t y  i s  l a r g e  and s p h e r i c a l .

F i g ,  6 . 2 h a  shows t h e  p l o t  o f  oi a g a i n s t  T , and  f i g .  6 .2hb- 

show s t h e  p l o t s  o f  k  and  ^ k  a g a i n s t  T . The p l o t  o f  ^ k  a g a i n s t  

T shows a  s l i g h t  chan g e  i n  th e  c u rv e  a ro u n d  700°K , and  t h i s ,  

w i l l  he  d i s c u s s e d  l a t e r .

The b r o k e n  l i n e  i n  f i g ,  6»2Ub r e p r e s e n t s  t h e  e q u a t i o n

1//k  = 1 2 ,9 8  + 2 .0 2  x  10~* T ' ( w / c m ° K ) ~ f (6 .2 3 .)

f o r  753 -  1373°K.

The s o l i d  l i n e s  r e p r e s e n t  t h e  f u l l  e q u a t i o n  f o r  k  and ^ k  

b e tw e e n  753 -  2h2 3 °K g i v e n  b y

k  =  1 2 .9 8  + 2 .0 2  x  10- a  T + 8 .7 0  x  1 0 ~ '3 r 3 w/cm°K

( 6.210

T h ese  e q u a t i o n s  ( 6 .2 3  and 6 .2 ^ )  w ere  o b t a i n e d  u s i n g  a  b e s t -  

f i t  c u rv e  s i n c e  t h e r e  was: i n s u f f i c i e n t  t im e  t o  p e r f o r m  a  

r e g r e s s i o n  a n a l y s i s  on t h e  r e c a l c u l a t e d  v a l u e s  o f  ^  and  ' k 1 *
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f )  9 3 *  0//u sr 2 , 0 6 0

The °^vt, r a t i o  h a d  a l t e r e d  f ro m  2 . 0 6 0  t o  -< 2 ,0 0 1  d u r i n g  • 

t e s t i n g .  From t h e  m i c r o g r a p h  i n  f i g ,  6 . 2 5  i t  c a n  he  s e e n  t h a t  

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

o r d e r - o f  2 0 j ^ ,  I t  l i e s  m o s t l y  on  g r a i n  b o u n d a r i e s  and a t  t r i p l e  

. p o i n t s ,

F i g ,  6 , 2 6 a  shows t h e  p l o t  o f  a g a i n s t  T and  i n c l u d e s  

v a l u e s  t a k e n  d u r i n g  t h e  c o o l i n g  c y c l e .  T h e se  v a l u e s  show an 

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

v a l u e s  f o r  s t o i c h i o m e t r i c  9 3 1 • T h i s  e n h a n c e m e n t  c a n  he  

a t t r i b u t e d  t o  a  r e d u c t i o n  i n  t h e  0//u  r a t i o ,

Fig .,  6 . 2 6 b  shows t h e  p l o t s  o f  k and  ^ k  a g a i n s t  T ,  and 

b o t h  c u r v e s  show a  s i g n i f i c a n t  change  i n  s l o p e  a r o u n d  ? 2 5 °K.

T h i s  w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  c h a p t e r .  S i n c e  t h e  curves* 

a r e  so  i r r e g u l a r ,  i t  was i m p a s s i b l e  t o  a p p l y  a  r e g r e s s i o n ,  

a n a l y s i s  t o  t h e  v a lu e s . ,  an d  s a  a  b e s t - f i t  c u r v e  was  used '  i n  

t h e  d i s c u s s i o n  when a  c o m p a r i s o n  o f  t h e  Me1 c u r v e s  was. r e q u i r e d .

{



FIG. 6-25. 93^%=2C60).
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■ CHAPTER 7 

DISCUBSIOF

f )  E f f e c t  off P o r o s i t y  

a )  V a r i a t i o n  off k w i t h  p o r e  d i s t r i b u t i o n

The two h a t c h e s .  9 6 9 k  and 9691 ,  w h ic h  were  m a n u f a c t u r e d  

f ro m  9 6 ,  gave  t h e r m a l  c o n d u c t i v i t y  v a lu e s ,  t h a t  were  h i g h e r  t h a n  

t h o s e  off t h e  . spec im ens ,  w i t h  s i m i l a r  d e n s i t i e s , ' i . e .  t h e  9 3 1 , 

.9 1 X» 9 k 11 and  9 1 tt* I n  b o t h  c a s e s  t h e  v a l u e s  off t h e  9 6 9 k  and 

9691 l a y  v e r y  c l o s e  t o  t h e  v a l u e s  off t h e i r  p a r e n t  m a t e r i a l  

( 9 6 ) ;  t h e r e  "being a d i f f e r e n c e  off ^  5*5% a t  750°K and 2% a t  

2000°K.  T h i s  i n d i c a t e s  t h a t ,  s i n c e  t h e  m a j o r  p o r t i o n  off t h e  

p o r o s i t y  I n  t h e  969^4- and 9691 l a y  a t  t r i p l e  p o i n t s  and on 

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

t h a n  p o r o s i t y  randomly.y d i s t r i b u t e d '  -  th i s*  b e i n g  t h e  o n l y  

d i f f e r e n c e  b e tw e e n  t h e  969h  and 9691 and t h e  o t h e r  s p e c im e n s*

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

t h e  9694  and 9691 may have  d e n s i t i e s  v e r y  c l o s e  t o  t h a t  off 

t h e  o r i g i n a l  96 m a t e r i a l  f ro m  which  t h e y  were  m a n u f a c t u r e d .

I t  is .  s e e n ,  t h e r e f o r e ,  t h a t  p o r e  d i s t r i b u t i o n  h a s  an  

i m p o r t a n t  e f f e c t  on t h e  t h e r m a l  c o n d u c t i v i t y ,  v / i th  p o r e s  on 

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

e f f e c t  .on t h e  c o n d u c t i v i t y .  F o r  t h i s  r e a s o n  t h e  969^  and 

9691 v a lu e s ,  have b e e n  i g n o r e d  i n  t h e  s u b s e q u e n t  a n a l y s i s  o n  

t h e  e f f e c t  off p o r e  volume f r a c t i o n .  I t  i s  i m p o r t a n t  t o  no.te 

t h a t  i n  t h i s  a n a l y s i s  when u s i n g  t h e  ’ AT and *Br v a l u e s  f o r  

a l l  spec im ens ,  ( e x c e p t  969U and 9 6 9 1) t h e  e f f e c t  off any d i f f ­

e r e n c e s  i n  d i s t r i b u t i o n  h a s  b e e n  d i s r e g a r d e d ,  i . e .  i t  h a s  b e e n  

assumed t h a t  t h e  p o r o s i t y  d i s t r i b u t i o n  in.  e a c h  s p e c im e n  is.



Id) V a r i a t i o n  o f  k w i t h  p o r e  volume f r a c t i o n .

A l l  o f  t h e  d a t a  g i v e n  i n  t h e  p r e p e n d i n g  c h a p t e r  were  

f i t t e d  u p t o  1673°K t o  t h e  e q u a t i o n

I t  w o u ld  be  e x p e c t e d  t h a t  t h e  v a l u e  o f  s h o u l d  r e f l e c t  

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

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

p o r o s i t y *  S i n c e  t h e r e  i s  v e r y  l i t t l e  v a r i a t i o n ,  e x c e p t  i n  t h e  

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

o f  t h e  specimens,. ,  i t  w ou ld  be  e x p e c t e d  t h a t  t h e  *A’ v a l u e s  

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

e q u a t i o n  f o r . ' A ^  s h o u l d  b e  s i g n i f i c a n t *  The v a l u e s  o f  ’ B1 

s h o u l d  r e f l e c t  t h e  c o n t r i b u t i o n  t o  t h e  r e s i s t i v i t y  s o l e l y  due 

t o  .TJraklapp p r o c e s s e s  ( s e e :  C h a p t e r  t .  A ) ,  and  t h u s  t h e  v a lu e s ,  

o f  f B' s h o u l d  b e  u n iq u e *

B e f o r e  t h i s  a n a l y s i s  ' c o u l d  be  p u r s u e d ,  i t  was n e c e s s a r y  

t o  assume t h a t  a l l  t h e  p o r e s  w i t h i n  e a c h  s p e c im e n  b e h a v e  i n  

a s i m i l a r  m anner  w i t h  r e g a r d  t o  any e f f e c t  t h e y  may have  on

1//k  ~ A_. -f* B Tm m rn ( 7 . 0 1 )

Assum ing  a r e l a t i o n s h i p  o f  t h e  fo rm

V = k 9 5 (1 ~ ^ p):
( 7 . 0 2 ):

where  p ~ ( d e n s i t y  o f  95% T*D. -  d e n s i t y  o f  s p e c i m e n )
d e n s i t y  o f  95% T.D*

( 7 . 0 3 )

i t  c a n  be  s e e n  t h a t

A95 + B95T
•1 (7  .Ott-)

i . e .  Am = A95 / ( - I  p )  

Bm 5 b 95 / ( 1 ( 7 . 05b )

( 7 . 0 5 a )



t h e  t h e r m a l  c o n d u c t i v i t y *  F o r  t h i s  r e a s o n ,  t h e  v a l u e s  o b t a i n e d  

on t h e  96 9 k  and 9691 s p e c im e n s  were e x c l u d e d  f ro m  t h e  a n a l y s i s  

and  f r o m  any c o m p a r i s o n s  made l a t e r  w i t h  o t h e r  p u b l i s h e d  d a t a .  

S i m i l a r l y  t h e  s i n g l e  c r y s t a l  v a lu es ,  were  n o t  i n c l u d e d  i n  t h i s  

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

c o n c e n t r a t i o n  h ad  b e e n  d e t e r m in e d *  A lso  t h e  s i n g l e  c r y s t a l ,  

v a l u e s  w o u ld  n o t  c o n t a i n  a  c o n t r i b u t i o n  t o  t h e  r e s i s t i v i t y  

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

v a l u e s  f ro m  any d i r e c t  c o m p a r i s o n  w i t h  t h e  v a l u e s  o f , t h e .  o t h e r  

s p e c i m e n s .

To t e s t  t h e  e q u a t i o n s  i n  7<>05a and b ,  p l o t s  o f  'A* and 

t Br a g a i n s t  p o r e  volume f r a c t i o n  were made,  u s i n g  t h e  d a t a  

g i v e n  i n  t a b l e  7 1* T h e se  p l o t s  a r e  g i v e n  i n  f i g s *  7*01 a and 

7 * 01b* By l e a s t  s q u a r e s  a n a l y s i s , ,  s t r a i g h t  l i n e  f i t s  were  

o b t a i n e d  a s  f o l l o w s :

30*5Up ( w / c m ° K ( 7 * 0 6 a )

Bm = 0 .0 2 0 8  + 0 ,0 lh 0 p  (w /cm )“ 1, ( 7 *06b )

T h e se  e q u a t i o n s  r e d u c e  t o

Am s  6 .1 6  (1 + * u 9 6 p )  ( 7 . 0 7 a)

Bm =s0*0208 (1 + 0 .6 7 p ) '  ( 7 *07b )

where  A^^ ~ 6 . 1 6 (w/cm°IC)*”  ̂ , =0 .0208  (w/cra)"*

T h e se  e q u a t i o n s  7 » 0 7 a  and 7*07b c a n  b e  e q u a t e d  t o  e q u a t i o n s .  

7*05a and 7 * 05b r e s p e c t i v e l y ,  and t h i s  y i e l d s  v a l u e s  o f  ^  =

1+.96 f o r  , Ar and g  = O.6 7  f o r  f BT ( n e g l e c t i n g  a l l  t h i r d  o r d e r  

t e r m s  i n  t h e  e x p a n s i o n  o f  (1 ~ .f?p)""**). T h e se  v a l u e s  seem t o  

i n d i c a t e  t h a t  t h e r e  i s  a f a u l t  i n  t h e  above a n a l y s i s ,  a s  one

w ould  have  e x p e c t e d  t h e  v a l u e s  o f  t A.f and  *B?' t o  g i v e  t h e  same



FAME A (v//cm°K)’"̂ B (w /cm )"^

96 5*57 + 0*33 .0 2 0 2  + .0 0 0 3

94* 6 . 1 5  i t  0 .2 3 .0 2 1 5  ±  *0002

93 r 7 .1 6  + 0 . 2 2 .0211 + .0002

91s 7 . 6 9  ±  0 . 5 4 .0 2 1 0  ±  . 0 0 0 5

9 1 1 7*02 + 0 .1 8 .0 2 1 6  +. *0002

SX - 1 . 3 6  + 1 .2 0 .0 2 2 6  jr . 0 0 1 0

95 6 .O7 A . 0 2 0 8  £

100 4 .6 5  A • ro 0 O
2 . 0 0 6 8 . 8 0  Jr 0 . 4 0 .0 1 9 9  + .0 0 0 4

96 2 . 0 3 0 13*50 i t  2 . 4 6 .0 1 8 3  ±  . 0 0 2 4

2 . 0 6 0 3 3 . 5 0 *

2 . 0 0 6 1 1 .1 9  i t  0 .3 9 . 0 2 0 4  + .0 0 0 4

93x 2 .0 3 0 1 2 . 9 8 * * . 0 2 0 2 * *

' 2 . 0 6 0 4 0 . 8 0 *

V a l u e s  t a k e n ,  f ro m  k ~ (A + BT)"^ e q u a t i o n

e x t r a p o l a t e d  v a l u e  a t  T  = 0°K f rom ’ s i n g l e  p h a s e  r e g i o n  

A  C a l c u l a t e d  v a lu e s .

