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properties of uranium dioxide is presented. The following studies were under
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—· the preparation of big single crystals using large sintered cylinders made 

by slip casting; 
—- the observation in the optical microscope of the structure of U4O9 precipi

tates in UO2+X with various oxygen contents; 



the observation of antiphase boundaries in thin foils of U4O9 by trans
mission electron microscopy; 

the measurement of the thermal conductivity of stoichiometric and slightly 

oxidized UO2 in the temperature range between 4.2 and 300 °K; 

the study of the eleclrical conductivity, Hall effect and thermoelectric 

the observation of antiphase boundaries in thin foils of U4O9 by t rans
mission electron microscopy; 

the measurement of the thermal conductivity of stoichiometric and slightly 
oxidized UO2 in the temperature range between 4.2 and 300 °K; 
the study of the electrical conductivity, Hall effect and thermoelectric 
power as a function of composition and temperature : these results favour 
an electronic conduction mechanism in UÜ2+a; by small polarons; 
the study of some aspects of motion phenomena of uranium and oxygen 
ions in UO2; this includes t h e determination of the diffusion coefficients for 
the uranium235 ion in stoichiometric UO2, the activation energies for 
migration of uranium point defects and oxygen interstitials and the activ
ation energy for reorientation of oxygen interstitials; 

the measurement of the magnetic susceptibility of U02+a crystals with 
0 < χ < 0.25 a t temperatures ranging from 90 to 300 °K and magnetic 
fields between 7 and 11 kOe. 
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SUMMARY 

Further progress in the investigation of different fundamental physical 
properties of uranium dioxide is presented. The following studies "were under
taken : 
— the preparation of big single crystals using large sintered cylinders made 

by slip casting; 
— the observation in the optical microscope of the structure of U4O9 precipi

tates in UO2+2; with various oxygen contents; 
— the observation of anti-phase boundaries in thin foils of U4O9 by trans

mission electron microscopy; 
— the measurement of the thermal conductivity of stoichiometric and slightly 

oxidized UO2 in the temperature range between 4.2 and 300 °K; 
— the study of the electrical conductivity, Hall effect and thermoelectric 

powrer as a function of composition and temperature : these results favour 
an electronic conduction mechanism in UO2+X by small polarons; 

—· the study of some aspects of motion phenomena of uranium and oxygen 
ions in UO2; this includes the determination of the diffusion coefficients for 
the uranium-235 ion in stoichiometric UO2, the activation energies for 
migration of uranium point defects and oxygen interstitials and the activ
ation energy for reorientation of oxygen interstitials; 

— the measurement of the magnetic susceptibility of UO2+2; crystals with 
0 < x < 0.25 a t temperatures ranging from 90 to 300 °K and magnetic 
fields between 7 and 11 kOe. 
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1 . PREPARATION 

A l l t h e s i n g l e c r y s t a l s used in t h e d i f f e r e n t s t u d i e s have been p r e p a r e d 

by t h e s u b l i m a t i o n method u s i n g U0 2 w i t h n a t u r a l u r a n i u m i s o t o p e c o n t e n t . The 

g r o w t h p rocess has been d e s c r i b e d in d e t a i l i n t h e f i n a l r e p o r t s o f t h e f i r s t and 

second y e a r o f s t u d y . T h e r e f o r e , o n l y a few m o d i f i c a t i o n s wh i ch were i n t r o d u c e d , 

e s p e c i a l l y t o grow l a r g e r c r y s t a l s ^ w i l l be r e p o r t e d . 

The s i n g l e c r y s t a l s are p r e p a r e d by v a p o r i z a t i o n o f U0 2 f r o m t h e i n t e r i o r 

o f a c y l i n d e r o f s i n t e r e d U 0 2 , f o l l o w e d by c o n d e n s a t i o n o f t h e U02 v a p o u r on a 

c o o l e d t u n g s t e n s h e e t . The U0 2 i t s e l f i s used as a c o n t a i n e r and as a h e a t i n g e l e 

men t . D u r i n g t h e f i r s t t w o y e a r s o f s t u d y p ressed c y l i n d e r s o f U0 2 (5 cm long and 

2 cm t h i c k ) were u s e d . As t h e s i z e o f t h e c r y s t a l s depends m a i n l y on t h e s i z e o f 

t h e c y l i n d e r , l a r g e r c y l i n d e r s (42 mm d i a m e t e r , 17 mm b o r e and 63mm l e n g t h , 

w e i g h i n g 440 g) have been made by a m o d i f i e d s l i p - c a s t i n g t e c h n i q u e . To p r e p a r e 

t h e U02 s l i p , aga te j a r s c a n n o t be used because o f u n a v o i d a b l e i n t r o d u c t i o n o f 

i m p u r i t i e s d u r i n g m i l l i n g (up t o 300 ppm S i 0 2 ) . The s l i p was t h e n p r e p a r e d by v i 

b r a t i o n , t h e s t i r r e r b e i n g made o f u r a n i u m m e t a l . In t h i s way one a v o i d s t h e i n 

t r o d u c t i o n o f i m p u r i t ' e s . Very l a r g e h i g h q u a l i t y s i n g l e c r y s t a l s have been grown 

in t h i s way . About 100 g o f c r y s t a l s o f s u i t a b l e s i z e a re o b t a i n e d i n one o p e r a t i o n , 

The 0 /U r a t ' o o f t h e as -g rown c r y s t a l s v a r i e s i n most cases be tween 2 . 0 0 2 
and 2 . 0 0 7 , i f s t a r t i n g f r o m U0 2 c y l i n d e r s o b t a i n e d by s i n t e r i n g i n pu re h y d r o g e n . 

The c o m p o s i t i o n o f t h e s e c r y s t a l s can a f t e r w a r d s be v a r i e d e i t h e r by r e 

d u c t i o n in pure hyd rogen at a round I 4 0 0 C ( i n t h i s case n e a r l y s t o i c h i o m e t r i c c r y s 

t a l s a re o b t a i n e d ) o r by f u r t h e r o x i d a t i o n , , As r e p o r t e d i n t h e second f i n a l r e p o r t 

a s i m p l e and r e l i a b l e method has been d e v e l o p e d a l l o w i n g t he p r e p a r a t i o n o f s i n g l e 

c r y s t a l s w i t h c o m p o s i t i o n s up t o 0 /U = 2 . 2 5 . T h i s was a c h i e v e d by a c o n t r o l l e d 

o x i d a t i o n o f U0 2 c r y s t a l s in an oxygen a tmosphere g e n e r a t e d by t h e t h e r m a l d i s s o 

c i a t i o n o f U^Og. 

Two p r o c e d u r e s have been used : 

- t h e c o n s t a n t t e m p e r a t u r e method 

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

a) The constant temperature method 

I f U02 and U3Ûg a re hea ted s i m u l t a n e o u s l y in vacuum up t o a f i x e d t empe

r a t u r e , UjOg w i l l decompose. The oxygen l i b e r a t e d by t h e d e c o m p o s i t i o n o f U3Ûg i s 

d i s t r i b u t e d between t h e s o ; i d U 0 2 + x phase and i t s e q u i l i b r i u m gas p h a s e . 

One has : 

a U0 2 + b U30g > (a + 3b i U 0 2 + x + c 0 2 
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The oxygen e q u i I i b r i um p r e s s u r e s f o r U 0 2 + x as a f u n c t i o n o f t e m p e r a t u r e and compo

s i t i o n a re a v a i l a b l e f r o m l i t e r a t u r e . 

The U0 2 s i n g l e c r y s t a l s and a c a l c u l a t e d amount o f U3Ûg a re i n t r o d u c e d 

i n t o t h e same vacuum f u r n a c e . The l a t t e r i s f i r s t evacua ted w h i l s t h e a t i n g up t o 

800
C

'C, and t h e n s h u t o f f f r o m t h e pumps. The t e m p e r a t u r e i s nex t r a i s e d t o I 4 0 0 ° C , 

t h e h e a t i n g r a t e b e i n g abou t 2 ' C m i n

' . 

b) The constant pressure method 

Two zones o f d i f f e r e n t i n d e p e n d e n t t e m p e r a t u r e are c r e a t e d in a c l o s e d 

t u b e . Zone I c o n t a i n s t h e U0 2 s i n g l e c r y s t a l s and zone 2 t h e υ 5 0 3 powder . In t h i s 

c a s e , t h e oxygen p r e s s u r e i s d e t e r m i n e d by t h e t e m p e r a t u r e o f zone 2 o n l y . I n s t e a d 

o f w o r k i n g a t low t o t a l p r e s s u r e , an i n e r t gas ( a rgon o r h e l i u m ) i s i n t r o d u c e d i n 

t h e f u r n a c e up t o a p r e s s u r e o f a few hundred t o r r . T h i s makes t h e use o f k n i f e 

edge s e a l s and o t h e r s p e c i a l vacuum m a t e r i a l s u p e r f l u o u s . The p a r t i a l oxygen p r e s 

s u r e can n o t be measured d u r i n g t h e e x p e r i m e n t , bu t t h e e q u i l i b r i u m oxygen p r e s s u 

res o v e r U 0 2 + x as r e p o r t e d by CHAPMAN and MEADOWS [ l ] a g a i n showed t o be q u i t e 

re I i ab l e . 