^  - k - R e c a l c u l a t e d  v a l u e s / ,  no s c a t t e r ' h a n d
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v a l u e  of*pX, I n  e q u a t i o n  7 *0^

Am *  BmT = A95 * V  Tp _ 1 ^ 9 5
i r - - p r

f t  may be  t e m p e r a t u r e  d e p e n d e n t ,  and t h i s  w ould  mean, t h a t  

’ A* and , Bt w ould  v a r y  i n  a  more com plex  way w i t h  p o r e  volume 

f r a c t i o n .

S u b s t i t u t i n g  t h e  v a l u e s  o b t a i n e d  f o r  1 Am* and f B ’ , e q u a t i o n  

7 . Oij. y i e l d s

Ir -  1 1
m “  Am -i* BmT F T lb  + 30.5UP + T170208 + ,0 lU 0 p )

~ ——~i————~ (-| _ p ( )  ) (7  0 8 )^7TrT^208T u  67TS + *0208T} } W*uo;..

• a  -  ( 7  0 9 )' p  “  6 7 iS  JToSoBf- ^7ouy j

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

t h e  v a l u e s  o b t a i n e d  i n  e q u a t i o n s  7 *0 7 a . a n d  b. a r e  c o r r e c t  and

i f  * Am* and f Bm! v a r y  l i n e a r l y  w i t h  p o r e  volume f r a c t i o n .
; 1

An a t t e m p t  was made t o  d e t e r m i n e  p  u s i n g  t h e  m e th o d  

em p lo y ed  b y  Van C r a e y n e s t / S t o r a  (6 0 )  n am e ly  p l o t t i n g  k a g a i n s t  

p o r e  volume f r a c t i o n  f o r  t h e  s e l e c t e d  t e m p e r a t u r e s  o f  750°K, 

1.000°K, 1250°K and 1500°K. F i g .  7*02 shows t h i s  p l o t .  Assuming, 

t h e  r e l a t i o n s h i p  g i v e n  i n  e q u a t i o n  7*02 t o  h o l d  a t  f o r  T <  

1673°K

i *e * km = *95 O ' - f v )

and u s i n g  l e a s t  s q u a r e s  a n a l y s i s *  a p* v a l u e  was c a l c u l a t e d  

f o r  e a c h  o f  t h e  f o u r  t e m p e r a t u r e s  s t a t e d . '  The a n a l y s i s  gave  

a d e c r e a s i n g  [p4 w i t h  i n c r e a s i n g  t e m p e r a t u r e , ,  a s  shown i n  f i g 0 

7 . 0 3  a l o n g  w i t h  t h e  v a l u e  o b t a i n e d  by Van O r a e y n e s t / S t o r a  (6 0 )  

A p p l y i n g - a  l e a s t  s q u a r e s  a n a l y s i s  t o  t h e s e  v a l u e s
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91 .

gave  43 = 2 . ^ 6  -  0*70 x  10" 3 T (T°K) (7 * 1 0 )  '
1 \

T h i s  v a l u e  o f  i s  i n  good  a g r e e m e n t  w i t h  t h a t  g i v e n  by  

e q u a t i o n  7*09 o v e r  t h e  t e m p e r a t u r e  r a n g e  700°K t o  180G°K, a s

shown "by f i g *  7 . a l t h o u g h  t h e r e  i s  a maximum d i f f e r e n c e  a t

120G°K o f  t h e  o r d e r  o f  6-§$. Such  a d i s c r e p a n c y  c o u l d  hav e

a r i s e n  i n  t h e  u s e  o f  l e a s t  s q u a r e s  a n a l y s i s *

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

*,pv t e r m  have  b e e n  Asamoto e t  a l  ( 6 1 ) and Van C r a e y n e s t / S t o r a  

( 6 0 ) .  The l a t t e r  gave

£  = 2 . 7 k  -  0 . 5 8  x  1.0“ 3 T (T°K) ( 7 . 1 1 )

h u t  t h e y  gave  no r e a s o n  f o r  t h i s  t e m p e r a t u r e  d ependency*  More 

r e c e n t l y  M ar ino  ( 6 2 ) h a s  s t u d i e d  t h e  p o s s i b l e  f a c t o r s  i n v o l v e d  

and  a t t e m p t e d  t o  r e l a t e  a  t e m p e r a t u r e  d e p e n d e n t  j ^ t o  r a d i a t i o n  

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

In. h i s  a n a l y s i s  he u s e d  t h e  e x p r e s s i o n .

km = k ( l .  -  p )  > ( 7 . 1 2 )
( l + k p )

fie showed, t h a t  t h e  c o n t r i b u t i o n  f ro m  r a d i a t i o n  a c r o s s  t h e  p o r e s  

( kp 0 r e ) h a d  a  maximum v a l u e  o f  ^  0^5 x  1 0 " 3 w/cm°K a t  3 0 C0 °K 

f o r  p o r e s  w i t h  a  d i a m e t e r  (d p )  o f  200^,  * T h i s  v a l u e  d e c r e a s e s  

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

By a p p l y i n g  M a r in o * s  a n a l y s i s  t o  t h e  r e s u l t s  i n  C h a p t e r  7 ,  

i t  w ou ld  a p p e a r  t h a t  any  r a d i a t i o n  c o n t r i b u t i o n  s h o u l d  be  

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

l e s s  t h a n  20j* * F o r , t h e  c o n t r i b u t i o n  t o  t h e  t o t a l  t h e r m a l  

c o n d u c t i v i t y  f ro m  c o n d u c t i o n  b y  t h e  g a s  i n  t h e  p o r e s ,  he 

c a l c u l a t e d  a  maximum o f  ^  7 x  10"* 3 w/cm°IC a t  3 0 Q0°K f o r  p o r e s  

c o n t a i n i n g  h e l i u m  o r  h y d ro g e n *  T h i s  c o n t r i b u t i o n  d e c r e a s e s  

w i t h  d e c r e a s i n g  t e m p e r a t u r e , ,  and o t h e r  g a s e s  ( k r y p t o n  and  x e n o n )
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have  v a l u e s  l e s s  t h a n  0 . 5  x 10 w/cm K over* a l l  t e m p e r a t u r e s .  

When a p p l i e d  t o  t h e  s p e c i m e n s , u s e d  h e r e *  i t  w ou ld  a p p e a r  t h a t  

t h i s  c o u l d  a c c o u n t  f o r  t h e  t e m p e r a t u r e  d e p e n d e n t  434 t e r m  

o b s e r v e d *  s i n c e  t h e  s p e c i m e n s  w e r e . s i n t e r e d  i n  h y d r o g e n .  How­

e v e r , .  A in a c o u g h  ( 7 8 ) s u g g e s t e d  t h a t  any  h y d r o g e n  p r e s e n t  

w ould  d i f f u s e  o u t  r a p i d l y  w i t h  t i m e .  T h i s  is .  h o r n  o u t  b y  

W h e e le r  (1 0 6 )  who t h o u g h t  t h a t , ,  t h o u g h  as  much a s  1 t o  2j*g HA/  

• grdJOj, may r e m a i n  a f t e r  s i n t e r i n g ,  on b e i n g  h e a t e d  t o  w 500°C 

i n  vacuum o r  i n e r t  a tm o s p h e r e  o n l y  a b o u t  2.0% w o u ld  r e m a i n  i n  

t h e  U'0A • T h is ,  i s  due t o  t h e  h i g h  d i f f u s i o n  r a t e  and  low. 

s o l u b i l i t y  o f  h y d ro g e n  i n  U0A , The s i g n i f i c a n c e  o f  any  c o n t r i ­

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

f a c t  t h a t  t h e  t o t a l  p o r e  volume and t h e  p o r e  s i z e s  o f  t h e  

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

o f  h y d r o g e n  r e m a i n i n g  i n  t h e  sp e c im e n  w i l l  be  c o n t a i n e d  i n  ^ 

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

t h e  s p e c i m e n .  I t  i s ,  t h e r e f o r e ,  e x p e c t e d  t h a t  t h e  c o n t r i b u t i o n  

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

f i l l e d  p o r e s ,  i n  U0a w ou ld  b e  n e g l i g i b l e .

. I n  h i s  a n a l y s i s  M a r in o  ( 6 2 ) d i s r e g a r d e d  any  r e s u l t s  t a k e n  

f ro m  c r a c k e d  spec im ens:  and  any d a t a  t h a t  showed more t h a n  ^  2% 

d i f f e r e n c e  b e t w e e n  t h e  h e a t i n g  and  c o o l i n g  c y c l e s .  I n  t h e  

l a t t e r  c a s e  he assum ed  m i c r o c r a c k i n g  o r  e v a p o r a t i o n  o f  t h e  

t u n g s t e n  c o a t i n g .  However,.  B a t e s  ( k 3 )  s t a t e d  t h a t  t u n g s t e n  

c o a t i n g  h a d  no e f f e c t s  on h i s  r e s u l t s .  Thus  M ar ino  a p p l i e d  

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

F u r t h e r  t o  h i s  w o r k ,  M ar ino  f o u n d  t o  b e  i n d e p e n d e n t  

o f  t h e  p o r e  vo.lume f r a c t i o n  ( p ) ,  b u t  he made t h e  a s s e r t i o n  

t h a t  any change  i n  , p t w ou ld  u s u a l l y  a l t e r  t h e  p o r e  sh ap e  

f a c t o r  ( g )  w h ich  c o u l d  i n  t u r n  a l t e r ' g ' c o n s i d e r a b l y .  I n  t h i s
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i n v e s t i g a t i o n *  t h e . p o r o s i t y  was m o s t l y  s p h e r i c a l  and  l e s s  t h a n  

2 0 j a  i n  d i a m e t e r *  a l t h o u g h  t h e  d i s t r i b u t i o n  may have  d i f f e r e d  

s l i g h t l y  b e tw e e n  t h e  s p e c i m e n s ,  I t  c a n  be as sum ed ,  t h e r e f o r e ,  

t h a t  f£*f was. c o n s t a n t  .and. e q u a l  t o  u n i t y  ( f o r  s p h e r i c a l  

p o r o s i t y )  f o r  a l l  s p e c im e n s *  and t h u s  t h a t  t <p* i s  i n d e p e n d e n t  

o f  ' p 1 ,

S i n c e  ,p 1 d e c r e a s e s  w i t h  t e m p e r a t u r e , ,  t h e  t h e r m a l  c o n d u c t  

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

h i g h  t e m p e i ' a t u r e s *  where  t h e  v a l u e s  n e e d  a s m a l l e r  c o r r e c t i o n  

f a c t o r  t o  n o r m a l i s e  them  t o  s a y  95% T.D.  T h i s  i s  i n d i c a t e d  i n  

f i g .  7*02 w h ic h  shows t h e  k v a l u e s  t e n d i n g  t o  become u n i f o r m  

as. t e m p e r a t u r e  i n c r e a s e s .  T h i s  o b s e r v a t i o n  may e n a b l e  some 

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

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

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

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

a c r o s s  t h e  p o r e s  i s  n e g l i g i b l e  compared  to* t h a t  o f  t h e  b o d y  

a s  a whole*  I f *  t h e r e f o r e  * v a r i e s  w i t h  t e m p e r a t u r e , ,  e i t h e r  

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

i n  some way w i t h  t e m p e r a t u r e ,  As p r e v i o u s l y  d i s c u s s e d ,  p o r e  

c o n d u c t i o n  can  b e  e f f e c t i v e l y  i g n o r e d ,  w h ich  l e a d s  one t o  t h e  

i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  t e m p e r a t u r e  on  t h e  s p e c im e n s*

I f  t h e r e  were  t o  be any d e n s i f i e a t i o n  w i t h  t e m p e r a t u r e , ,  t h e n  

s u r e l y  t h i s ,  would  be  more p r o n o u n c e d  f o r . t h e  low  d e n s i t y  

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

much h ig h e r®  T h i s  d e n s i f i e a t i o n  would  mean t h e  a b s o r p t i o n :  o f  