The two methods p r o v e d t o be s u i t a b l e f o r t h e p r e p a r a t i o n o f c r y s t a l s o f 

c o m p o s i t i o n up t o U 0 2 > 2 5 . A p r e c i s i o n o f 0 . 0 2 can be o b t a i n e d f o r x i n r o u t i n e 

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

F u r t h e r m o r e . , a n o t h e r method has been worked out by w h i c h i t i s p o s s i b l e 

t o o x i d i z e U0 2 i n oxygen at 1700 C u s i n g T a  S i based a l l o y s as a c r u c i b l e m a t e r i a l . 

I t has been f o u n d t h a t a f t e r an o x i d a t i o n t o t h e c o m p o s i t i o n U0 2 2 j a t I 7 0 0 ° C , 

f o l l o w e d by q u e n c h i n g in l i q u i d n i t r o g e n a s i n g l e phase m a t e r i a l U 0 2 + x i s o b t a i n e d , 

2 , STRUCTURAL INVESTIGATION BY OPTICAL MICROSCOPY 

The m o r p h o l o g y o f t h e U 4 0 g p r e c i p i t a t e s in U 0 2 + x has been s t u d i e d by 

o b s e r v a t i o n o f p o l i s h e d and s t a i n  e t c h e d s u r f a c e s of o x i d i z e d U0 2 c r y s t a l s i n t h e 

o p t i c a l m i c r o s c o p e . The e x p e r i m e n t a l c o n d i t i o n s under w h i c h t h i s i n v e s t i g a t i o n i s 

c a r r i e d o u t can be summar i zed as f o l l o w s . S i n g l e c r y s t a l s o f U0 2 were o x i d i z e d t o 

v a r i o u s oxygen e x c e s s e s u s i n g t h e s i n g l e o r t w o oven m e t h o d . The c i r c u m s t a n c e s 

u n d e r w h i c h p r e c i p i t a t i o n o c c u r s have a c e r t a i n i m p o r t a n c e . T h e r e f o r e , t h e c o o l i n g 

r a t e a f t e r o x i d a t i o n a t I400
C

C is g i v e n In F i g . I . The samples were p o l i s h e d on 

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

method o f AMBLER and SLATTERr' [ 2 ] . The p r o c e d u r e i s a s ' f o l l ows . The p o l i s h e d sam

p l e i s immersed in h y d r o g e n p e r o x i d e 30 % u n t i l t h e c o l o u r o f t h e e t c h e d s u r f a c e 

becomes b l u e  r e d ' . a f t e r abou t 2 m i n . . The sample i s i m m e d i a t e l y r i n s e d w i t h ho t 

w a t e r and d r i e d . In g e n e r a l , t h e p r e c i p i t a t e s appear l i g h t on a d a r k b a c k g r o u n d , 

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

l i t t l e t o o f a r . 
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The set of micrographs (F ig . 2 ah ) shows the morphology of the U40g 

prec ip i ta ted in U02+x fo r various values of x. From these micrographs, the f o l l o 

wing observations can be made. 

1 ' At low oxygen excess, i . e . χ < 0.0Ì5, U40g prec ip i ta tes c l ea r l y at 

l a t t i c e defects . Micrograph 2 a (x = 0.013) shows nearly continuous p rec i p i t a t i on 

at the subgrain boundaries. 

2* With increasing oxygen excess, i . e . χ > 0.015, the second phase 

p rec ip i ta tes highly ordered, and marking of grain boundaries by p rec i p i t a t i on of 

U40g was no longer observed ; micrograph 2 i shows a grain boundary in U02 Q5> 

which can only be seen by the d i f ference in o r ien ta t ion of the p rec ip i t a tes , and 

the d i f fe rence in etching, colour of the two regions,, 

The p rec ip i t a t i on of U40g in the range from χ  0.015 to χ = 0.07 was 

spec ia l l y s tud ied , in t h i s range the U40g prec ip i ta tes as p la te le ts : see micro

graph 2 b ( x = 0 .04) . Micrographs 2 j , k and I show these p la te le t s as seen in 

{100}, {110} and { I I I } planes. Combining these three micrographs, i t can eas i l y 

be stated that these p la te le ts are exc lus ive ly oriented in the { i l l } d i r e c t i o n . 

3* When the oxygen excess increases from χ  0.07 to x  0.25, the 

morphology of the prec ip i ta tes changes gradual ly to a more complex network : see 

micrographs 2 c and d (X = U02#0g
 a n d U 0

2 . I I
 }
 ·

 T h e
 coherence w i th the o r i g i n a ! 

U02 l a t t i c e becomes more and more unclear, and at x = 0.12 (micrograph 2 e ) bands 

of U40g s ta r t forming. These bands grow broader and broader wi th increasing oxygen 

excess : see micrographs 2 f and g. At χ = 0.23 only isolated islands of U02 re 

main (micrograph 2 h ) whi le at χ = 0.25 (U40g) the second phase has completely 

d isappeared. 

4* Some c rys ta l s were pol ished, oxidized and d i r e c t l y etched. This 

revealed a remarkable surface e f f e c t . P rec ip i t a t i on in the outermost layers to a 

depth of about 10 microns seemed t o be qu i te d i f f e ren t from p r e c i p i t a t i o n in the 

bulk ma te r i a l . Micrographs 2 m , η and o show these surface p rec ip i t a t i ons in the 

{100}, {110} and { i l l } planes. The c rys ta l s are the same as f o r micrographs 2 j . 

k and I (x = 0.056). 

The e f fec t of reactor i r r a d i a t i o n on the behaviour of U40g p rec ip i ta tes 

a f te r various doses has also been studied by observation in the op t i ca l microscope. 

Two i r r a d i a t i o n experiments were undertaken on U02+x/U40g c rys ta l s of d i f f e r e n t 

compos i t ion. 

a) A c rys ta l of composition U02 056
 n a s

 been i r rad ia ted in the BRi reactor at. a 

temperature of 80° C to an integrated f l ux of about ¡.7 χ ¡O
19

 thermal neutrons. 

F ig . 3 shows the c rys ta l before i r r a d i a t i o n , F ig , 4 a f te r i r r a d i a t i o n . The 

s t ruc ture of the U40g network is d e f i n i t e l y more coarse : the t h i n edges of 

the p la te le t s did dissolve and prec ip i ta ted on the th i cker par ts . 

- 11 
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b) Two c r y s t a l s o f compos i t ion U02 Q 2 6 n a v e been i r r a d i a t e d i n the BR2 reac to r t o 
an i n t e g r a t e d f l u x o f about 10^0 thermal neu t rons . One sample was mainta ined 
between 133 and I59°C, the o the r one between 321 and 4 I9°C. 

F i g . 5 shows a micrograph of the s t r u c t u r e before i r r a d i a t i o n . A f t e r 
i r r a d i a t i o n both c r y s t a l s showed t o be s ing le-phased ; hence, no p r e c i p i t a t e s of 
U4O9 cou ld be de tec ted by o p t i c a l microscopy. Anneal ing exper iments and i r r a d i a 
t i o n s on c r y s t a l s of o the r compos i t ions are in progress t o learn more about the 
broadening of t he s o l i d s o l u b i l i t y range of oxygen in U0 2 + x du r ing i r r a d i a t i o n . 

3 . STRUCTURAL INVESTIGATION BY ELECTRON MICROSCOPY 

The purpose of t h i s study is t o present e l e c t r o n microscopic evidence 
f o r t he presence of an t i - phase boundaries in U40g s ing le c r y s t a l f o i l s . 

The s i n g l e c r y s t a l f o i l s were prepared by the chemical t h i n n i n g of U40g 
s i n g l e c r y s t a l s made by c a r e f u l l y c o n t r o l l e d o x i d a t i o n of U02 s i n g l e c r y s t a l s . 
The chemical t h i n n i n g was performed by means of hot or thophosphor ic ac id using a 
dev ice developed by KIRKPATRICK et al [3] . 

I t has a l ready been suggested e a r l i e r t ha t needle-shaped p r e c i p i t a t e s of 
U40g in o x i d i z e d U02 might c o n t a i n p e r i o d i c an t i -phase boundaries [4] . The p r e 
sent evidence suggests the ex i s tence of non -pe r i od i c domain boundaries in U40g . 

The exact c r y s t a l s t r u c t u r e of U40g is s t i l l somewhat in doubt a l though 
i t is now g e n e r a l l y accepted t h a t i t i s c l o s e l y re la ted t o t h a t of U02 and can be 
de r i ved f rom t h i s las t s t r u c t u r e by the sys temat i c i n s e r t i o n of oxygen ions in 
the i n t e r s t i c e s of the ca l c i um f l u o r i d e type s t r u c t u r e of U0 2 . Since not a l l c r y s 
t a l l og raph ic e q u i v a l e n t i n t e r s t i c e s are f i l l e d in t h i s process, the i n s e r t i o n can 
be achieved in severa l a l t e r n a t i v e ways. As a r e s u l t one can imagine the f o rma t i on 
of domains due t o the f a c t t h a t in d i f f e r e n t pa r t s of the U02 host s t r u c t u r e the 
i n s e r t i o n of oxygen ions may s t a r t accord ing t o a d i f f e r e n t scheme. More s p e c i f i 
c a l l y , the uranium d i o x i d e s t r u c t u r e can be considered as a cub ic c lose-packed 
arrangement of uranium ions w i t h 0-atoms in the t e t r a h e d r a l i n t e r s t i c e s . Since N 
spheres g ive r i s e t o 3 N i n t e r s t i c e s (2 N t e t r a h e d r a l and N oc tahedra l ones) the 
i n s e r t i o n of Ι N oxygen ions ( i n the N remaining i n t e r s t i c e s ) can be achieved in 
at leas t f o u r d i f f e r e n t ways, whatever arrangement is used. We s h a l l present e v i 
dence f o r the occurrence of at least f o u r types o f domains. 

The evidence is con ta ined in p i c t u r e s such as F i g . 6 where domain w a l l s 
are c l e a r l y v i s i b l e as broad f r i n g e p a t t e r n s . I t should be emphasized t h a t the 
d i f f r a c t i o n p a t t e r n cor respond ing t o F i g . 6 on ly reveals the presence of a s i n g l e 
c r y s t a l of U40g. The f r i n g e pa t t e rns t h e r e f o r e do not mark g r a i n boundar ies . The i r 
curved nature suggests very s t r o n g l y t h a t they are due t o an t i -phase boundaries 
r a t h e r than t o s t a c k i n g f a u l t s . Th is is f u r t h e r supported by t he remark t h a t the 
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boundaries on ly show up c l e a r l y when r e f l e c t i o n s c h a r a c t e r i s t i c of the U40g super -
l a t t i c e are s t r o n g . 

The presence o f t r i p l e po in ts suggests t ha t there should be at least 
th ree d i f f e r e n t ways of c o n s t r u c t i n g the U40g s t r u c t u r e in the U02 host s t r u c t u r e . 
The d e t a i l s of the f r i n g e pa t te rns at t r i p l e po in ts a lso support the hypothes is of 
the domain w a l l s and f u r t h e r suggest t h a t t h e r e are presumably f o u r d i f f e r e n t f i l 
l i ng Scheines. We s h a l l show t h i s now by d i scuss ing the f r i n g e p a t t e r n of F i g . 6 
and F i g . 7. 

I t i s c l e a r t h a t the f r i n g e s are r a the r broad ; a lso t he re are only one 
or at most two f r i n g e s . Th is is a consequence of the f a c t t h a t the e x t i n c t i o n d i s 
tances assoc ia ted w i t h the s u p e r l a t t i c e r e f l e c t i o n s are very l a r g e . As a r e s u l t 
the f r i n g e pa t t e rns are reduced t o t he c e n t r a l f r i n g e wh ich , depending on the s i gn 
of s i n α ία = 27Ïg.R ; g is the d i f f r a c t i o n v e c t o r ; R is the d isp lacement v e c t o r ) 

is e i t h e r b r i g h t or dark [ 5 ] , I t is o f i n t e r e s t t o note tha t the f r i n g e s at the 

two t r i p l e po in t s are as shown s c h e m a t i c a l l y in F i g . 8, Let us assume t h a t the 

t r a c e s (a) are at the t op and t h e r e f o r e (b) at the bot tom. Wi th t h i s assumption we 

can determine f o r the f o u r domains invo lved in F i g . 7 the sense of the s lope of the 

w a l l s and hence the sense of the d isp lacement vec to rs f o r the f i v e w a l l s . I t i s 

c l e a r t h a t at a t r i p l e po in t the t h ree domains must be d i sp laced one r e l a t ' i v e t o 

the o t h e r . One can cone lude t h e r e f o r e t h a t I 4 I I 4 I I I . The s lope of the wal Is Í I ) 

and (4) being in the same sense ( i . e . I l l being in both cases the bottom p a r t ) but 

the f r i n g e p a t t e r n being never the less d i f f e r e n t , i t is concluded t h a t IV 4 1, and 

s ince moreover I I 4 I I I 4 IV we conclude t h a t at least f ou r d i f f e r e n t arrangements 

are i n v o l v e d . I t is easy t o see t h a t t h i s reasoning leads t o the same conc lus i on 

i f i t is assumed t h a t (a) is the bottom t r a c e . The same conc lus ion is reached when 

cons ide r i ng the e q u a l l y s l o p i n g w a l l s ( I ) and ( 4 ; ; i f I and IV were packed accor 

d ing t o the same scheme the s igns of s i n α would be oppos i te f o r (2) and (5) and 

hence the nature of the c e n t r a l f r i n g e would be d i f f e r e n t which is not the case . 

The last argument is v a l i d on ly i f (<X|) and !cc4) are d i f f e r e n t f rom π. 

The obse rva t i ons descr ibed here suggest a poss ib le e x p l a n a t i o n f o r some 

of the d i f f i c u l t i e s which have been encountered in de termin ing the c r y s t a l s t r u c 

t u r e of U40g. Any s i n g l e c r y s t a l d i f f r a c t i o n method w i l l only y i e l d a s t a t i s t i c a l 

s t r u c t u r e , i . e . the average p o s i t i o n of the Oatoms in oc tahedra l p o s i t i o n s in the 

d i f f e r e n t domains. 

4. SURFACE ENERGY OF STOICHIOMETRIC U02 

A r t i f i c i a l pores have been c rea ted i ns ide s i n g l e c r y s t a l s of U02 by p r e 

c i p i t a t i o n and d i s s o c i a t i o n of UN. These c r y s t a l s have been annealed f o r 200 h at 

16001700°C. The e q u i l i b r i u m shape of the pores remains unchanged a f t e r 5 h of an

n e a l i n g . Measurements of the shape of these "nega t i ve c r y s t a l s " have been c a r r i e d 
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out, and calculations have been made using the equations given by NELSON [6], 

If a pore takes the form of a regular polyhedron consisting of eight 

{ill} and six {100} faces, such as shown in Fig. 9, it is possible, by minimizing 

the total free energy expression : 

r 

γα A _ , h k | A : 

t o o b t a i n t h e e q u i l i b r i u m r e l a t i o n 

1 = ' (43 γ " ι /γΙΟΟ _ , , 
a VT 

i n w h i c h a i s t h e d i s t a n c e between o p p o s i t e { 1 0 0 } f a c e s , and b t h e s i d e of t h e 

s q u a r e { I 00 } f a c e . 

C a r e f u l measurements o f some hundred pores, between 10 and 35 \l i n d í a 

mete r , c u t by a { 1 0 0 } p l a n e ( F i g . 1 0 a ) and by a { i l l } pi ane ( F l g . l O b ) , a l l owed 

γ { ! 0 0 } 

t h e c a l c u l a t i o n o f t h e r a t i o 1— · 

γ { Μ ΐ } 

A v a l u e o f 1.19 ± 0 . 0 2 f ound by t h e s e measurements is in f a i r agreement 
w i t h t h e t h e o r e t i c a l v a l u e o f 1.152 c a l c u l a t e d f o r t h e f . c . c . s t r u c t u r e by 
MACKENZIE [ 7 ] . 

The same c r y s t a l has been annea led at I400°C f o r 100 h in an oxygen 

p r e s s u r e c o r r e s p o n d i n g t o t h e c o m p o s i t i o n U0 2 2 Q ( s i n g l e phase U 0 2 + x ) . A f t e r t h i s 

t r e a t m e n t t h e po res r e g a i n e d a pure s p h e r i c a l shape , i n d i c a t i n g a p e r f e c t i s o t r o 

p i c s u r f a c e e n e r g y f o r s i n g l e phase U0 2 2 Q , v h i c h looses t h e c h a r a c t e r i s t i c a n i s o -

t r o p y o f t h e f . c . c . s t r u c t u r e . 

5 . LOW TEMPERATURE THERMAL CONDUCTIVITY 

5.1. Introduction 

The t h e r m a l c o n d u c t i v i t y o f U02 s i n g l e c r y s t a l s has been measured f r o m 

4 . 2 t o 3 0 0 ° K . The r e s u l t s o b t a i n e d f o r s t o i c h i o m e t r i c U02 a re compared w i t h t h o s e 

o f U0 2 c o n t a i n i n g a s l i g h t oxygen excess and w i t h t h o s e o b t a i n e d by BETH0UX e t a l . 

[ 8 ] w i t h a s i n t e r e d p o l y c r y s t a l . 

5 . 2 . Method of measurement and app l i ed t echn iques 

The c l a s s i c s t a t i o n a r y method has been used. The f r e e end of t h e sample 

i s h e a t e d w i t h a c o n s t a n t and known c a l o r i f i c power. Th is heat is absorbed by t h e 

samp le h o l d e r w h i c h i s f i x e d t o t h e o t h e r end o f the c r y s t a l . The heat f l u x passing 
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l e n g t h w i s e t h r o u g h t h e sample b u i l d s up a t e m p e r a t u r e g r a d i e n t w h i c h i s m e a s u r e d . 

Knowing t h e d i m e n s i o n s o f t h e s a m p l e , one can t h u s c a l c u l a t e i t s t h e r m a l c o n d u c 

t i v i t y . The samples are o f t h e p a r a ! ! e I op iped shape w i t h square b a s i s o f 2 mm 

s i d e and 10 mm l e n g t h , 

In o r d e r t o be a b i e t o p e r f o r m measurements w i t h o u t h a v i n g t o s t a b i l i z e 

t h e t e m p e r a t u r e , t h e t e c h n i q u e o f HOLLAND e t a ! [ 9 ] has been a p p l i e d . T h i s c o n 

s i s t s in r e c o r d i n g s i m u l t a n e o u s l y a ' I t h e m a g n i t u d e s t o measure , c o n v e r t e d
 T

n t o 

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

t i a l d i f f e r e n c e p roduced at t h e t e r m i n a l s o f a d i f f e r e n t i a l t h e r m o c o u p l e i s mea

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

mes i n f e r i o r t o Ι μν ) i s a m p l i f i e d and r e c o r d e d t h r o u g h a Kei th ?·/■ mie r o v o l t m e t e r . 