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

p o r e s  t o  g r a i n  b o u n d a r i e s .  An i n c r e a s e  i n  t h e  c o n d u c t i v i t y  

w ould  t h u s  be o b s e r v e d , ,  a l t h o u g h  t h e  r e a s o n  f o r  i t  may n o t  be



o b s e r v e d  b y  m e t a l l o g r a p h i c  e x a m i n a t i o n .  T h i s  w ou ld  a c c o u n t  

f o r  t h e  c o n v e r g e n c e  o f  t h e  c o n d u c t i v i t y  d a t a  a t  h i g h  tem ­

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

^ 3* t e r m .  However* one m u s t  a s k  o n e s e l f  i f  d e n s i f i e a t i o n  i s  

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

500 -  1600°K. The s p e c i m e n s  were h e l d  i n  h e l i u m  f o r  a b o u t  2 h o u r s  

o f  w h ich  no m o r e - t h a n  one h o u r  w ould  be  s p e n t  above 1500°K and 

o n l y  a b o u t  20 m i n u t e s  above 2000°K..  I t  i s  b e l i e v e d ,  ( 7 8 )  t h a t  

any d e n s i f i e a t i o n  w i l l  o c c u r  o n l y  a t  t e m p e r a t u r e s  above 2000°K, 

s i n c e  e x p e r i m e n t s .  ( 7 8 ) h a v e  f o u n d  t h a t  one m u s t  h o l d  s p e c im e n s  

(9 0  -  96% T . D . )  a t  1500°K f o r  a t  l e a s t  f o u r  weeks  t o  e f f e c t  a  

o n e - p e r c e n t  change ,  i n  t h e  d e n s i t y .  S i n c e  was c a l c u l a t e d  

u s i n g  t h e  v a l u e s  o b t a i n e d  o v e r  t h e  r a n g e  500 -  1600°K, one 

w ou ld  n o t  e x p e c t  any  d e n s i f i e a t i o n  t o  have  o c c u r r e d , ,  a l t h o u g h  

one may e x p e c t  a  d e n s i t y  i n c r e a s e  o f  u p t o  1% a t  t e m p e r a t u r e s -  

above 2000°IC ( 7 8 )* T h e r e f o r e *  i t  m u s t  be  assum ed t h a t  t h e  

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

I n  a  f u r t h e r  a t t e m p t  t o  e x p l a i n  t h i s  dependency , ,  one i s  

l e d  t o  an  a n a l y s i s  o f  t h e  e q u a t i o n s  and p a r a m e t e r s  used,  t o
j »

o b t a i n  43 .  I f  one looks ,  a t  t h e  r e l a t i o n s h i p  d e r i v e d  f o r  

g i v e n  i n  e q u a t i o n  7*09

p  _

r  ~  6 7 1 6 +  02081

Q = AX + BYT ' (7 * 1 3 )
r  A + BT

where  -  A(1 + Xp) ( 7 * lU a )

and Bm = B(1 + YpJ ' ( 7 * lU b )

F o r  ’p ’ t o  be  i n d e p e n d e n t  o f  T, t h e  v a l u e s  o f  * X* and * 

s h o u l d  be  e q u a l  i n  t h e  above e q u a t i o n .  7»13® I f  oue uow looks .



a t  t h e  v a l u e s  o b t a i n e d  '

i e ,  Am sr 6 . 16(1 + 4*96p)

B‘ = 0,0208 (1 *  0*67p )

i t  can be s e en  t h a t  t h e  v a l u e s  o f  X = 4*96 and Y = 0 ,6 7  a re  

n o t  e q u a l .

’ W hereas  t h e r e  i s  no r e a s o n  f o r  t h e  v a l u e  o f  1Y* t o  i n c r e a s e  

f ro m  O.6 7  t o  a b o u t  4 * 9 6 ,  t h e  v a l u e  o f  t Xt c o u l d  b e  r e d u c e d ,  

b y  an i n d e t e r m i n a t e  amount, ,  i f  one assumes,  t h a t  t h e  low d e n s i t y  

s p e c im e n s  c o n t a i n  a  l o t  o f  t h e i r  p o r o s i t y  i n  t h e  fo rm  o f  m i c r o ­

p o r e s .  T h i s  m i c r o p o r o s i t y  w ould  a l t e r  t h e  p o r o s i t y  d i s t r i b u t i o n  

and w ould  c o n t r i b u t e  g r e a t l y  a s  s c a t t e r i n g  c e n t r e s  t o  t h e  

t h e r m a l  r e s i s t i v i t y .  I f  t h i s  e f f e c t  i n c r e a s e s  w i t h  d e c r e a s i n g ,  

d e n s i t y , ,  i t  w ou ld  be  r e f l e c t e d  i n  h i g h e r  ’ A* v a l u e s  w i t h  

i n c r e a s i n g  p o r e  volume f r a c t i o n .  Thus  i f  i t  v/ere p o s s i b l e  t o  

q u a n t i f y  t h i s  e f f e c t  due t o  d i s t r i b u t i o n  d i f f e r e n c e s ,  one w ould  

be a b l e  t o  o b t a i n  t h e  d e p e n d e n c e  o f  t h e  1 A* v a l u e s  s o l e l y  on 

p o r e  volume f r a c t i o n  and t h e s e  v a lu es -  o f 'A* would  be  l o w e r  t h a n  

t h o s e  g i v e n  b y  e q u a t i o n  7 * 0 7 a .  C o n s e q u e n t l y ,  t h e  v a l u e  o f ‘x 1 

w ould  be  s m a l l e r  t h a n  4*96 and i t  may e v e n  be  a s  low  a s  O .6 7 *

I n  t h i s  c a se  would be e q u a l  t o  0.67» i * e .  v e r y  c l o s e  t o  

u n i t y ,  and ,  as d i s c u s s e d  i n  c h a p t e r  l . B ,  t h e r e  a r e  good 

t h e o r e t i c a l  g rounds  f o r  e x p e c t i n g  'p,’ to- be  ^  1 f o r  s m a l l  po re  

volume f r a c t i o n s  and f o r  p o r e s  in. th e  fo rm  o f  s m a l l  sphe res . .  

T h e r e f o r e  s i n c e  th e  p o r o s i t y  i n  th e  spec im ens  u n d e r  i n v e s t i g a ­

t i o n  i s  s m a l l  and s p h e r i c a l *  a r e d u c t i o n  i n  th e  v a lu e  o f  X 

from 4*96 t o  ^ 1 may p r o v id e  an e x p l a i n a t i o n  f o r : t h e  o b s e r v e d  

t e m p e r a t u r e  dependence  o f  p '  »■

I n  o r d e r  t o  o b t a i n  a !p' v a l u e  e q u a l  t o  u n i t y ,  i t  v/ould be 

n e c e s s a r y  to .  haye  t h e  f o l l o w i n g  t y p e s  o f  r e l a t i o n s h i p s -  b e t w e e n



*A! and , B! and t h e  p o r e  volume f r a c t i o n

A a  6 . 1 6  (1 + p) (7 .15a)

B c; 0208 (1 + p )  ( 7 . 1513)

The v a l u e s  o f  'B '  w ou ld  n o t  r e q u i r e  a l t e r a t i o n  By more  th an ,  

a few p e r c e n t *  s i n c e  t h e r e  i s  n e g l i g i b l e  d i f f e r e n c e  b e t w e e n  

t h e  c a l c u l a t e d  c u r v e  B: - 0 . 0 2 0 8 ( 1  + 0*67p)  and  e q u a t i o n  7* 1 5 b ,  . 

Using. e q u a t i o n  7 * 15a - t o g e t h e r  w i t h ' t h e  c a l e u l a t e d v e q u a t i o n  

7 . 0 7 a? i t  can  be  s e e n  t h a t  t h e  f o l l o w i n g  a l t e r a t i o n s  t o  t h e  

m e a s u r e d  ! A* v a l u e s  would  be r e q u i r e d  i n  o r d e r  t o  g i v e  a

v a l u e  o f  u n i t y :  A^g w ou ld  have  t o  be  i n c r e a s e d  b y  9%; A ^ a -

w ouid  r e m a in  u n a l t e r e d ;  A '^x  w° u l d  have  t o  b e  d e c r e a s e d  b y  

12j%; A ^ u  d e c r e a s e d  b y  '17$$ aud A ^ i  d e c r e a s e d  b y  8^ $ .

T h e se  p e r c e n t a g e s  a r e  o n l y  a p p r o x i m a t i o n s , ,  and  a r e  t h e  v a l u e s

r e q u i r e d  t o  f i t  t h e  m e a s u r e d  1 Af v a l u e s  on  t o  t h e  s t r a i g h t  l i n e

g i v e n  b y  t h e  e q u a t i o n  7 * 1 5 a .  However* t h e r e  a r e  a  s e r i e s  o f

p a r a l l e l  l i n e s  g i v i n g  a  43 v a l u e  o f  u n i t y *  and so  t h e s e  

p e r c e n t a g e  a l t e r a t i o n s  may b e  e i t h e r  h i g h  f o r  a n d ' l o w  f o r  

A ^ i , A^,jH and A ^ x ,  o r  v i c e - v e r s a .  The q u e s t i o n  i s  t h e n ,  

r a i s e d  r e g a r d i n g  t h e  v a l i d i t y  f o r  s u c h  a l t e r a t i o n s ,  t o  t h e  *At 

v a l u e s *

D ur ing ,  t h e  p r e p a r a t i o n  o f  t h e  i n i t i a l  s p e c i m e n s ,  i t  was- 

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

t o  p r o d u c e  s o l i d  p e l l e t s .  T hese  two p r o c e s s e s ,  o b v i o u s l y  

p r o d u c e  a l a r g e  amount o f  d e n s i f i e a t i o n *  I f  some m i c r o p o r o s i t y  

r e m a i n e d  a f t e r  s i n t e r i n g *  one would e x p e c t  t h i s  m i c r o p o r o s i t y  

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

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

. o b s e r v e d  f o r  t h e  - p o r e - r e d i s t r i b u t e d  s p e c im e n s  ( i . e .  9694 and
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9 & 9 i ) ,  o n l y  t h e  e f f e c t  h e r e  would  "be an i n c r e a s e  i n  t h e  d i s t r i b  

u t i o i x  r a t h e r  t h a n  a  r e d u c t i o n *  One v/ould e x p e c t  more m i c r o -  

p o r o s i t y  i n  t h e  low d e n s i t y  s p e c i m e n s ,  s i n c e  t h e r e  i s  at g r e a t e r  

amount o f  p o r o s i t y  t o  he rem oved  d u r i n g ,  s i n t e r i n g  and  s i n c e  

a l l  o f  t h e  s p e c im e n s  were s i n t e r e d  f o r  t h e  same t im e*  T h e r e f o r e  

one w ould  e x p e c t  t h e  f A? v a l u e s  to.  i n c r e a s e  w i t h  i n c r e a s i n g  

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

some u n d e f i n e d  way t o  a s i z e  and d i s t r i b u t i o n  f a c t o r #  The d ra w ­

b a c k  to. t h i s  a n a l y s i s  i s  t h e  a b s e n c e  o f  any v i s u a l  e v i d e n c e  

o f  m i c r o p o r o s i t y ,  a l t h o u g h  i t  c o u l d  be  assum ed t h a t  s u c h  p o r o s ­

i t y  i s  o f  t h e  o r d e r  o f  h u n d r e d s  o f  an g s t ro m s*

T h e r e f o r e ,  t h e  a u t h o r  b e l i e v e s  t h a t  t h e  r e a s o n  f o r  t h e  

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

*A*with p o r o s i t y j  and t h a t  in.  o r d e r  t o  r e l a t e  c o n d u c t i v i t y  t o  

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

km = * 9 5 °  ~ P p )  . .

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

p o r e  s i z e  and d i s t r i b u t i o n  betvireen t h e  d i f f e r e n t  p o r e  volume 

f r a c t i o n s *  •

k9 5 ? ^ 1 0 0 *
»» 3

The v a l u e  o f  p -  2*1+6 -  0*70 x  10 T h a s  b e e n  u s e d  t o  

n o r m a l i s e  t h e  r e s u l t s  t o  95% T*D# F or  t h e  n o n - s t o i c h i o m e t r i c  

s p e c im e n s  o n l y  two d e n s i t i e s  were used , ,  n am e ly  96 and 93*  , 

t h u s  i t  was i m p o s s i b l e  t o  o b t a i n  a v a l u e  s i m i l a r  t o  t h a t  

above* T h e s e  r e s u l t s  c o u l d  n o t ,  t h e r e f o r e ,  be  n o r m a l i s e d  t o  

s a y  95% T*D** I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  G o l d s m i t h / D o u g l a s  

( 3 0 ) r e c e n t l y  f o u n d  t o  d e c r e a s e  w i t h  i n c r e a s i n g  ° ^ u  r a t i o  

and to. be i n v a r i a n t  w i t h  t e m p e r a t u r e *  They  gave  .p = 2»8 + 0*1+
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f o r  ° 4  = 2 . 0 0  and .p = 1* 5 jr  0*7 f o r  = 2 * 0 1 5 ,  b u t  t h e y

c o u l d  g i v e  no r e a s o n  f o r  t h i s  d i f f e r e n c e  e v e n  a f t e r ,  m e t a l l o -

g r a p h i c  e x a m i n a t i o n  o f  p o r e  s t r u c t u r e  and c r y s t a l  s t r u c t u r e * .