The sample i s s u p p l i e d w i t h a c o n s t a n t c a l o r i f i c power t h r o u g h an e l e c t r i c r e s i s 

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

h e a t i n g r e s i s t a n c e and t h e v o l t a g e d r o p caused at t h e t e r m i n a l s o f a known r e s i s 

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

c a l o r i f i c power . F u r t h e r m o r e , t h e a b s o l u t e t e m p e r a t u r e i s a l s o d e t e r m i n e d by r e 

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

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

sample h o l d e r and o f w h i c h t h e o t h e r i s kep t at a r e f e r e n c e t e m p e r a t u r e . B e f o r e 

b e i n g r e c o r d e d a l l t h e s e v o l t a g e s a re a d j u s t e d by means of v o l t a g e d i v i d e r s , so 

t h a t t h e y can be r e c o r d e d in a same measurement s c a l e ( f r o m 0 t o 10 mV)„ i t may 

be n o t i c e d t h a t when t h e a b s o l u t e t e m p e r a t u r e i s b e i n g s t a b i l i z e d , i t can a l s o be 

measured w i t h t h e a i d o f a gas t h e r m o m e t e r ' t h i s has been done r o r t e m p e r a t u r e s 

be low 5 0 " K ) . 

The measurements can t h u s be done in a c o n t i n u e d way w h i i e t h e t e m p e r a 

t u r e i n c r e a s e s o r d e c r e a s e s . T h i s a l l o w s t o p e r f o r m a l a r g e number o f measurements 

w i t h i n a r e l a t i v e l y s h o r t t i m e '.10 measurements in one h o u r , o r even m o r e ; . Due t o 

v a r i a t i o n o f t h e a b s o l u t e t e m p e r a t u r e , a t e m p e r a t u r e g r a d i e n t i s p roduced in t h e 

sample even when i t does no t r e c e i v e any c a l o r i f i c powe r . T h e r e f o r e , t h e p o t e n t i a l 

d i f f e r e n c e o f t h e d i f f e r e n t i a l t h e r m o c o u p l e w i t h and w i t h o u t h e a t i n g must be r e 

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

p o r t i o n a l t o t h e p a r t i a l g r a d i e n t p roduced by t h e c a l o r i f i c powe r . 

5«3t Description of the apparatus 

The c r y o s t a t
 ;

s s c h e m a t i c a l l y p r e s e n t e d in F i g . I I . Two s i n g l e c r y s t a l s 

( a ) a re s i m u l t a n e o u s l y u s e d . They a re f i x e d upon a c o p p e r sample h o l d e r w h i c h
 :

s 

in good t h e r m a l c o n t a c t w i t h t h e gas t h e r m o m e t e r : b .» The t e m p e r a t u r e g r a d i e n t o f 

t h e samples i s measured w i t h a eh rome ! / g o l d  c o b a i t ( 2 . 1 1 %; d i f f e r e n t ' a ! t he rmo

c o u p l e . The m e a s u r i n g chamber '. c J c o v e r e d i n a n o n  i n d u c t i v e way w i t h a h e a t i n g 

r e s i s t a n c e ( i ) i s b e i n g f
;
x e d i n s i d e o f a second chamber I d ) i s o l a t i n g i t f r o m t h e 

r e f r i g e r a n t í k ; . The space be tween t h e two rooms '. c ; and ' d ; may be put under 
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vacuum o r f i l l e d w i t h gaseous he I i urn at t h e p r e s s u r e w a n t e d . When a pushed vacuum 

i s r e a l i z e d be tween t h e chambers ( c ) and ( d ) , t h e o n l y c o n t a c t be tween t h e measu

r i n g chamber ( c ) and t h e r e f r i g e r a n t í k ) i s composed o f a s t a i n l e s s s t e e l t u b e (mi 

w h i c h o f f e r s a h i g h t h e r m a l r e s i s t a n c e . So, i t i s easy t o i n c r e a s e t h e t e m p e r a t u r e 

o f t h e m e a s u r i n g room above t h a t o f t h e r e f r i g e r a n t by s u p p l y i n g a low e l e c t r i c 

power t o t h e r e s i s t a n c e l i ) . When s u p p l y i n g a c o n s t a n t power , t h e t e m p e r a t u r e o f 

t h e m e a s u r i n g chamber may be s t a b i l i z e d a t any v a l u e w a n t e d . The chamber ( d ) and 

t h e j u n c t i o n box ( e ) where t h e ch rome l w i r e s o f t h e d i f f e r e n t i a l t h e r m o c o u p l e s are 

w e l d e d t o t h e c o p p e r w i r e s l e a d i n g t o t h e a m p l i f i e r s , a re ¡mmerged i n t o t h e r e f r i 

g e r a n t ( k ) c o n t a i n e d i n a dewar i f ) . When t h e r e f r i g e r a n t i s l i q u i d he I i urn o r n i 

t r o g e n , t h e o u t e r dewar ( g ) i s f i l l e d w i t h l i q u i d n i t r o g e n . 

F i g . 12 g i v e s a d e t a i l e d v i e w o f t h e moun t i ng o f t h e samples i n s i d e o f 

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

f o r m e a s u r 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 , t w o a d d i t i o n a l samp les ( f ) and (g ) o f 

i d e n t i c a l c o m p o s i t i o n and d i m e n s i o n s as t h e t w o f i r s t o n e s , a re suspended t o t h e 

samp le h o l d e r by t h i n g o l d - c o b a l t w i r e s . These w i r e s are c o u p l e d t o a c h r o m e l w i r e 

( i ) t o compose a d i f f e r e n t i a I t h e r m o c o u p l e between ( f ) and ( g ) . The sample ( f ) i s 

a l s o c a r r y i n g a h e a t i n g r e s i s t a n c e . T h i s d e v i c e has been r e a l i z e d t o p e r m i t measu

rement o f t h e c a l o r i f i c power d i s s i p a t e d by t h e sample f o r a s e t t e m p e r a t u r e d i f 

f e r e n c e be tween t h e samp le and t h e m e a s u r i n g chamber . T h i s a l l o w s us t o c o r r e c t 

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

100°K and c a n , t h e r e f o r e , be c o m p l e t e l y n e g l e c t e d . 

The c o n n e c t i o n box ! e ) w h i c h i s immerged i n t o t h e r e f r i g e r a n t p e r m i t s t o 

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

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

t h e a m p l i f i e r . At t e m p e r a t u r e s be low l i q u i d n i t r o g e n , t h e c o n n e c t i o n box i s d i p p e d 

i n t o t h e l i q u i d he I i urn, so as t o e l i m i n a t e a l l t h e p a r a s i t i c p o t e n t i a l s . 

5 . 4 . Other t e c h n o l o g i c a l p r o p e r t i e s of the appara tus 

The g o l d - c o b a l t / ch rome l t h e r m o c o u p l e has been chosen i n s t e a d o f t h e 

c o u p l e g o l d - c o b a l t / c o p p e r because o f t h e much lower t h e r m a l c o n d u c t i v i t y o f c h r o 

mel a g a i n s t t h a t o f c o p p e r . In t h i s way, t h e d e v i a t i o n between t h e t e m p e r a t u r e o f 

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

i s f i x e d , i s r educed t o a maximum ' t h e w i r e s used are very t h i n : 75 m i c r o n s ) . 

M o r e o v e r , t h e c h r o m e l a l s o has a h i g h e r a b s o l u t e t h e r m o e l e c t r i c power t h a n t h a t o f 

coppe r . 

Two samp les ' a i and ( c i ' F i g . 1 2 ) , mounted on t h e sample h o l d e r ( e ) , a r e 

used t o r educe as much as p o s s i b l e t h e t h e r m o e l e c t r i c power p roduced by t h e p a r a 

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

c a r r y i n g a d i f f e r e n t i a ! t h e r m o c o u p l e . These t h e r m o c o u p l e s are p l a c e d in s e r i e s in 
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such a way t h a t t h e g r a d i e n t s o r i g ' n a t i n g f r o m t h e a b s o l u t e t e m p e r a t u r e v a r i a t i o n 

p roduce o p p o s i t e t h e r m o e l e c t r i c powers» As t h e i r a b s o l u t e v a l u e i s a l m o s t e q u a ! , 

t h e t o t a l p o t e n t ' a l r e s u l t i n g f r o m t h e p a r a s i t i c g r a d i e n t i s r a t h e r s m a l ! . Only 

one sample i s measu red . T h e r e f o r e , t h e h e a t i n g c u r r e n t i s o n l y s u p p M e d t o t h e 

r e s i s t a n c e l b ) o f ( a ) , whereas t h e r e s i s t a n c e ' .d i o f ' i c i does not r e c e i v e any c u r 

r e n t . D u r i n g t h e h e a t i n g o f ( a ) t h e c o m p e n s a t i o n o f t h e p o t e n t i a l due t o t h e p a r a 

s i t i c g r a d i e n t a l s o o c c u r s . A s i m i l a r p r o c e d u r e i s r e a l i z e d w i t h t h e samp les ! f ) 

and ( g ) . 

Two t y p e s o f h e a t i n g r e s i s t a n c e s have been u s e d . F i r s t , a g r a p h i t e l a y e r 

has been u s e d , w h i c h was o b t a i n e d by r u b b i n g t h e s m a l l s u r f a c e o f t h e f r e e end o f 

t h e sample a g a i n s t a p i e c e o f g r a p h i t e , and by remov 'ng t h e e x c e s s w i t h a f i l t e r 

p a p e r . The r e s i s t a n c e t h e n o b t a i n e d v a r i e s between I and 10 ΚΩ (on a s u r f a c e o f 

4 m m 2 ) . W h i l e h e a t i n g powers o f t h e o r d e r o f ! 00 μw are used , t h i s p e r m i t s t o use 

v e r y low c u r r e n t i n t e n s i t i e s . On t h e o t h e r h a n d , t h i s h e a t i n g r e s i s t a n c e i s in p e r 

f e c t t h e r m a l c o n t a c t w i t h t h e sample ; m o r e o v e r , i t does not i n c r e a s e t h e s u r f a c e 

of t h e s a m p l e , so t h a t t h e r m a l l o s s e s are reduced t o a min imum. F i n a l l y , i t s t h e r 

mal and m e c h a n i c a l i n e r t n e s s are p r a c t i c a l l y n i l , so t h a t t h e t h e r m a l e q u i l i b r i u m 

i s very soon reached and t h e m e c h a n ; c a ' v i b r a t i o n s have l i t t l e e f f e c t . However , 

t h i s method has t w o d i s a d v a n t a g e s . F i r s t , t h e w r r e s , a r e d i f f i c u l t t o f i x t o t h e 

f r e e end o f t h e sample and have a t e n d e n c y t o d i s c o n n e c t e a s i l y . On t h e o t h e r hand 

when t h e e l e c t r i c r e s i s t a n c e o f t h e sample i s no t s u f f i c : e n t ! y h i g h , t h i s c a u s e s a 

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

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

c r y s t a l ( s i z e s 7 χ 2 x 0 . 5 mm5 i' we lded t o t h e f r e e end o f t h e s a m p l e . Upon t h i s 

s l a b a t h i n l a y e r o f n i c h r o m e has been p r e v i o u s l y d e p o s i t e d by e v a p o r a t i o n . C o n t a c t 

w i r e s a re s o l d e r e d i n t o two s m a l l h o l e s at each end o f t h e p l a t e . A l t h o u g h t h T s 

s o l u t i o n i s l e s s p e r f e c t t h a n t h e f i r s t one in v i e w o f t h e i n e r t n e s s and t h e t h e r 

mal l o s s e s , i t n e v e r t h e l e s s g i v e s good r e s u l t s and does not show t h e e r r o r s o f t h e 

f o r m e r . 

5 . 5 . Exper imenta l r e s u l t s 

The t h e r m a l c o n d u c t i v i t y o f a U02 s i n g l e c r y s t a l has been measured b e f o r e 

and a f t e r c o m p l e t e r e d u c t i o n . On a n o t h e r s i n g l e c r y s t a l r t has been measured a f t e · -

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

Some c h a r a c t e r i s t i c s o f t h e c r y s t a l s used in t h i s i n v e s t i g a t i o n a re g i v e n 

i n T a b l e I . The c o m p o s i t i o n s o f t h e samp les are e v a ' u a t e d f r o m t h e i r e l e c t r i c a : 

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

E l e c t r i c a l E v a l u a t i o n 
C r y s t a l T r e a t m e n t c o n d u c t i v i t y o f 0 /U Curve number 

ohm cm r a t i o i n F i g . 13 

I b e f o r e r e d u c t i o n 1.7 χ I O - 3 > 2 . 0 0 1 I 

1 a f t e r r e d u c t i o n 1.7 χ I O - 5 < 2 . 0 0 1 2 

2 a f t e r r e d u c t i o n 2 . 5 x I O - 6 < 2 . 0 0 1 3 

The t h e r m a l c o n d u c t i v i t y measurements have been p e r f o r m e d f r o m 4C t o 

3 0 0 ° K . The e x p e r i m e n t a l r e s u l t s a re shown i n F i g . 13 ( c u r v e s I , 2 and 3 ) . Curve 4 

o f t h i s d i a g r a m c o r r e s p o n d s t o measurements made by BETH0UX e t a l [ 8 ] on a s p e c i 

men o f s i n t e r e d U0 2 o f a p p a r e n t d e n s i t y 9 . 9 7 and f o r w h i c h t h e a u t h o r s a d m i t t e d a 

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

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

w h o l e t e m p e r a t u r e r e g i o n . A maximum in t h e t h e r m a l c o n d u c t i v i t y i s f ound a t 6 . 2 ° K . 

A f t e r a s l i g h t o x i d a t ' o n t h e 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 m a r k e d l y at very low 

t e m p e r a t u r e s . The maximum i n t h e r m a l c o n d u c t i v i t y of t h e reduced c r y s t a l i s about 

t e n t i m e s h i g h e r t h a n t h i s o f t h e s l i g h t l y o x i d i z e d o n e . M o r e o v e r , t h i s maximum i 

s h i f t e d t o w a r d s h i g h e r t e m p e r a t u r e s f o r t h e s l i g h t l y o x i d i z e d spec imen I f r o m 6 . 2 ° K 

t o I 2 ° K ) . 

The e q u a t i o n w h i c h r e l a t e s t h e t h e r m a l c o n d u c t i v i t y w i t h t h e phonon mean 

f r e e p a t h i s we I I known : 

I 
k = — c ν I 

3 

H e r e , 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 , c t h e s p e c i f i c h e a t , ν t h e sound v e l o c i t y 

(~ 4 . 2 x 1 0 ^ cm s ~ ! f o r U0 2 ) and I t h e phonon mean f r e e p a t h . 

Us ing t h e e x p e r i m e n t a l d a t a 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 b t a i n e d on t h e 

o x i d i z e d and reduced c r y s t a l s and t h e hea t c a p a c i t y d a t a [ 1 0 ] , t h e phonon mean f r e e 

p a t h has been c a l c u l a t e d . In F i g . 14 t h e c a l c u l a t e d I v a l u e s a re p l o t t e d v e r s u s t h e 

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

6, ELECTRICAL PROPERTIES 

6 . 1 . I n t r o d u c t i o n 

When s t o i c h i o m e t r i c U02 i s s l i g h t l y o x i d i z e d t h e e x c e s s oxygen e n t e r s 

i n t e r s t i t i a l p o s i t i o n s i n t h e l a t t i c e . The a d d i t i o n a l oxygen atoms may be d i s t r i 

s 
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buted e i t h e r at random, forming the U0 2 + x phase, or in an ordered way forming the 

U40g s u p e r s t r u c t u r e . 

In U0 2 + x the excess i n t e r s t i t i a l s are doubly nega t i ve l y charged i o n s . 

The i n t r o d u c t i o n of these 0~"~ ions r e s u l t s in a convers ion of nearby U ions i n t o 

one U or two \P
+
 i ons . At absolute zero these holes are bound t o the i n t e r s t i 

t i a l excess oxygen i o n . At normal or h igher temperatures an apprec iab le number of 

these holes become f r e e and w i l l c o n t r i b u t e t o the e l e c t r i c a l p type c o n d u c t i v i t y 

in the presence of an app l ied ex te rna l e l e c t r i c f i e l d . The number of f r e e holes 

is as usual found from FermiDi rac s t a t i s t i c s and i t is one of the purposes of the 

undertaken research t o f i n d es t imates f o r the i o n i z a t i o n e n e r g i e s . Th is i n v o l v e s , 

in p a r t i c u l a r , the necess i t y f o r a very s t r i c t and c a r e f u l c o n t r o l of the compos i 

t i o n , du r ing the measurements, which is e s p e c i a l l y d i f f i c u l t t o r e a l i z e at h igher 

temperatures due t o the very low oxygen e q u i l i b r i u m vapour p ressu re . 

In U40g on the o ther hand, e l e c t r i c a l c o n d u c t i v i t y is η type but a r i ses 

a lso i f the compos i t ion dev ia tes from s t o ich i omet ry. Excess e l e c t r o n s can now be 

produced by the removal of oxygen ions from the U40g l a t t i c e , c o n v e r t i n g adjacent 

\P ions t o U i ons . The U ions assoc ia ted w i t h the oxygen vacancies can be 

cons idered as donors . 

I t is we l l known t h a t band theory does not descr ibe c o r r e c t l y the e l e c 

t r o n i c p r o p e r t i e s of a number of compounds, e s p e c i a l l y oxides and i on i c c r y s t a l s . 

Th is is due t o the f a c t t h a t the i n t e r a c t i o n between the conduct ion e l e c t r o n s and 

the phonons is very important in these compounds and plays an e s s e n t i a l r o l e . 