U s i n g  t h e  ahove ’ p * v a l u e ,  v a l u e s  f o r  t h e  c o n d u c t i v i t y  o f  

95% T .D .  0 C9 ^ )  anc3- 100% T .D .  (k^Q0 ) w ere  o b t a i n e d  u p t o  1600°K. 

F i t t i n g  t h e  v a l u e s  b y  l e a s t  sq u a re s ;  a n a l y s i s  t o  t h e  e q u a t i o n .

k  =  (A + BT)” 1

gave  V i r .  -  6 .0 7  + 2 . 0 8  x 1 0 ~ 2 T (w/om°K)“ ‘’ ( 7 . 16a)

and 1' k 100 = h . 6 5  *  2 .0 1  x  1 0 " 2 T (w/cm°K)“1 ( 7 . 16b)'

The v a l u e s  f o r  have  b e e n  compared  a g a i n s t  t h e  r e s u l t s  

o f  o t h e r  v/orkers.  g i v e n  i n  t h e  I .A .E . .A .  r e p o r t  (-38) w h i c h  u s e d  

J3 = 2 * 5  t o  n o r m a l i s e  them  t o  95% T .D,  ( s e e  f i g *  7*05)*  The 

v a l u e s  f r o m  e q u a t i o n  7*13 &x*e s e e n  t o  be  h i g h e r  t h a n  m o s t  

e s p e c i a l l y  U i s h i j i m a  e t  a l  (35 )*  They  f i t  w e l l  w i t h  t h o s e  o f  

S t o r a  e t  a l  (1 0 7 )  t o  w i t h i n  3%> and to. w i t h i n  *  8% w i t h  t h e  

r e s u l t s  o f  V og t  e t  a l  (5U)* G o d f r e y  e t -  a l  (i+1) and D a n i e l  e t  

a l  ( £T$)* A c t u a l  v a l u e s  when compared  w i t h  t h e  c a l c u l a t e d  k ^  

( f r o m  e q u a t i o n  7*16 a )  show t h a t  t h e  v a l u e s  in .  t h i s  t h e s i s  a r e  

h i g h e r  t h a n  t h e  o t h e r s *  ( s e e  f i g * 77*0 6 )•

I n  any  d e t a i l e d  c o m p a r i s o n  i t  m us t  o f  c o u r s e  be  rem em bered  

t h a t  when u s i n g  c o n d u c t i v i t y  d a t a  t h e  c h o i c e  o f  s p e c i f i c  h e a t  

d a t a  i s  v e r y  i m p o r t a n t  ( s e e  c h a p t e r  U), and  t h e  v a l u e  o f  ’p* 

c h o s e n  t o  n o r m a l i s e  t h e  v a l u e s  t o  95% T .D .  i s  a  c r u c i a l  f a c t o r *  

A more a c c u r a t e  c o m p a r i s o n  i s  o b t a i n e d  b y  c o m p a r in g  t h e . d i f f u -  

s i v i t y  v a l u e s ' o f  p r e v i o u s  w o r k e r s  w i t h  t h e  v a l u e s  o b t a i n e d  f o r  

95 "by r e c o n v e r t i n g  k ^ ^  u s in g .  Ainscough* s d a t a .  F i g .  7*07 

shov/s t h a t  oC 9 ^ i s  s t i l l  h i g h e r  t h a n  m o s t  o t h e r  w o r k e r s  b y  a t  

l e a s t  12% f o r  t h e  r e g i o n  12 50°K t o  1600°K.
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&) C o m p a r i so n  o f  X | qq' and/B^QQ w i t h  t h e  S i n g l e  C r y s t a l  V a lues :

The v a l u e s  f o r  *A*00 and ’ B^qq would  he  e x p e c t e d  t o  he  

s i m i l a r  t o  t h e  v a l u e s  o f  f Af and *Bf g i v e n  f o r  t h e  s i n g l e  

c r y s t a l  t a h l e  7*1* One w ou ld  e x p e c t  t h e  * A* v a l u e ,  o f  t h e  s i n g l e  

c r y s t a l  t o  he  s m a l l  i f  n o t  e q u a l  t o  z e r o  s i n c e  t h e  o n l y  c o n t r i b ­

u t i o n  t o  t h e  r e s i s t i v i t y  s h o u l d  he  f ro m  i m p u r i t i e s . .  The v a l u e  

o f  1 A* is .  n e g a t i v e ,  a f a c t o r  w hich  h a s  b e e n  o b s e r v e d  b y  o t h e r  

w o r k e r s  ( T a y l o r  ( 1 0 8 )  f o r  be ryH l ia ,  S t u c k e s  (1G9) fo** germ anium)  

and w h ic h  h a s  b e e n  i n d i c a t e d  as  a p o s s i b i l i t y  f o r  i n s u l a t o r s ,  

b y  G o d f r e y  e t  a l  ( h i )  and F u l k e r s o n  e t  a l  (11Q)*

The ‘ B1 v a l u e  s h o u l d  be  t h e  same a s  f o r  ! B*|Q0>b u t  t h i s  

i s  n o t  so  a s  c a n  be  s e e n  f ro m  t a b l e  7 . 1 ,  The r e a s o n  f o r  t h e  

h i g h e r  *B‘* v a l u e  o f  t h e  s i n g l e  c r y s t a l  i s  n o t  c l e a r ,  b u t  i t  

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

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

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

t h e  v e r y  s m a l l  s i n g l e  c r y s t a l  and a l s o  so  t h a t  t h e  d e t e c t o r  

f o c u s s e d  on t h e  r e a r  f a c e .  The l a t t e r  p r o v e d  t im e  con su m in g  

r a t h e r  t h a n  d i f f i c u l t  s i n c e  i t  e n t a i l e d  o p e n i n g  up  t h e  v acuum /  

p r e s s u r e  v e s s e l  e a c h  t i m e  any m i s a l i g n m e n t  was o b s e r v e d *

A v a l u e  f o r  t h e  Debye t e m p e r a t u r e  c a n  b e  o b t a i n e d ' ,

u s i n g  t h e  e q u a t i o n  g iv en ,  b y  G o d f r e y  e t  a l  ( h i )
k

i . e .  _ r — L ™  = ( B T - A ' )  ( 7 . 1 7 )
. * D

where  Ru i s  t h e  t h e r m a l  r e s i s t i v i t y  due t o  U™process?o 'n;ly ,  

k Q i s  t h e  c o n d u c t i v i t y  e x t r a p o la te < l i - c ' fp . : :  (© ^) ,  and ’b 1

i s  an e m p i r i c a l  c o n s t a n t *

By c o m p a r i s o n  w i t h  e q u a t i o n  7*01
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1^ k t o t a X  “  Rt o t a I  “  Ru  + A ( 7 . 1 8 )

i . e .  Rt o t a l  = <BT "  A' ) + A ( 7 . 1 9 )

where B1 = — - f rom  e q u a t i o n .  7*17  ( 7 * 2 0 )
0 D D

U s i n g  B = .0 2 2 6  (w /cm )"^  f o r  t h e  s i n g l e  c r y s t a l ^ ®  v a l u e  o f  

GD = 2 12°IC was o b t a i n e d  u s i n g  L e i b f r i e d / S c h l o m a n n * s  ( 7 ) 

e q u a t i o n  ( s e e  e q u a t i o n  7.21+)*

How f r o m  e q u a t i o n  7 . 1 7

A' = k  ( 7 . 2 1 )
0D ‘ b

4 . U s i n g  a  maximum ’ b ’ o f  2 ( r e f .  Ziman ( 6 )  )

then-. A* = 2.1+0 ( w / c m ° K ) " \

B u t  ( - A r + A) = - 1 .3 6  (w/cm°K)~^

A = 1 .0 1 +  (w/cm°K)~1 ■ (7 * 2 2 )

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

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

c r y s t a l  i s  1*01+ (w/cm°K)~^ . The d i f f e r e n c e  b e tw e e n  t h i s  v a l u e  

and t h a t  c a l c u l a t e d  f o r  100^ T.D* s h o u l d  b e  t h e  r e s i s t i v i t y  

due t o  g r a i n  b o u n d a r i e s  a n d / o r  ' i m p u r i t i e s ,  i . e .  3*61 (w/cm°K)~'* 

The a c t u a l k v a l u e s  f o r  t h e  s i n g l e  c r y s t a l  a r e  much h i g h e r  

than,  t h o s e  f o r  t h e  p o l y c r y s t a l l i n e  m a t e r i a l ,  b e i n g  ^  3Qfa h i g h e r  

t h a n  t h e  96 s p e c im e n s  a t  700°K; ^ 1 0 ^  h i g h e r  a t  1!+00°K and  ^

9% a t  f800°K .  T h e re  i s  a  t e n d e n c y  f o r  t h e  r e s u l t s  t o  l e v e l  

o u t  a r o u n d  1'800 t o  i9 0 0 °K .  T h i s  d o es  n o t  a g r e e  w i t h  t h e  r e s u l t s  

o b t a i n e d  b y  D a n i e l  e t  a l  ( 5 c6 ) who o b s e r v e d  l a r g e  e n h a n c e m e n t  

o f  t h e  c o n d u c t i v i t y  above 1200°Iv. They gave

km = ( 0 .0 3 2 0 3  + + 1 .2  X  10“ ' ffT 4’a ). (w/cm°K) ( 7 . 2 3 )
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T h e i r  v a l u e s  were  2 3 % h i g h e r  t h a n  t h e i r  p o l y c r y s t a l l i n e  

v a l u e s  a t  700°K and * v l6 0 $  h i g h e r  a t  1i+00°K:*

e ) s -joo 9 °D *^u

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

Debye t e m p e r a t u r e  f o r  U0A . U s in g  t h e  L e i b f r i e d / S c h l o m a n n  ( 7 ) 

e q u a t i o n  f o r  t h r e e  pho'non Umklapp p r o c e s s e s . :

B = 3 .U5 x  u . f . e ^ o  (7.21) .)

v/here )f i s  G r u n e i s e n r s c o n s t a n t  w h ich  f o r  UO^ e q u a l s  i*61+

M i s  t h e  a v e r a g e  m a s s / a t o m  w hich  f o r  U0a e q u a l s  1 *1+91+ x
i<t  ̂a

10 g / a t o m

& i s  t h e  a v e r a g e  v o lu m e /a to m  w h ic h  f o r  UOa e q u a l s

1*37 x  1 0 " a3c m V a to m

©P i s  t h e  Debye t e m p e r a t u r e *

T h i s  e q u a t i o n  r e d u c e s :  t o
*

B “  0 * 2181 x 10 / o~r ^ /  \ t -? \ a- 3 --------------  (cm K /w )  ( 7 . 2 5 )
0

^  A

U s in g  B,jqq = *0201 (w/crn) f o r  t h e  c a l c u l a t e d ' v a l u e  f o r  ; 100% 

T . D . ,  a v a l u e  o f  6^  = 221°K was o b t a i n e d *  T h i s  i s  i n  r e a s o n ­

a b l e  a g r e e m e n t  w i t h  o t h e r  w o r k e r s :  A i n s c o u g h /W h e e le r  ( l l i )  

o b t a i n e d  213°K u s i n g  F  -  *0227. (w/cm)**"* , and  G o d f r e y  e t  a l  (1+1) 

gave 2 1 6 °IC u s i n g  B = *0223 ( w / c m ) ^ *  The v a l u e  o b t a i n e d  h e r e  ; 

l i e s  w e l l  w i t h i n  t h e  r a n g e  o f  v a l u e s  q u o t e d  i . e *  160°K t o  

3 0 0 °K, a l t h o u g h  m o s t  w o r k e r s  t e n d  t o  g i v e  v a l u e s  a r o u n d  180°K 

t o  190°K* , .