Two important cases can be d i s t i n g u i s h e d in t h i s r espec t , depending on 

the magnitude of the th ree d imens iona l pe r i od i c p o t e n t i a l V ( r ) , exper ienced by the 

e l e c t r o n i f the l a t t e r would not induce a p o l a r i z a t i o n . 

a) The p o t e n t i a l V ( r ) is weak but the e leet ronphonon I n t e r a c t i o n is not a sr.ai Í 

p e r t u r b a t i o n . In t h a t case an e f f e c t i v e mass approach can be used but the p o l a 

r i z a t i o n induced by the e l e c t r o n c o n t r i b u t e s t o the i n e r t i a of the system 

( r e s u l t i n g in an e f f e c t i v e mass d i f f e r e n t from t h a t in the case w i t hou t p o l a r i 

z a t i o n ) and lowers i t s energy. Th is case has been t r e a t e d w i t h a cont inuum po

ta ron . 

b) I t i s a lso poss ib le t h a t the p o t e n t i a l V i r i ' is "strong
1
* ( s t r o n g l y bound e l e c 

t r o n s ) . The s t a r t i n g po in t then is a l o c a l i z e d s t a t e of the e l e c t r o n ! L .C .A .O . 

app rox ima t i on ) . The i n t r o d u c t i o n of the e Iect ronphonon i n t e r a c t i o n then causes 

a f u r t h e r l o c a l i z a t i o n of the e l e c t r o n . The small over lap between the wave 

f u n c t i o n s of the e l e c t r o n at ne ighbour ing s i t e s induces t r a n s i t i o n s of the e l e c 

t r o n between d i f f e r e n t s i t e s which invo lve muitiphonon processes at h igh tempe

ra tu re ( "hopp ing" mechanism). The l o c a l i z e d e l e c t r o n s t oge the r w i t h t h e i r i n d u 

ced l a t t i c e p o l a r i z a t i o n are c a l l e d "smal l p o l a r o n s " . 
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F o r m a l l y t h e cases a) and b) a re on ly d i f f e r e n t i n t h a t i n t h e i r H a m i I 

t o n i a n t h e e n e r g y o f t h e e l e c t r o n in t h e u n p o l a r i z e d l a t t i c e i s w r i t t e n d i f f e r e n t 

l y . In case a) t h e p o t e n t i a l V i r i i s accoun ted f o r by i n t r o d u c i n g an e f f e c t i v e 

mass i n t h e k i n e t i c e n e r g y t e r m . ;n case l b ) t h e p o t e n t i a l V ( r ) has t o be t r e a t e d 

s e p a r a t e l y . In s p i t e o f t h e f o r m a ! s i m i l a r i t y o f bo th cases many p r o p e r t i e s o f t h e 

compounds a) and b .' a re t o t a l l y d i f f e r e n t . In p a r t i c u l a r t h e m o b i l i t y behaves as 

μ|_" 'β
 n ( t ) / k

' for l a r g e p o l a r o n s . hco 's t h e e n e r g y o f an o p t i c a l phonon) and as 

μ 5 ■:■ e
  T

|h( i ) /kT for s m a | | p o l a r o n s , where η i s r e l a t e d t o t h e c o u p l i n g s t r e n g t h 

be tween e l e c t r o n s and phononsc 

T y p i c a l compounds o f t h e t y p e a) a re t h e a l k a I i h a l o g e n ides and t h e s i l 

v e r h a l o g e n i d e s . Type b) m a t e r i a l s a re m o s t l y o x i d e s w h i c h r e c e n t l y have been s t u 

d i e d i n t e r m s o f t h e s m a l l p e l a r o n c o n c e p t . Many o x i d e s ( e . g . t r a n s i t i o n m e t a l 

o x i d e s ) have a t r e n d f o r a s m a l ! o v e r l a p be tween t h e wave f u n c t i o n s o f c o n d u c t i o n 

e l e c t r o n s on n e i g h b o u r i n g s i t e s . So in s t u d y i n g U02 s i n g l e c r y s t a l s we t o o k i n t o 

a c c o u n t t h e p o s s i b i l i t y o f h a v i n g a s t r o n g p o t e n t i a l V ( r ) . As t h e s e o x i d e s and 

e s p e c i a l l y U0 2 a re l a r g e l y o f t h e i o n i c t y p e , a s t r o n g e l e e t r o n  p h o n o n i n t e r a c t i o n 

can r e s u l t and t h e r e f o r e we e x p e c t e d U0 2 t o be long t o t h e c l a s s o f compounds d e s 

c r i b e d sub b ) . 

In o r d e r t o o b t a i n 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 e l e c t r o n i c c o n d u c t i o n 

mechan ism i n U 0 2 , e x p e r i m e n t s 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 , t h e t h e r m o e l e c t r i c 

power and t h e H a l l e f f e c t i n U02 were u n d e r t a k e n on U0 2 s i n g l e c r y s t a l s o f w e l l 

d e f i n e d c o m p o s i t i o n . 

6 2 , R e s i s t i v i t y and Hall e f f e c t measurements 

6 „ 2 „ 1 . Experimental procedures 

The f o u r p robe method o f VAN DER PAUW [ i l ] has been used t o d e t e r m i n 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 and t h e H a l l c o e f f i c i e n t . The samples have t h e shape 

o f smal I p l a t e l e t s o f 4 χ 4 mm w ' t h a t h i c k n e s s of abou t 300 \lm. The Hal I v o l t a g e 

w h i c h has t o be d e t e c t e d i s e x t r e m e l y s m a l l . The H a l l s i g n a l i s measured by a dc 

t e c h n i q u e i n a s t a t i c m a g n e t i c f i e l d o f 8 , 0 0 0 Gauss , u s i n g a D i e s e l h o r s t p o t e n 

t i o m e t e r , a g a l v a n o m e t e r a m p i
r
f 1 e r and a K i p p M i c r o g r a p h r e c o r d e r . W i t h t h i s s e t 

u p , we a re a b l e t o d e t e c t Hai i v o l t a g e s as low as a few m i c r o v o l t s and even a few 

t e n t h s o f a m i c r o v o l t , ' f t h e r e s i s t a n c e o f t h e sample does not exceed 10 ΚΩ . 

6,2„2* Results and discussion 

C o n d u c t i v i t y d a t a o b t a i n e d on c r y s t a l s w i t h 0 /U r a t i o s s m a l l e r t h a n 

2 . 0 0 1 a r e shown i n F i g» !5 0 U = 2 . 0 0 1 i s t h e maximum s e n s i t i v i t y o f t h e c h e m i 

c a l a n a l y s i s ; t h e e x a c t c o m p o s i t i o n o f t h e s e samples can t h e r e f o r e no t be g i v e n ) . 

In t h e t e m p e r a t u r e r e g i o n between :20
s
 and 3 0 0 ° K , log 0" depends l i n e a r l y on t h e 

 2 0 

D/327/66 



inverse tempera tu re . The values of the a c t i v a t i o n energy, c a l c u l a t e d f rom the 

s lope of the curves vary between 0.22 and 0.26 eV. At temperatures h igher than 

300'K the log 0" curves dev ia te g r a d u a l l y from the l i n e a r behav iour . 

C o n d u c t i v i t y measurements have a lso been performed on more ox i d i zed 

c r y s t a l s . F i g . 16 g ives the complete set of c o n d u c t i v i t y data of c r y s t a l s w i t h 

0/U r a t i o s ranging from < 2.001 up t o 2 . 1 8 , As shown by observa t ions in the e l e c 

t r o n microscope, a l l the c r y s t a l s w i t h 0/U > 2.001 are in the two phase r e g i o n . 

C r y s t a l 8 c l e a r l y shows a more rap id r i s e in c o n d u c t i v i t y above 200
3
C. From the 

phase diagram of U02 , i t can be deduced t h a t the phase boundary between U0 2 + x 

and U0 2 + x + U40g_y is s i t u a t e d around 200°C f o r a composi t ion 0/U = 2.007 ; t he 

break in the c o n d u c t i v i t y curve t h e r e f o r e corresponds t o a phase t r a n s i t i o n . For 

c r y s t a l s w i t h 0/U r a t i o s between 2.05 and 2.18 the U0 2 + x s i n g l e phase reg ion is 

at much h igher temperatures ι around 950°K f o r χ = 0 . 0 5 ) . The Ha l l c o e f f i c i e n t of 

a c r y s t a l w i t h 0/U ~ 2.00 1 has been measured at temperatures ranging f rom room 

temperature up t o 400°C ' F i g . 17). I t can be no t i ced t h a t the Ha l l c o e f f i c i e n t 

shows an anomalous behaviour in t h i s temperature range : below 50"C the Ha l l c o e f 

f i c i e n t is nega t i ve , whereas heat ing above 100'C r e s u l t s i n t o a change t o p type 

c o n d u c t i o n . I t i s be l ieved t h a t t h i s behaviour is due t o a su r face e f f e c t . Even 

at low temperature a h i gh l y ox id i zed su r face layer is r a p i d l y formed on U02 by 

d i f f u s i o n of oxygen from the sur round ing atmosphere i n t o the l a t t i c e . The su r face 

r e g i o n , probably having the U40g._y s t r u c t u r e i n  t y p e ) , may form an i nve rs i on layer 

on the bu lk m a t e r i a l . Th is view is supported by the f a c t t ha t the same U02 go I 

c r y s t a l became p type at room temperature a f t e r a shor t reduc t ion w i t h hydrogen 

at 800°C. Another argument is t h a t the reversa l of s
T
gn occurs around !00"C, a 

temperature where we know from the anneal ing exper iments en quenched U0 2 + x c r y s 

t a l s (see t h i s r e p o r t ; t h a t the i n t e r s t i t i a l oxygen becomes mobi le in the l a t t i c e . 

So i t can be assumed t h a t heat ing up t o about 100'C causes an homogene i zat i on of 

the excess oxygen in the l a t t i c e , thereby e l i m i n a t i n g the su r face e f f e c t . 

In o rder t o avoid t h i s anomalous e f f e c t , Ha l l c o e f f i c i e n t measurements 

have been c a r r i e d out on a s l i g h t l y reduced c r y s t a l i χ < 0.001) in the tempera ture 

range between 200° and 550"C. The Ha! ' m o b i l i t y of holes ' c a l c u l a t e d us ing the 

usual fo rmu la μΗ = RH χ σ i is shown in F i g , ! 8 . Not 'ce tha t the Ha I I mob ; I i t y
 ;

n ~ 

creases e x p o n e n t i a l l y w i t h t empera tu re . At 200°C μΗ is equa! t o about 

4 x I O
_ 2

c m
2
V

 l
s

_ l
 , whereas at 550'C μΗ equals : .2 χ I0~

!
 cm

2
V"

¡
 s~ '' . The m o b i l i t y 

a c t i v a t i o n energy deduced f rom the s iope of the curve corresponds t o about 0 . 12 eV. 