F u r th e r ,  t o  t h e  above  a n a l y s i s  i t  was p o s s i b l e  t o  o b t a i n  

t h e  m e a n f r e e  p a t h  o f  Umklapp p r o c e s s e s -  ( l u ) u s i n g  t h e  r e l a t i o n ­

s h i p s :
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1 / k  = R = A + BT = ( 7 . 2 6 )
° v v  1

which, y i e l d s  BT = * - 2 -  ( 1 / 1 „ )  ( 7 . 2 7 )
u v  u

Thus l u =  ^  BT ( 7 . 2 8 )

A in s c o u g h /W h e e l e r  (1 1 1 )  g i v e

■ Xu = xu r  ' (7 .2 9 )

.where i s  th e :  w a v e l e n g t h  o f  t h e  Umclapp p r o c e s s ,  and Vx
i s  t h e  m o l a r  volume = 21+. 6 cm3/ m o l e  a t  3 0 0 °K.

o* * \ i  ~ Gv 'v BT (7 * 3 0 )

U s i n g  t h e  v a l u e s  o f  G o d f r e y  e t  a l  (1+1) o f  = 8 1 .6  v / . s e c /  

mole °K and  v = 1+ x 1 0 5 c m / s e c . ,  w i t h  B^qq = .0201 (w/cm)""^ 

f o r  B100

t h e n  \  = 1 1 .2 5  x  1 0 ~ 5 cm°K ( 7 . 3 1 )
T

i . e .  a t  1000°K = 1 1 .2 5  x  10- 8  cm. ( 7 . 3 2 )

a t  2000°K Au _  5 .6 3  x  10- 3  cm. ( 7 . 3 3 )
8 r\

A i n s c o u g h /W h e e l e r  (1 1 1 )  gave  9 . 3  x  i 0 ~  cm "at 1!000 K and 1+.1+ x  

1'0“ *cm a t  2000°K f o r  U0a .

From Ainscough* a- c u r v e  f i g *  1+. 02 c h a p t e r  l+ .b ,  an. a v e r a g e .

Gp v a l u e  o f  0*30 w * s e c . / g . ° K  was t a k e n  f o r  t h e  r a n g e  800°K t o
xO-,1800 K. Then  u s i n g

Cv = cp -  ^ ^ 2 .  ( 7, 3 k )

where i s  t h e  l i n e a r  e x p a n s i o n  c o e f f i c i e n t  = 10*5 x  10” 6 °K
. 5  a

a n d X i s  t h e  i s o t h e r m a l  c o m p r e s s i b i l i t y  = 0 . 6 2  x  10". cm / w . s e c *  

a v a l u e  o f  = 76*7 w . s e c . / m o l e  °K v/as o b t a i n e d .

.S ince  t h i s  v a l u e  was. w i t h i n  6% o f  G o d f r e y  e t  al* s  q u o t e d  v a l u e  

o f  8 1 . 6  w . s e c . / m o l e  °K, t h e  ' l a t t e r  was u s e d  f o r  c o n v e n i e n c e  

and t o  f a c i l i t a t e  q u i c k  c o m p a r i s o n s  w i t h  o t h e r  a u t h o r s  who h a d
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u s e d  t h e s e  v a l u e s .

f ) V a r i a t i o n  of* k  w i t h  T a t  h i g h  t e m p e r a t u r e s

An i n s p e c t i o n  o f  the .  r e s u l t s  shows t h a t  w h e r e a s  t h e  ■ 

e q u a t i o n  k  = (A + BT)”  ̂ seems t o  f i t  t h e  r e s u l t s  v e r y  w e l l  

u p t o  1673°K, t h e  f u l l  e q u a t i o n .

k «  (A + BT)~1 + CT3 ( 7 . 3 5 )

d o e s  n o t  f i t  t h e  r e s u l t s  a t  v e r y  h i g h  t e m p e r a t u r e s .  Th is ,

e q u a t i o n  assum es  t h a t  any d i v e r g e n c e  f ro m  l i n e a r i t y  I n  t h e  p l o t  
1 /o f  7 k  a g a i n s t  T i s  due t o  a  r a d i a t i o n  c o n t r i b u t i o n  ( i . e .  t h e  

CT3 t e r m ) .  S i n c e  t h i s  d i d  n o t  f i t  a t  T ^  1700°K, i t  i n d i c a t e d  

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

and p h o t o n s  was wrong* and t h a t  a n o t h e r  c o n d u c t i o n  m echan ism  

m ust  be  o p e r a t i n g  a t  h i g h  t e m p e r a t u r e s .  An a t t e m p t  was made 

t o  c a l c u l a t e  a  more r e a l i s t i c  f i t  t o  t h e  o b s e r v e d  d a t a  a t  T >  

1U00°K b y  o b s e r v i n g  t h e  d e v i a t i o n  ( A k )  o f  t h e  a c t u a l  v a l u e s  

f ro m  t h o s e  c a l c u l a t e d  u s i n g  (A + B T ) ^

i . e .  =  km -  (A + BQ?)-1 ( 7 . 3 6 )

Two r e l a t i o n s h i p s  w ere  a p p l i e d  t o  t h e s e  Ak v a l u e s  a s  f o l l o w s :

i  A k  = A( T a (.7»37a)

i i  - A k  = G ( s n//T ' ( 7 .3 7 U )

An e x a m i n a t i o n  o f  t h e s e  e q u a t i o n s  gave  t h e  f o l l o w i n g  e m p i r i c a l  

r e s u l t s . :

i  A k  = A , I a  " , )+. 8 ^ 1 0

T h e se  v a l u e s  a r e  much h i g h e r  t h a n  t h e  e x p e c t e d  v a l u e  o f  3 f o r  

a r a d i a t i o n  c o n t r i b u t i o n *  th o u g h  B a t e s  (3A) s u g g e s t e d  a  ‘p 3^*
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t e r r a  where. X = 0 , 5  t o  2 . 0  f o r  h i s  s i n g l e  c r y s t a l *  Even  s o  

t h e s e  v a l u e s  a r e  h i g h e r  t h a n  one may e x p e c t  t h e o r e t i c a l l y *  

i i  A k  = e n//T n = - ( 1 .8  + . 0 . 5 ) x 10* (°K)

T h e re  seems  t o  he good t h e o r e t i c a l  g r o u n d s  f o r  e x p e c t i n g  an. 

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

c h a p t e r  1 ,h )«

The A k  v a lu e s ,  have  h e e n  p l o t t e d  i n  f i g ,  7«°8  t o g e t h e r  

w i t h  t h e  v a l u e s  g i v e n  h y  a GT3̂ te r ra  and h y  a  Cje1̂  te rm* I t  

can  he  s e e n  t h a t  a  CTa t e r m  i s  i n a d e q u a t e  w h e r e a s  t h e  e x p o n e n t i a l  

t e r m  d e s c r i b e s  t h e  r e s u l t s  v e r y  w e l l .  I t  i s  f e l t , ,  t h e r e f o r e ,  

t h a t  e q u a t i o n  7 *37b s h o u l d  h e  u s e d  to  d e s c r i b e  a l l  o f  t h e  h i g h  

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

I n  an  a t t e m p t  t o  d e f i n e  t h e  h e a t  t r a n s f e r ... m echan ism  o p e r a ­

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

u t i o n  (&e 2_) was c a l c u l a t e d  u s i n g  t h e  e l e c t r i c a l  c o n d u c t i v i t y  

e q u a t i o n  o f  B a t e s  e t  a l  ( 1 1 2 )

i . e .  15” = 3 . 5 6 9  x  103 e x p .  ( “•“ £.) ( 7 . 3 8 )

t o g e t h e r  w i t h  e q u a t i o n  1*27

i . e .  k .  =. 2 (* / 'e) T( cT + 2 ( g +  2 ) )
 S— E. 2kT

w i t h  Eg = 2*30 e T  ( r e f ,  113)  a n d  tf’p  = (3^  •

These, c a l c u l a t e d  v a l u e s  o f  k e]  have b e e n  p l o t t e d  i n  f i g *  7*08

and a s  c a n  he  s e e n  t h e y  a r e  a b o u t  X2-g- h i g h e r  t h a n  t h e  a c t u a l

&  k v a l u e s .  T h i s  d i f f e r e n c e  can  he  a c c o u n t e d  f o r  i f  i n s t e a d

o f  u s i n g  , one u s e s  e i t h e r  ^  o r  &  ~ .n p • n p  p o)
F o r  t h i s  one m u s t  assume t h a t  t h e r e  i s  an e q u a l  number o f  

e l e c t r o n s  ( n „ )  and  h o l e s  ( n „ )  , and  t h a t  t h e  m o b i l i t i e s .  ( and
©  T ) s J  ©

a
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j V  d i f f e r  h y  a  f a c t o r  o f  1+,

i . e .  ne = np

a n d  J i e  =  k ^ v  o r  =  U j a 0

w here  o '  = e ( n e J A 0 + np  j t O  ( 7 . 3 9 )

T hus  t h e  d e v i a t i o n  o b s e r v e d  i n  t h e  t h e r m a l  c o n d u c t i v i t y  

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

c o n d u c t i v i t y  c o n t r i b u t i o n ,  t h e  a c t i v a t i o n  e n e r g y  o f  w h ic h  is .  

g i v e n  b y  n = E / k  (7 * 4 0 )

i . e *  • E = 1 . 5 5  ©V ( 7 . 4 1 )

C h r i s t e n s e n  ( 1 3 ) o b t a i n e d  S s£r 0 ,7 9  eT  t h e o r e t i c a l l y  f o r  800 -  

2000°C ,  and  G o d f r e y  e t  a l  ( 4 1 )  gave  E' ~ 0 , 4 5  ©V f o r  900 ~

1i00°C* B o th  v a l u e s  a r e  much lo w e r  than ,  t h e  v a l u e  o b s e r v e d  

h e r e . . .

As d i s c u s s e d  i n  an  e a r l i e r  c h a p t e r  ( 1 ?4)» s e v e r a l  a u t h o r s  

r e f e r  t o  any  e l e c t r o n i c  c o n t r i b u t i o n  i n  an i n t r i n s i c  s e m i ­

c o n d u c t o r  a s  an e x c i t a t i o n ,  c o n d u c t i o n  ( k  )* U s i n g  e q u a t i o n6 X
d.OI

i . e . k .  ~ k  -}r k  k  h* kt o t a l  p e l  r  ex:

and t h e  r e l a t i o n s h i p s '

U 1/V (7.U2) -Jr1 J

k e l  = ( 7 J + 3 )

K  = l 6 / 3 t£ . n 3 , T 3 . ( 7 . M )
0>i. t

k e x  oi. e " E / k T  . ( 7 . ^ 5 )

( Os = S t e f a n  B o l t z m a n n 1 s  c o n s t a n t )

one can  o b t a i n  a v a l u e  f o r  k  • S i n c e  k  T i s .  n e g l i g i b l e  200D*K
6 X  © 4.

o^  10"  w /cm . i  K) ,  t h e n  t h i s  g i v e s
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t o t a l  v p r '  e x  N' /

i . e .  A le  -  k r  = k Qx . ( 7 * ^ 7 )

The v a l u e s  of* A k l i e  "between- 0 . 0 3  x  10“  3 and 6*00 x  10“ 3
Q  Q

w/cm*. K o v e r  t h e  t e m p e r a t u r e  r a n g e  1600 -  2 k 00  K. The v a lu e s ,  

o f  k  d e p e n d  on  t h e  v a l u e s  o f  fotf and 1 n* u s e d ,  an d  c o n s e q u e n t l y  

p u b l i s h e d  v a l u e s  o f  k^  d i f f e r  q u i t e  m a r k e d l y .  Those  o f  Mogard 

e t  a l  ( 3 6 )  a n a  B a t e s  ( 3 b )  a r e  much l a r g e r  t h a n  t h e  A k  v a lu e s . ,  

and c a n n o t ,  t h e r e f o r e ,  be  u s e d  i n  t h i s  a n a l y s i s .  However ,  t h e  

v a l u e s  q u o t e d  b y  C h r i s t e n s e n  (1 3 )?  b e i n g  much l o w e r  above 

1h 00°K, d i d  e n a b l e  k  t o  be o b t a i n e d  f o r  2000 -  2 h 00oK. Aw vv
1 /p l o t  o f  I n  k  a g a i n s t  / T s h o u l d  g i v e  t h e  a c t i v a t i o n  e n e r g y ,  

and an  a p p r o x i m a te  v a l u e  o f  E = O.3 5  eY was. o b t a i n e d .  B a t e s  

(3i+) u s i n g  t h i s  a n a l y s i s ,  and  h i s  k  v a l u e s  o b t a i n e d  a  v a l u e  

o f  E o f  O.8 3  e T f o r  s i n g l e  c r y s t a l  UQa . S i m i l a r l y ,  W hitmore  

(•22') gave  v a l u e s  o f  E <  1 eV f o r  T i 0 2 , GaF-j. and A130 3 , and 

he p o s t u l a t e d  t h a t  t h e  e x c i t a t i o n  c o n d u c t i o n  was. b y  e x c i t a n s .

The above a n a l y s i s -  i s  o n ly ,  a  g u i d e ,  and  more work  is.  

r e q u i r e d ,  e s p e c i a l l y  t o  o b t a i n  more e x a c t  k  v a l u e s  f ro m  more 

a c c u r a t e l y  d e f i n e d  and * n f v a l u e s *  E v e n  so , ,  i t  d o e s  i n d i c a t e ,  

t h a t  a n o t h e r  h e a t  t r a n s f e r  m echanism  i s  o p e r a t i n g  a t  h i g h  tem ­

p e r a t u r e s  w h ic h  j r i e l d s  an e l e c t r o n i c  c o n t r i b u t i o n .