The a c t i v a t i o n energy assoc ia ted w i t h the c o n d u c t i v i t y is found t o be equal t o 

0.22 eV. 

The Ha l l c o e f f i c i e n t of c r y s t a l s w i t h composi t ion U02 gg and U02 ¡g 

shows a lso a reve rsa l of s
:
g n around 100 C ( F i g . 19 and 2 0 ) . The samples used here 

are in the two phase region : the ptype U0 2 + x phase and the η type U40g , phase 

are both p resen t . From the appearance of η type conduct ion below 100 C i t has t o 
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be c o n c l u d e d t h a t e i t h e r n e g a t i v e l y c h a r g e d c u r r e n t c a r r i e r s , r e l e a s e d f r o m t h e 

oxygen v a c a n c i e s o f t h e U 40g p r e c i p i t a t e s p r e d o m i n a t e at low t e m p e r a t u r e , o r t h a t 

t h e m o b i l i t y o f t h e e l e c t r o n s i s much h i g h e r t h a n o f t h e h o l e s ; b o t h e f f e c t s can 

o f c o u r s e c o n t r i b u t e . On h e a t i n g t w o phenomena may happen : I ) t h e oxygen v a c a n 

c i e s i n t h e U 40g l a t t i c e a re p resumab ly f i l l e d by m i g r a t i n g oxygens ( a n n e a l i n g 

e f f e c t ) and 2 ) by f u r t h e r i n c r e a s i n g t e m p e r a t u r e s t h e U40g p r e c i p i t a t e s d i s s o l v e 

g r a d u a l l y due t o t h e i n c r e a s i n g oxygen s o l u b i l i t y i n t h e U0 2 l a t t i c e . 

C r y s t a l s w i t h O/U = 2 . 1 4 and 2 . 1 5 a re p - t y p e i n t h e vho le t e m p e r a t u r e 

range ( F i g . 21 and 2 2 ) . The H a l l c o e f f i c i e n t d e c r e a s e s e x p o n e n t i a l l 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 , t h e a s s o c i a t e d a c t i v a t i o n ene rgy b e i n g e q u a l t o 0 . 1 0 and 0 . 0 9 eV 

r e s p e c t i v e l y . The H a l l m o b i l i t y i s o f t h e o r d e r o f I O - 2 c m 2 V _ ' s ~ ' a t room t e m p e r a 

t u r e . 

In F i g . 23 t h e H a l l m o b i l i t y o f c r y s t a l s w i t h 0 /U r a t i o s v a r y i n g between 

2 . 0 5 and 2 . 1 5 i s r e p r e s e n t e d v e r s u s t h e r e c i p r o c a l t e m p e r a t u r e . On ly t h e s e v a l u e s 

have been p l o t t e d where t h e s i g n o f t h e H a l l c o e f f i c i e n t i n d i c a t e s t h a t t h e samp les 

a r e i n t h e p - t y p e r e g i o n . The H a l l m o b i l i t y i n c r e a s e s e x p o n e n t i a l l y w i t h t e m p e r a 

t u r e , t h e a c t i v a t i on e n e r g y b e i n g w i t h i n t h e range 0 . I I - 0 . 1 4 eV (Tab le I I ) . 

TABLE I I 

0 / U 

< 2 . 

2 , 

2 . 

2 . 

2 . 

r a t 

,00 1 

05 

10 

14 

15 

i 0 
Act i v a t i on 

f o r 
ene r 

c o n d u c t 
(eV) 

0 . 2 2 

0 . 2 2 

0 . 2 1 

0 . 2 1 

0 . 2 1 

i on 
gy 

o f 
1 on I z a t ion ene rgy 
a c c e p t o r c e n t r e s 

(eV) 

0 . 1 0 

0 .11 

0 .08 

0 .10 

0 . 0 9 

Mob 
v a t 

i 1 i t y a c t i -
ion ene rgy 

(eV) 

0 . 1 2 

0 . 1 I 

0 . 14 

0 . 1 1 

0 . 1 2 

The Hall mobilities of the reduced crystal (0/U< 2.001) and of the more 
oxidized ones are in good approximation the same, and this in the whole temperatu
re range. One is forced to assume that the U40g precipitates act more or less as 
insulating particles in the two phase U02 | 4 and U02 15 samples and also in the 
U0 2 gg and U0 2 |g ones but after the annealing treatment resulting into p-type. 
The introduction of insulating regions In semiconductors does not influence to a 
large extent the conductivity and the Hall coefficient. In the special case of 
uniformely distributed insulated particles JURETSCHKE et al [12] found that the 
measured value of Hall mobility μ^ is related to the bulk value by 

μ Μ = μ Η (I - f/4)/(I + f/2) 

where f i s t h e f r a c t i o n o f t h e c r y s t a l vo lume o c c u p i e d by t h e s p h e r i c a l r e g i o n s . 
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For a U0 2 > |F j s p e c i m e n , where 60 % o f t h e t o t a l vo lume i s o c c u p i e d by U 4 0 g , t h i s 

wou ld r e p r e s e n t a d i f f e r e n c e o f 35 % between t h e measured and t h e r e a l H a l l m o b i 

l i t y . 

What can one c o n c l u d e now about t h e e l e c t r o n i c c o n d u c t i o n in U 0 2 + x . 

F i r s t l y , i t s h o u l d be p o i n t e d ou t t h a t t h e t h e o r y o f t h e H a l l e f f e c t i n h o p p i n g 

c o n d u c t i o n i s r a t h e r c o n t r o v e r s y . A l t h o u g h s t a r t i n g f r o m t h e same H a m i l t o n i a n , t h e 

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

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

FRIEDMAN and HOLSTEIN [ 1 3 ] , t h e H a l l m o b i l i t y o f t h e s m a l l p o l a r o n i n t h e h o p p i n g 

r e g i o n i n c r e a s e s e x p o n e n t i a l l y a t r i s i n g t e m p e r a t u r e , L a t e r t h e o r i e s by FIRSOV 

[ 1 4 ] and KLINGER [15 ] r e s u l t e d i n an e x p o n e n t i a l d e c r e a s e o f t h e H a l l m o b i l i t y . 

On t h e o t h e r hand SCHNAKENBERGH [16 ] who r e i n v e s t i g a t e d t he t h e o r y o f t h e H a l l 

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

ly a s l i g h t v a r i a t i o n o f t h e H a l l m o b i l i t y w i t h t e m p e r a t u r e . R e c e n t l y FRIEDMAN 

[ 1 7 ] p r e s e n t e d p h y s i c a l a rguments t o s u p p o r t t h e i dea t h a t t h e H a l l m o b i l i t y has 

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

Due t o t h i s c o n t r a d i c t i o n in t h e e x i s t i n g s m a l l p o l a r o n t h e o r i e s one i s 

no t i n t h e p o s i t i o n o f d e f i n i t e l y e s t a b l i s h i n g t h e t y p e of c o n d u c t i o n i n U 0 2 + x i f 

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

howeve r , i s t h e b e h a v i o u r o f t h e d r i f t m o b i l i t y deduced f r om c o n d u c t i v i t y and t h e r 

m o e l e c t r i c power measurements [ 1 8 ] [ 19 ] . The t e m p e r a t u r e dependence f o u n d he re 

can be e x p r e s s e d as μ Η α exp [ - E/kT] w h i c h i s t y p i c a l f o r s m a l l p o l a r o n s . T h e r e 

f o r e , i f t h e s m a l l p o l a r o n model r e a l l y h o l d s f o r U 0 2 + x , t h e t e m p e r a t u r e dependence 

o f t h e H a l l m o b i l i t y f o u n d by e x p e r i m e n t i s i n agreement w i t h t h e t h e o r y o f H o l s t e i n 

and F r i e d m a n . From t h e e x a m i n a t i o n o f t h e i r t h e r m o e l e c t r i c power d a t a W o l f e and 

De C o n i n c k c o n c l u d e d t o an i o n i z a t i o n e n e r g y o f abou t 0 .08 eV . By s u b s t r a c t i n g t h i s 

v a l u e f r o m t h e t o t a l a c t i v a t i o n e n e r g y f o r c o n d u c t i o n ( f o r t h e samp les used i n t h e 

H a l l e f f e c t measurements ) t h i s ene rgy i s equa l t o about 0 .26 eV i f one p l o t s 

In σΤ^ vs j a c c o r d i n g t o t h e t h e o r y o f H o l s t e i n and F i r s o v one f i n d s an a c t i v a t i o n 

e n e r g y f o r t h e d r i f t mob I I i t y o f abou t 0 . 18 eV. So' t h e Hal I mob i I i t y (Ε ~ 0 . 12 eV, 

depends t o a l e s s e r deg ree upon t e m p e r a t u r e t h a n t h e d r i f t m o b i l i t y . However , μ ^ 

does not show an a c t i v a t i o n e n e r g y equa l t o 1/3 o f t h e a c t i v a t i o n e n e r g y f o r t h e 

d r i f t m o b i l i t y as p r e d i c t e d by H o l s t e i n ' s t h e o r y . 