To c o m p le t e  t h i s  i n v e s t i g a t i o n  i n t o  t h e  c a u s e  f o r  t h i s  ' 

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

c o u l d  be r e l a t e d  t o  oxygen  l o s s  a t  h i g h  t e m p e r a t u r e s ,  f o r  as: 

w i l l  be  shown i n  t h e  n e x t  s e c t i o n  ( 7 . 2 ) any  d e c r e a s e  i n  t h e  

o / u r a t i o  i n c r e a s e s  t h e  c o n d u c t i v i t y  c o n s i d e r a b l y .  I f  t h e  

s p e c im e n s  had  l o s t  oxygen  t h e n  t h e y  w ou ld  have  gone h y p o s t o i c h i o -  

m e t r i c  -  a f a c t  t h a t  c o u l d  n o t  be  d e t e c t e d  b y  t h e  ° A i  a n a l y s i s  

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

m e n t s .  The I . A . E . A .  p a n e l  (101j.) r e p o r t  t h a t  t h e r e  h a s  b e e n  some



c o n f u s i o n ■o v e r  t h e  b e h a v i o u r  o f  U0A above 180Q°C. F o r  t h e  

r e a c t i o n

<U03>  = <'U03_X >  + i x  (03 )

t h e r e  m u s t  b e  a  low p a r t i a l  p r e s s u r e  o f  o x y g e n ,  and t h e  v a p o r ­

i s a t i o n  o f  UO3 m u s t  n o t  be  p r e d o m i n a n t .  I t  was f e l t  b y  Rot .hw el l  

(1 1 3 )  t h a t  t h i s  r e a c t i o n  may o c c u r  b e lo w  1800°C b u t  t h a t  t h e  

m e t a l l i c  u r a n i u m  i n c l u s i o n s  would  be t o o  f i n e  t o  be  d e t e c t e d  -  

he h a d  d i f f i c u l t y ;  d e t e c t i n g  t h o s e  i n c l u s i o n s  above 1800°G 

s i n c e  t h e y  were  l e s s  t h a n  * He s u g g e s t e d  t h a t  f o r  low p a r t i a l  

p r e s s u r e s  o f  oxygen  above  t h e  UOa and a t  T > 1800°C t h e  U05 

would  l o s e  oxygen  and become h y p o s t o i c h i o m e t r i c .  On c o o l i n g  

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

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

u n d e r  t e s t  i n  t h i s  t h e s i s  w ou ld  s u g g e s t  t h a t  v a p o r i s a t i o n  o f  

UOj was t h e  p r e d o m i n a n t  p r o c e s s  ( 1 1 3 ) ,  and t h a t  i f  m e t a l l i c  

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

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

f ro m  t h e  r e m a i n s  o f  any  b i n d e r  u s e d  p r i o r  t o  s i n t e r i n g .  An exam­

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

a l t h o u g h  i n  a c o u p l e  o f  s p e c im e n s  t h e r e  were  a few b r i g h t  o r a n g e  

i n c l u s i o n s  '*>j  2j a  . T h e se  were  t o o  sma3,l t o  be  a c c u r a t e l y  an— 

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

T h e r e f o r e ,  I n  t h e  a b s e n c e  o f  any o b s e r v e d  f r e e  u r a n i u m  

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

m e a s u r e m e n t - a t  low t e m p e r a t u r e s ,  t h i s  e x p o n e n t i a l  d i v e r g e n c e
1 /  • f r o m  t h e  l i n e a r  k  a  7 T a t  h i g h  t e m p e r a t u r e s  m u s t  be due t o

some a d d i t i o n a l  h e a t  t r a n s f e r  m echan ism  w h ic h  i s  some e l e c t r o n i c

m echan ism  i n v o l v i n g  e x c i t e d  e l e c t r o n s  and h o l e s .  F u r t h e r  work

i n v o l v i n g  t h e  u s e  o f  a c o m p u te r  a n a l y s i s  w ou ld  be  r e q u i r e d ,



"before  one c o u l d  d raw  a n y  d e f i n i t e  c o n c l u s i o n s  a s  t o  t h e  m o s t  

a c c u r a t e  c u r v e  f o rm  o r  t h e  a c t u a l  m echan ism  o p e r a t i n g *  A more 

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

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

e n e r g i e s  and  t e m p e r a t u r e  d e p e n d e n c ie s ,  w ou ld  a l s o  h e  o f  u s e *



2 )  E f f e c t  o f  N o n - S t o i c h i o m e t r y

a ) V a r i a t i o n  o f  k  w i t h  ° ^ u  r a t i o

C o m p a r i so n  g r a p h s  w ere  drawn show ing  t h e  e f f e c t  o f
V*

r a t i o  on t h e  c o n d u c t i v i t i e s  o f  96 and 93 s p e c im e n s*  B o t h  

c u r v e s  a r e  g i v e n  i n  f i g *  7*09a  and f i g *  7 * 0 9 b .  T h e se  c u r v e s  

t e n d  t o  c o n v e r g e  and  a c t u a l l y  c r o s s  o v e r  with'-' t h e  96 s h o w in g  

c r o s s  o v e r  a t  ^  1800°K and t h e  9 3 1 a t  ^  l6 0 0 °K .  T h i s  i s  d i s ­

c u s s e d  in .  t h e  n e x t  s e c t i o n  (h )*

Any a l t e r a t i o n  i n  t h e  oxygen  c o n t e n t  h a s  a l a r g e  e f f e c t  

o n  t h e  c o n d u c t i v i t y ,  and t h i s ,  f a c t  has,  h e e n  w e l l  d o cu m e n ted  

( r e f *  1 ) ,  A p l o t  o f  c o n d u c t i v i t y  a g a i n s t  o x y g e n / u r a n i u m  r a t i o  

i s  g i v e n  in .  f i g .  7*10 f r o m  w h ic h  c o m p a r i s o n s  w i t h  o t h e r  w o r k e r s  

have  h e e n  m ade .  G o d f r e y  e t  a l  ( h i ) show a  5$ d e c r e a s e  in.  condu 

i v i t y  a t  673°K f o r  a  ch an g e  i n  ° ^ u  r a t i o  o f  2 . 0 0 6  t o  2 .0 1 2 ' ,  

w h e r e a s  G o l d s m i t h / D o u g l a s  (5 9 )  gave a 7$ r e d u c t i o n  f o r  t h e  same 

change*  P i g .  7«10 shows t h a t  f o r  t h i s  r a n g e  a t  750°K a r e d u c ­

t i o n  o f  7% and 10$ o c c u r  in.  c o n d u c t i v i t y  v a lu e s ,  o f  t h e  96 and 

t h e  933' r e s p e c t i v e l y *  P o r  t h e  change  -  2*00 t o  2*060 a t  

750°K t h e r e  i s .  1'00$ r e d u c t i o n  f o r  h o t h  96 and 9 3 1 com pared  t o  

^  '.60$ o b s e r v e d  h y  G o l d s m i t h / D o u g l a s ,  and a t  1000°K a r e d u c ­

t i o n  o f  ~  66$ com pared  t o  ^  5h% f o r  G o l d s m i t h / D o u g l a s *  The 

l a t t e r  show k  t o  h e  i n d e p e n d e n t  o f  t e m p e r a t u r e  f o r  an 0/ui 

2*13> s i m i l a r l y  H o w a r d /G u lv in  (1 1 4 )  f o u n d  t h i s  t o  he  so  f o r  

o / u -  2 .1 8  and  °A i  = 2*13* No s u c h  c o n c l u s i o n s  a r e  p o s s i b l e  

f ro m  f i g .  7«10 .

b )  V a r i a t i o n  o f  k  w i t h  T • •

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

spec im ens ,  d i s c u s s e d  i n  s e c t i o n  1 ,  i . e .  a d e c r e a s i n g  c o n d u c t -
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i v i t y  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  Both t h e  k and ^ k  c u r v e s

f o r  96 and 931 w i th  0/^u r a t i o s  o f  2 .0 3 0  and 2 .0 6 0  show changes

i n  s l o p e  b e tw een  700 -  800°K, and when one exam ines  t h e  phase

d iag ram  (shown i n  f i g ,  7 . 1 1 )  f o r  UO  ̂ , i t  can  be s e e n  t h a t

t h e r e  i s  a  phase  change e q u i v a l e n t  t o  t h e  r e a c t i o n

+• y — > U0^ t x

i s  o c c u r r i n g .

F o r  a n  ° ' u  r a t i o  o f" 2 . 0 3 0  t h i s  p h a s e  c h a n g e  o c c u r s  a t  a b o u t  

7 0 0 ° K ,  a n d  f o r  ® ' u  =  2 . 0 6 0  a t  a b o u t  7 5 0 ° K .  I t  c a n  b e  t a k e n

1200

u o ,

800

u o

400

2.IO

f-IG. /-II Phase Diagram 
(after IAEA.(io^.

t h a t  t h e  v a l u e s  o f  c o n d u c t i v i t y  o b t a i n e d  b e lo w  700°K a r e  v a l u e s  

o b t a i n e d  from a two p h ase  m a t e r i a l ;  i . e .  a m a t e r i a l  w i t h  a U0a 

m a t r i x  c o n t a i n i n g  i n t e r s t i a l  oxygen which i s  randojnnly  d i s t r i b ­

u t e d  i n  some a r e a s  (U05 + *)  and o r d e r e d  i n  o t h e r  a r e a s  (U^0<?-y). 

The c o n t i n u e d  a d d i t i o n  o f  oxygen i n  t h e  U0a m a t r i x  u p to  ° ^ u  -  

2 .2 5  l e a d s  t o  lo n g  r ange  ox 'd e r in g .  For a f u l l e r  a n a l y s i s  o f



t h e  k  v a l u e s  i n  t h i s  r e g i o n  more r e s u l t s  a t  t e m p e r a t u r e s  b e lo w  

700°K w ou ld  be  r e q u i r e d *

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

e q u a t i o n .  k r= ( a + BT)~^ q u i t e  w e l l*  Eowever^ above th e '  l i n ­

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

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

E v i d e n c e  o f  t h i s  l o s s ,  o f  oxygen  i s  f o u n d  in. t h e  p o s t - t e s t  

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

i n g  c y c l e  f o r  96 2 . 0 6 0  and 9 3 1 2 . 0 6 0  t o  a p p r o a c h  t h e  v a l u e s  

f o r  96 and 9 3 1 r e s p e c t i v e l y .

At h i g h  t e m p e r a t u r e s  t h e  c u r v e s  i n  f i g ,  7«09a and f i g .  •

7,09b show c o n v e r g e n c y  and c r o s s  o v e r :  t h e  96 show c r o s s  o v e r  

a t  ^  1'800°K$ t h e  931 a t  ^  1600°K, Thus  a t  h i g h  t e m p e r a t u r e s  

t h e  n o n - s t o i c h i o m e t r i c  s p e c i m e n s  show k  v a l u e s  above t h o s e  o f  

t h e  o r i g i n a l  s t o i c h i o m e t r i c  m a t e r i a l  w i t h  k  2 . 0 6 0  >  k  2 .0 3 0  >* 

k  2 . 0 0 6  >* k  2 0 0 ,  I t  i s  d i f f i c u l t  t o  o b t a i n  an. e x a c t  e x p la t i . -  

a t i o n  f o r  t h i s ,  a l t h o u g h  t h e  answ er  may l i e  i n  t h e  u s e  o f  t h e  

wrong Gp d a t a ,  i . e .  t o o  h i g h  a v a l u e  may be b e i n g  u s e d  when 

i n  f a c t  t h e  oxygen  c o n t e n t  o f  t h e  s p e c im e n  a t  a  c e r t a i n  tem ­

p e r a t u r e  demands t h e  u s e  o f  lower.  C ' d a t a ,  f u r t h e r m o r e  t h e r e
P

i s  t h e  u n c e r t a i n t y  i n  t h e  c a l c u l a t e d  G d a t a  u s e d  f o r  t h e  d i f f -
P

e r e n t  r a t i o s .  T h e se  two f a c t o r s  may b e  c o n s p i r i n g  t o  g i v e  

t o o  h i g h  k  v a l u e s  f o r  t h e  n o n - s t o i c h i o m e t r i c  s p e c im e n s*  Ev­

i d e n c e  f o r  t h i s  may be  f o u n d  i n  t h e - f a c t  t h a t  w h e r e a s  t h e  k  . 

v a l u e s  c r o s s  o v e r ;  t h e  V ’ v a l u e s  t e n d  t o  merge a t  h i g h  tem ­

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

an  e l e c t r o n i c  c o n t r i b u t i o n ,  i s  j u s t  b e c o m in g  s i g n i f i c a n t  a s  t h e  

° / u  r a t i o  b e g i n s  t o  d e c r e a s e ,  E v i d e n c e  o f  s u c h  a  c o n t r i b u t i o n
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may "be f o u n d  i n  t h e  f a c t  t h a t ,  t h o u g h  t h e  same C d a t a  was. 

u s e d  f o r  r a t i o s  o f  2*00  and 2*006 ,  k 2 , 0 6  >  k  2 . 0 0  a t  

h i g h  t e m p e r a t u r e s *

To e n a b l e  one t o  s u g g e s t  t h e  a c t u a l  m e c h a n i s m ( s )  o c c u r r i n g  

a t  h i g h  t e m p e r a t u r e s ,  one w ould  n e e d  t o  o b s e r v e  t h e  r a t e  o f  

l o s s  o f  o x y g e n  w i t h  t e m p e r a t u r e *  A p o s s i b l e  m e th o d  f o r  c o n t i n ­

u o u s  m e a s u re m e n t  o f  t h e  oxj^gen c o n t e n t  h a s  b e e n  u s e d  b y  B a te s ,  

(U-3)> who u s e d  a  s o l i d  e l e c t r o l y t e  o xygen  m e t e r  t o  c o n t i n u a l l y  

m e a s u re  t h e  w a t e r  and o x y g en  c o n t e n t  o f  h i s  a r g o n  a tm o sp h e re *

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

i c a l l y *  T h i s  h a s  t h e  d raw  b a c k  t h a t  i t  wou ld  r e q u i r e  a f l o w i n g  -  

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

i n v o l v e d  a  c l o s e d  sys tem *

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

t o  c o n v e r g e  a t  high,  t e m p e r a t u r e s  i s  due. t o  t h e  l o s s  o f  oxygen  

and  t h a t  an e l e c t r o n i c  c o n t r i b u t i o n  may a l s o  J u s t  b e c o m in g  

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

° )  Ai_gQLi.gjL»

When one e x a m in e s  t h e  r e l a t i o n s h i p  b e t  ween t h e  1AT v a l u e s :  . 

f a r  /fche n o n - s t o i c h i o m e t r i c  s p e c im e n s  and  t h e i r  0/ui r a t i o ,  i t  

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

s e c t i o n  f o r  t h e  e x c e s s ,  o x y g e n  ions,  (c£s) . S e v e r a l  a u t h o r s  have 

o b t a i n e d  a  v a l u e  f o r  i n c l u d i n g  G o l d s m i t h / D o u g l a s  ( 5 9 )  and 

G o d f r e y  e t  a l  ( h i ) *  B e f o r e  t h i s  can  be  d o n e ,  i t  i s  n e c e s s a r y  

t o  o b t a i n  1 A’ v a l u e s  f o r  t h e  2 , 0 6 0  s p e c i m e n s ,  w h ich  were n o t

g i v e n  a  r e g r e s s i o n  a n a l y s i s  a s  s l a t e d  i n  c h a p t e r  6*3® I n  e x t r a -
1 /  op o l a t i n g  t h e  ' k  r e s u l t s  f ro m  above 700 K t o  room t e m p e r a t u r e

t h e  f o l l o w i n g  v a l u e s  were  o b t a i n e d
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’ A* f o r  96 2 . 0 6 0  = 33*50  (w /cm °K )"1 ( 7 J +8 a )

1 A' f o r  9 3 1 2 . 0 6 0  = h 0 . 8 0  (w /cm °K ) ' ' i  (7.Lir8 b )

and t h e s e  have  h e e n  q u o t e d  i n  t a b l e  7*1* I t  m u s t  b e  rem em bered

t h a t  t h e s e  e x t r a p o l a t e d  v a l u e s  w i l l  c o r r e s p o n d  t o  * A* v a lu e s :

f o r  a s i n g l e  p h a s e  m a t e r i a l  (U0^+ x ) ,  .These  v a l u e s  were  u s e d  

a l o n g  w i t h  a l e a s t  s q u a r e s  a n a l y s i s  t o  o b t a i n  t h e  r e l a t i o n s h i p s  

b e tw e e n  t A1 and e x c e s s  oxygen  c o n t e n t  g i v e n  b y

A^g -  (w/em°K)~^ (7«U9&)

A9 3 x = 5*^1 t  526x (w/cm°K)~^ (7*U9h)  .

where  x  = 0//u -  2 . 0 0

T h e r e  i s  some d o u b t  a s  t o  t h e  v a l i d i t y  o f  t h i s  a n a l y s i s  s i n c e

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

a s  t h e  r e g i o n  f ro m  w h ic h  t h e y  a r e  e x t r a p o l a t e d  i s  s e e n  t o  be 

v e r y  i r r e g u l a r  ( f ig s .*  6 . 2 0 b ,  6 .2 6 b  c h a p t e r  6 . 3 ) ^ and ijg i t  i s  

u n c e r t a i n  u p t o  w hat  c o n c e n t r a t i o n  o f  e x c e s s  0 = i o n s  a l i n e a r  

r e l a t i o n s h i p  i s  a p p l i c a b l e , ,  s i n c e  t h i s  a n a l y s i s  assumes* t h a t  

t h e  e x c e s s  0 i o n s  a r e  a c t i n g  a s  i n d e p e n d e n t  s c a t t e r i n g  c e n t r e s  

ev e n  u p t o  a c o n c e n t r a t i o n  o f  3% ( i . e .  0//u  = 2 . 0 6 0 ) .  I n  f a c t

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

s c a t t e r i n g  power  may be  r e d u c e d  as  t h e i r  c o n c e n t r a t i o n  i n c r e a s e s  

( c f .  o t h e r  s o l i d  -  s o l u t i o n s  where l i n e a r  r e l a t i o n s h i p s  a p p l y  

o n l y  u p t o  s m a l l  c o n c e n t r a t i o n s ) .  Thus i t  may be  more a c c u r a t e  

t o  a p p l y  a  l i n e a r  r e l a t i o n s h i p  o n l y  f o r  t h e  r a n g e  ° A i  = 2 . 0 0  

t o  ° / u  = 2 . 0 0 6 .

However ,  i t  i s  f e l t  t h a t  t h i s  a n a l y s i s  w i l l  y i e l d  some 

u s e f u l  p a r a m e t e r s  f o r  c o m p a r i s o n  w i t h  G o l d s m i t h / D o u g l a s  ( 5 9 ) .  

who gave
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A96 =  1 ,9  + 351x  (w/om°K)-1 ( 7 . 5 0 )

T h i s  e q u a t i o n  and  e q u a t i o n s  7***8a and b h av e  "been p l o t t e d  i n  

f i g *  7*12*

An i n c r e a s e  i n  * A1 w i t h  0//u  i s  t o  he  e x p e c t e d *  a s s u m in g

a l l  o t h e r  f a c t o r s  to: he  t h e  same* s i n c e  t h e  i n c r e a s e  i n  t h e

number o f  oxygen  i o n s  w i l l  c a u s e  a c o r r e s p o n d i n g  i n c r e a s e  i n

t h e  number o f  phonon  ~ i m p u r i t y  i n t e r a c t i o n s *  G o d f r e y  e t  a l

( h i )  gave  A = 5*1 (w/cm0K)~^ as  t h e  a v e r a g e  o f  t h e i r  A v a lu e s .

f o r  ° / u s= 2*01 ;  G o l d s m i t h / D o u g l a s  gave A = 5*4 (w/cm°K)~^ f o r
o •—it h e  same r a t i o *  whereas,  f i g *  7* "12 shows. A = 8*8 (w/cm K) .

The v a l u e  i n  t h i s ,  i n v e s t i g a t i o n  is:  on. t h e  h i g h  s i d e  t h e r e f o r e *

t h e  d i f f e r e n c e  b e tw e e n  ' A l r and *A’ w i l l  be due t o  t h eyo 93
d i f f e r e n c e s ,  in.  p o r o s i t y *  g r a i n  s i z e  and i m p u r i t y  c o n t e n t  

b e t w e e n  them* From f i g *  7*'12 t h e  t h e r m a l  r e s i s t a n c e  due t o  

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

oxygen  i o n s  w i l l  be  t h e  v a l u e  o f  1 A* a t  ~ 2 * 0 0 ,  i* e *  z e r o

e x c e s s  o xygen  c o n c e n t r a t i o n *  T hese  v a l u e s  a r e  (w/cm°K)"’ 1

f o r  96 and (w/cm°K)~^ f o r  9 3 x • An a v e r a g e  phonon  s c a t t e r

i n g  c r o s s  s e c t i o n  can  be  c a l c u l a t e d  f o r  t h e  e x c e s s  oxygen  i o n s  

( o j j .  U s i n g  e q u a t i o n  7 * 2 6

k = ']!/k  = (A + BT)“ 1 = i  O’ v 1

and 1//1 ~ (7 * 5 1 )

where  ^ i s  t h e  a v e r a g e  phonon  s c a t t e r i n g  c r o s s  s e c t i o n  due  

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

i m p u r i t y *

. . A = ^ V  + *£^1 ) ( 7 . 5 2 )
V H

v/here e x c e s s  oxygen  and o t h e r  i m p u r i t i e s  have  b e e n  s e p a r a t e d
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Assuming F^ ( i m p u r i t y  c o n c e n t r a t i o n . )  t o  be  c o n s t a n t ,  and d i f f ­

e r e n t i a t i n g  w i t h  r e s p e c t  t o  Fq= e q u a t i o n  7*52 y i e l d s :

M  “ . cr l  ( 7 . 5 3 )
dN Cy ,v  ^

U s i n g  t h e  v a l u e s  q u o t e d  b y  G o d f r e y  e t  a l  ( h i )  o f  0 -  8 1 . 6 w.

s e c / m o l e  °K and v  -  h x 105 c m / s e e . ,  t h i s  e q u a t i o n  r e d u c e s .

t o  &A =r 2 . 2 8  x  10“6 q" (w/cma °K)~^ ( 7 * 5 h )
dF  os

From f i g .  7 .1 2

dA = 17.1*9 x  10“ ;̂ (w /c r r /  ° K ) “ J f o r  96,. ( 7 . 5 5 a )
dN = 2 1 . 1 8  X  10"  (w/cm* K) f o r  93 ( 7 . 5 5 b )

. Thus  = 7*67 x 1 0 " ’5 cma f o r  96 ( 7 * 5 6 a )

= 9*29 x  i < T ,5‘ cma f o r  9 3 1 (7 * 5 6 h )

These  can.  he  com pared  t o  4

G o l d s m i t h / D o u g l a s  ( 5 9 )  = 6 .3  x  10“ 15 ema

and G o d f r e y  e t  a l  (U1) = 6 .0 2  x  10“ '5 ema

The a g r e e m e n t  i s ,  t h e r e f o r e ,  q u i t e  g o o d ,  and could, p r o b a b l y  

hav e  b e e n  im p ro v ed  d e p e n d i n g  on t h e  e x t r a p o l a t e d  v a l u e s  f o r  

t h e  2 .0 6 0  s p e c im e n s  b e i n g  more a c c u r a t e l y  o b t a i n e d , ,  i . e .  more;-- 

k  m e a s u re m e n t s  above 7 0 0 °K. .

From e q u a t i o n  7*52 a  phonon s c a t t e r i n g  c r o s s  s e c t i o n  f o r  

i m p u r i t i e s  ( ^  ) c an  be  c a l c u l a t e d ;  i . e .  b y  p u t t i n g  F0= 0

L96and u s i n g  Aq(~ = h*6h (w/em°K)“ "*, F ^  i s  1'77ppni.> w h ic h  i s .

e q u i v a l e n t  t o  h *32 x  10*8 i m p u r i t i e s / c m 3*

• ^  = h*& k/ ( 2 . 2 8 ) ( h . 3 2 ) ( 1 0 ) ( 7 * 5 7 )

-  U*71 x  10“ 13 cm1 f o r  96 

( c o m p a re d  w i t h  oj- = 7 . 6 7  x  10” cm )

F o r  9 3 1 9 F7 ~ h^hppm = 1 . 1 8 x  1 0 ,s i m p s . / c m 3 , ^ 93* ~ 5*U1 

(w/cm°K)"~^ and Oq ~ 2 .0 1  x 10“ 13 cm2.



T h i s  l a s t  a n a l y s i s  i s  nob s t r i c t l y  d e f i n e d  s i n c e  no a c c o u n t  

o f  s c a t t e r i n g  by  f a c t o r s  s u c h  as. g r a i n ,  b o u n d a r i e s ,  p o r o s i t y  o r  

p o i n t  d e f e c t s  has. b e e n  c o n s i d e r e d *  i . e .  t h e  ’ A* v a l u e s  u s e d  

have  b e e n  s a i d  t o  be  due s o l e l y  t o  i m p u r i t y  s c a t t e r i n g *  However ,  

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

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

s e e n  t o  be  l e s s  e f f e c t i v e  t h a n  t h a t  due t o  t h e  i n t r o d u c t i o n  

o f  e x c e s s  i n t e r s t i a l  o x y g en  io n s *  

d )  V a r i a t i o n  o f  ,B w i t h  Q//u r a t i o

An e x a m i n a t i o n  o f  t h e  , Bt v a l u e s  f o r  t h e  n o n - s t o i c h i o m e t r i c  

s p e c i m e n s  ( t a b l e  7*1)> shows, them  t o  d e c r e a s e  s l i g h t l y  w i t h  

i n c r e a s i n g  0y/u r a t i o *  G o ld s m i th /D o u g la s .  ( 5 9 )  o b s e r v e d  t h i s  

e f f e c t  and p r e d i c t e d .  E = 0 a t  0//u  — 2 ,13>  a  f a c t  t h a t  makes  

k  i n d e p e n d e n t  o f  t e m p e r a t u r e  f o r  s p e c im e n s  w i t h  °^ \i  r a t i o s  o f  

t h i s ,  v a l u e *  Ha. s u c h  e x t r a p o l a t i o n s  a r e  p o s s i b l e  f ro m  t h e  d a t a  

i n  t a b l e  7*I> t h e r e  b e i n g  i n s u f f i c i e n t  d a t a  p o i n t s  and none 

above an  0//u r a t i o  o f  2*030 ( s e e  f i g *  7*13)*

The r e a s o n  f o r  t h e s e  , Bt v a l u e s  b e i n g  l o w e r  t h a n  t h o s e  

f o r  t h e  s p e c im e n s  o f  v a r i e d  d e n s i t i e s  may be  due t o  t h e  u s e  

o f  d i f f e r e n t  s p e c i f i c  h e a t  c u r v e s  ( c h a p t e r  h * b ) ,

i . e . .  BT = 3 ( 4-)' ' ( 7 - 5 8 )
C v  v  ' -V

/ .  ( B ) p . ( T ) . ( C v ) p . ( v ) p . ( l u ) p .  = ( B ) o / u . ( T ) „ ( O v ) o / u<( v ) o / u J [ l u ) ' o / u

( 7 . 5 9 )

w here  t h e  s u f f i x e s ’ ° ' u  a n d ' p 1 r e p r e s e n t  t h e  n o n - s t o i c h i o m e t r i c

and v a r i e d  d e n s i t y  s p e c i m e n s  r e s p e c t i v e l y * A s s u m i n g  v and 1 t o  

be  c o n s t a n t  f o r  a l l  p o r o s i t y  'and  e x c e s s  o x y g en  c o n c e n t r a t i o n s

t h e n  (Cy )p ^ (B )p  «  (Cy ) o / u , ( b ) o/ u (7 * 6 0 )
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The v a l u e s  u s e d  were

( C p ) o / u  >  (Cp )p  (7 .6 .1 )

and a s su m in g  Qg - -C ( 7 , 6 2 )

t h u s  one would  e x p e c t  ( B ) ° / u  ^  ( B)p  ( 7 *6 3 )

T h e r e f o r e ,  t h e  d i f f e r e n c e  i n  t h e  B' v a l u e s  may r e f l e c t  t h e  d i f f

e r e n c e  i n  t h e  s p e c i f i c  h e a t  c u r v e s  u s e d .



CONCLUSIONS

T h e rm a l  d i f f u s i v i t y  m e a s u re m e n t s  were  made "between 500 -  

2 5 0 0 °K o n  s p e c i m e n s  o f  v a r y i n g  p o r e  volume f r a c t i o n s ,  v a r y i n g  

o x y g e n / u r a n i u m  r a t i o s  and f o r  a s i n g l e  c r y s t a l ,  u s i n g  a l a s e r  — 

f l a s h  m e th o d  t h a t  h a s  "been w e l l  c h a r a c t e r i s e d * .

The e f f e c t  o f  p o r o s i t y

1) At low. t e m p e r a t u r e  c o n d u c t i v i t y  i s  d e s c r i b e d  b y  t h e  e q u a t i o n  .

k  -  (A +- BT) “ 1

f o r  T -< 1673°K, where  c o n d u c t i o n  i s  p r e d o m i n a n t l y  b y  phono.ns.

The .v a lu e s  o f  1 A* and a r e  r e l a t e d  t o  t h e  p o r e  volume f r a c t i o n  

( p )  b y  t h e  f o l l o w i n g  e q u a t i o n s

A -  6 ,1 6  + 30*5Up (w/cm0IC)"^ '

B -  . 0,.0208 ir O-OI^Op (w/cm)"^

where p ~ d e n s i t y  95#’ T*D* — d e n s i t y  o f  s p e c im e n
d e n s i t y  o f  95# T*D*

2 )  Above 1673°K,  t h e  k  d e v i a t e s ,  f rom  t h e  l i n e a r  f o rm  g i v e n  

above, ,  and  an  e x p o n e n t i a l  t e r m  i s .  r e q u i r e d .  Thus  t h e  c o m p le t e  

e q u a t i o n  f o r  500 — 2500°K i s  g i v e n  by

k W (A + BT)“ i + C e" 1̂ -  

w here  n = ( 1*8 + 0 , 5 ) x  1 0 /,h (°K)

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

p r o c e s s  w i t h  an a c t i v a t i o n  e n e r g y  o f  ^ 1 ,5 5  eV,

3 )  The e f f e c t  o f  p o r e  d i s t r i b u t i o n  has. an i m p o r t a n t  e f f e c t  on 

k ,  i . e .  p o r e s  on  g r a i n  b o u n d a r i e s  and a t  t r i p l e  p o i n t s  have  

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

i+) The t h e r m a l  c o n d u c t i v i t y  d e c r e a s e s  w i t h  i n c r e a s i n g  p o r e  

volume f r a c t i o n  ( p ) ,  and k  and p a r e  r e l a t e d  b y
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' k m 55 k 95 (1 ~ 

where  p  = 2 .J4-6 -  0. .70 x  10“ 3 T (T°K)

The t e m p e r a t u r e  d e p e n d e n c e  of* p was a t t r i b u t e d  t o  an i n c r e a s e  

i n  t h e  c o n c e n t r a t i o n  o f  m i c r o p o r o s i t y  w i t h  i n c r e a s i n g  p o r e  

volume f r a c t i o n ,

5 ) V a l u e s  f o r  k ^  auki Ic^qq were  c a l c u l a t e d  u s i n g  t h e  above 

v a l u e  as  f o l l o w s  :

Is. =. ( 6 , 0 7  + 2 . 0 8  x  I 0 " a T ) ~ 1 w/cm°K

k l 0 0  ”  (^* 6 5  + 2 . 0 1  x  « T *  T ) ^  w/cm°K

foi* T ^  1600°K.  T h e se  v a l u e s  a g r e e  w e l l  w i t h  o t h e r  a u t h o r s  

a l t h o u g h  t h e y  a r e  s l i g h t l y  h i g h e r .

6 )  A.Debye t e m p e r a t u r e  o f  212°K was c a l c u l a t e d  f o r  t h e  

s i n g l e  c r y s t a l  (8  = .0 2 2 6  (w /c m )” ^ ) ,  and ©^ = 221°K f o r  100$

T .D .  m a t e r i a l  (B = .0201 (w /c m )" ^ } .  S i m i l a r l y  t h e  w a v e le n g th ,

o f  IT -  p r o c e s s e s  was c a l c u l a t e d  as  1 1 .2 5  -  5 .6 3  A f o r  1000 -

2000°K. ’

The e f f e c t  o f  n o n - s t o i c h i o m e t r y

7)  E n h a n cem en t  o f  t h e  t h e r m a l  c o n d u c t i v i t y  i s  o b s e r v e d  a t  h i g h

t e m p e r a t u r e s  f o r  a l l  n o n - s t o i c h i o m e t r i c  s p e c im e n s *  T h i s  i s

due t o  t h e  s p e c im e n s  l o s i n g s o x y g e n  and t h u s  t o  t h e  u s e  o f  0  ■
P

v a l u e s  w h ic h  a r e  t o o  h i g h .  I t  i s  f e l t  t h a t  some e l e c t r o n i c

c o n t r i b u t i o n  may be o c c u r r i n g  a t  t h e  same t im e  a s  oxygen  i s

b e i n g  l o s t .

8 )  In. t h e  e q u a t i o n  k  = (A -1- BT)™^ t h e  f o l l o w i n g  r e l a t i o n s h i p s  

f o r  were  o b t a i n e d

A = h . 6 h  + Uh6x f o r  t h e  96 b a t c h

. and  A = 5*^-1 .+ 526x . f o r  t h e  93x  b a t c h
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v*here x  = 0//u  r a t i o  -  2 %

9 )  Mean phon o n  s c a t t e r i n g  c r o s s  s e c t i o n s  w ere  c a l c u l a t e d  f o r  

e x c e s s  o x y g en  i o n s  ( )  and  f o r  o t h e r  i m p u r i t i e s  (w£} 

as  f o l l o w s

= 7 - 6 7  x 1 0 - * 5 cm'1, f o r  t h e  96 h a t c h

and 9*29 x  1 0 ~ ,s cm2 f o r  t h e  93X h a t c h

= l | ,71  x  10~13 cnf  f o r  96 (IT. = 177ppni)
1*3

and  2.01'  x  10 cm2 f o r  95^(N^ = UShppm)

Thus  s c a t t e r i n g  b y  e x c e s s  oxygen  i o n s  i s  much l a r g e r  t h a n  

s c a t t e r i n g  b y  o t h e r  i m p u r i t y  a to m s .



SUGGESTIONS FOR FUTURE WORK

1) A more q u a n t i t a t i v e  a n a l y s i s  i s  r e q u i r e d  r e l a t i n g  t h e  t h e r m a l  

r e s i s t i v i t i e s  o f  p o res ,  on g r a i n  b o u n d a r i e s  and  a t  t r i p l e  p o i n t s  

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

2 )  More c o m p r e h e n s iv e  c y c l i n g  m e a s u r e m e n t s  s h o u l d  b e  made i n  

o r d e r  t h a t  any  c h a n g e s  o c c u r r i n g  i n  t h e  s p e c i m e n  a t  h i g h  tem­

p e r a t u r e s  m ay .b e  d e t e c t e d .

3 )  A w i d e r  r a n g e  o f  p o r e  volume f r a c t i o n s  w o u ld  e n a b l e  more 

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

!+) A m e th o d  f o r  m e a s u r i n g  t h e  s p e c i f i c  h e a t  , v a l u e s  o f  t e s t  

s p e c i m e n s ;  e s p e c i a l l y  t h e  n o n - s t o i c h i o m e t r i c  o n e s  w ould  e n a b l e  

more r e l i a b l e  c o n d u c t i v i t y  d a t a  t o  be  c a l c u l a t e d *  O t h e r w i s e

a  d i r e c t  m e th o d  f o r  m e a s u r i n g  t h e  c o n d u c t i v i t y  o f  t h e  h y p e r -  

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

5)  More d e t a i l e d  c h a r a c t e r i s a t i o n  o f  t h e  h y p e r s t o i c h i o m e t r i c  

s p e c i m e n s  b e f o r e  and a f t e r  t e s t i n g -  w ou ld  im prove  t h e  s u b s e q u e n t  

a n a l y i s  o f  t h e  d a t a .  To t h i s  end  more s p e c i m e n s  s h o u l d  be  

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

a l s o  f o r  more d e t a i l e d  c y c l i n g  d u r i n g  t e s t i n g  t o  be  p e r f o r m e d .

6)  Some m e th o d  o f  m o n i t o r i n g  t h e  gas. c o n t e n t  o f  t h e  s y s t e m  

d u r i n g  t e s t i n g  w ould  e n a b l e  t h e  r a t e  o f  l o s s  o f  oxygen  b y  t h e — - 

h y p e r s t o i c h i o m e t r i c  s p e c i m e n s  a t  h i g h  t e m p e r a t u r e s  t o  be  

c a l c u l a t e d .  T h i s  w ou ld  e n a b l e  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  

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

v a l u e s *

7) More work is: r e q u i r e d  f o r  UO  ̂ to: c a l c u l a t e  s u c h  p a r a m e t e r s  

as  t h e  a b s o r p t i o n  c o e f f i c i e n t  (c<) and t h e  r e f r a c t i v e  i n d e x

( n )  i n  o r d e r  t h a t  p r e c i s e  k^  v a l u e s  c a n  be  o b t a i n e d .  S i m i l a r l y  

more h i g h  t e m p e r a t u r e  work  i s  r e q u i r e d  i n  d e t e r m i n i n g  e l e c t r o n
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and h o l e  m o b i l i t i e s .  T h i s  w ou ld  e n a b l e  a  more e x a c t  a n a l y s i s -  

o f  t h e  h i g h  t e m p e r a t u r e  h e a t  t r a n s f e r  m echan ism  w i t h i n .  UO^ 

t o  be  made*

8)  On t h e  a n a l y s i s  s i d e , ,  t h e  u s e  o f  a m e th o d  t h a t  can  d e t e c t  

w h e t h e r  t h e  s p e c im e n s  hav e  gone h y p o s t o i c h i o m e t r i c  w ould  be  

a d v a n ta g e o u s *
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