6 , 3 . Thermoelec t r ic power measurements 

6.3.1. Introduction 

An a p p a r a t u s f o r t h e r m o e l e c t r i c power and r e s i s t a n c e measurements has 

been c o n s t r u c t e d . Measurements have been made on s e v e r a l c r y s t a l s o f v a r i o u s 0 / U 

r a t i o s ( 0 < x < 0 . 2 5 ) as a f u n c t i o n o f t e m p e r a t u r e . U 0 2 + x shows p - t y p e c o n d u c t i v i 

t y up t o c o m p o s i t i o n s o f t h e o r d e r 0/U = 2 . 1 2 . At h i g h e r oxygen e x c e s s n - t y p e 

c o n d u c t i v i t y i s o b s e r v e d . 
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The r e s u l t o f neutron i r r a d i a t i o n and quenching has also been s t u d i e d . 

The measurements of t h e r m o e l e c t r i c power have shown t o g ive va luab le 

i n f o r m a t i o n about the nature of the conduct ion mechanism in U02 . 

6.3,2, The apparatus 

a) Method of measurement 

The measurement of the t h e r m o e l e c t r i c power (T .E .P . ) cons i s t s in the de 

ΔΕ 
t e r m i n a t i o n of a r a t i o — . Here ΔΕ is the thermal emf measured between two po in ts 

Δτ 
of the sample, which are brought at a temperature d i f f e r e n c e Δ τ . This r a t i o is de 

Τ+(Τ+ΔΤ) 

f i n e d as the t h e r m o e l e c t r i c power at the average temperature Ta = ■* · A po

s i t i v e s i g n of the T . E . P . s i g n i f i e s a p o s i t i v e vo l tage at the co ld j u n c t i o n . The 

m a t e r i a l Is then p  t y p e . 

The techn ique adopted here f o r measuring the t h e r m o e l e c t r i c power c o n s i s t s 

in s l o w l y v a r y i n g the average abso lu te temperature of the sample and ma in ta iη ing the 

tempera tu re d i f f e r e n c e as constant as p o s s i b l e . The p o t e n t i a l d i f f e r e n c e produced 

at the t e r m i n a l s of a d i f f e r e n t i a l thermocouple is measured t o c a l c u l a t e t he tempe

r a t u r e g r a d i e n t Δ τ . 

b) Description of the apparatus 

AM measurements are c a r r i e d out in a c r y o s t a t of a l l metal c o n s t r u c t i o n 

coo led by l i q u i d n i t r o g e n ( F i g . 2 4 ) . The sample ho lder is placed in the c e n t r a l t u 

be of the c r y o s t a t . Th is ho lder c o n s i s t s of two c y l i n d e r s which can be heated or 

coo led s e p a r a t e l y . Two chromelP a I ume I thermocouples are pressed w i t h the he lp of 

s p r i n g s on the su r f ace of the sample, the ends of which are in con tac t w i t h two 

copper p l a tes ( F i g . 2 5 ) . These are e l e c t r i c a l l y insu la ted but in good thermal c o n 

t a c t w i t h the two c y l i n d e r s . The con tac t between the thermocouples and the sample 

su r face was found t o be ohmic. 

A s w i t c h system ( F i g . 26) permi ts the f o l l o w i n g measurements : the two 

thermocouples s e p a r a t e l y and t h e i r d i f f e r e n c e by a T i ns l ey type po ten t iometer ; 

t he t h e r m o e l e c t r i c vo l t age by a Wayne Kerr e l ec t rome te r type M 141 and the r e s i s 

tance by a Lemousy e Iect rometerohmmeter . 

F i g . 27 g ives a general view of the apparatus . 

c) Measurement range and reproducibility 

In the ac tua l s e t  u p , measurements can be c a r r i e d out in the range 77° 

t o 450°K. The lowest temperature reached du r ing the measurements is governed by 

the r e s i s t a n c e of the sample (maximum 5 χ 10* ohm). The sma l les t de tec tab le 
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t h e r m o e l e c t r i c vo l tage is about 2μν, whereas the temperature d i f f e r e n c e can be 

measured w i t h a p rec i s i on of about 0.01 deg, 

A l l measurements are done under vacuum i lO"
5
 t o ¡ 0

 &
 mm Hg } „ Since the 

h ighest temperature of measurement is about 450 K_ o x i d a t i o n of the U02 samples 

is avo ided. 

The r e p r o d u c i b i l i t y reaches 2 t o 3 %, i t depends, in p a r t i c u l a r ^ on the 

i n s u l a t i o n and the e l e c t r i c a l s h i e l d i n g of the thermocoup'e w i res on t h e i r therma

con tac t w i t h the c r y s t a l on t h e i r thermal c o n d u c t i v i t y and a lso on the constancy 

of the re ference temperature i me l t ing i c e ; , 

R e s i s t i v i t y va lues of the samples are c a l c u l a t e d f rom the res i s t ances 

measured between two p o i n t s . Systemat ic e r r o r s in these absolu te va lues may a r i s e 

from the dimensions of the samples which are d i f f i c u l t t o es t imate c o r r e c t l y . 

The thermocouples were c a l i b r a t e d against t ab les of s tandard c h r o m e l 

alumel thermocouples [ 2 0 ] , To c a l c u l a t e the abso lu te t h e r m o e l e c t r i c power, co r ree 

t i o n s f o r the measuring w i res (chromel and a lumel ) were made. 

To check r e l i a b i l i t y f o l lowing measurements were performed ; I ) the 

t h e r m o e l e c t r i c power du r i ng two temperature runs, each w i t h a temperature g r a d i e n t 

in the oppos i te d i r e c t i o n ; 2) the t h e r m o e l e c t r i c vo l tage as a f u n c t i o n of Δτ at 

a g iven T a ; 3) the t h e r m o e l e c t r i c power once against the chromel w i res and once 

against the alumel ones. 

6,3,3, Crystal t re atments 

A l l c r y s t a l s were sandblasted t o c lean the sur face and were c a r e f u l l y 

inspected f o r i r r e g u l a r i t i e s . 

On f o u r c r y s t a l s (B, D. H and one w i t h known compos
T
t i on 0/U = 2.0023 i 

Au5 % Ta con tac t s were al ioyed by heat ing t o about 1200 C f o r I or 10 min , in 

t h i s case the measurements were done w i t h the pressure con tac ts e i t h e r app l i ed 

d i r e c t l y t o the c r y s t a l sur face or t o the a l l oyed c o n t a c t s , 

To ob ta i n near ly s t o i c h i o m e t r i c c r y s t a l s , reduc t
;
ons under hydrogen w i t h 

a pressure of 10 t o 20 cm Hg were c a r r i e d out in an U02 c r u c i b l e placed in a h igh 

frequency f u r n a c e . Temperatures of ;400'C and t imes vary ing between ¡0 and 20 min 

were used. Fu r the r reduc t ions are executed in a Ushaped quar tz t u b e , c a r e f u l l y 

evacuated and r insed w i t h hydrogen, A f t e r f i l l i n g w i t h 10 t o 20 cm Hg of hydrogen 

gas one arm of the tube con ta i n i ng the U02 sample is heated t o about 1000'C f o r 

I t o 1.5 hour . The o ther arm of the tube
 :

s immerged
 ?

n l i q u i d n i t r o g e n and serves 

as a t r a p f o r the water formed from the res idua l oxygen, A f t e r h e a t i n g , some c r y s 

t a l s of near ly s t o i c h Ι omet r
 !
c compos i t ion »vere quenched by dropp ing i n t o l i q u i d 

n i t r o g e n , Some o ther c r y s t a l s were i r r a d i a t e d in the BR: f a c i l i t y [21] . These 
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i r r a d i a t i o n s were done i n e v a c u l a t e d q u a r t z c a p s u l e s . I n t e g r a t e d t h e r m a l f l u x mea

s u r e m e n t s were made by Co d e t e c t o r s a d j a c e n t t o the c r y s t a l . 

6,3.4, Results and discussion 

a) Non-stoichiometric crystals 

F i g . 28 r e p r e s e n t s t h e t h e r m o e l e c t r i c power o f o x i d i z e d c r y s t a l s as a 

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

The c r y s t a l s w i t h c o m p o s i t i o n s between 2 .05 and 2 . 1 7 a re p  t y p e at low 

t e m p e r a t u r e s . They change t o η  t y p e c o n d u c t i v i t y at h i g h e r t e m p e r a t u r e s ( a t about 

160 'K f o r a U 0 2 i | 7 sample and a round 350°K f o r a U02 μ o n e ) . A l l c r y s t a l s w i t h 

h i g h e r oxygen e x c e s s a re η  t y p e in t h e w h o l e t e m p e r a t u r e range i n v e s t i g a t e d . 

b) Nearly stoichiometric crystals (0 < x < 0.005) 

S p e c i a l a t t e n t i o n has been drawn t o n e a r l y s t o i c h i o m e t r i c c r y s t a l s . The 

ma in r e a s o n f o r t h i s i s t h a t In t h e s e samp les t h e c o n t e n t o f t h e U40g s u p e r s t r u c 

t u r e phase i s s m a l l and hence w i l l have o n l y a m ino r i n f l u e n c e on t h e p r o p e r t i e s 

o f t h e U 0 2 + x p h a s e . 

The T . E . P . o f t h e a s  g r o w n c r y s t a l s ( 0 / U ~ 2 . 0 0 6 ) Is a lways p  t y p e . I t s 

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

ned i f t h e T . E . P . i s p l o t t e d as a f u n c t i o n o f t h e r e c i p r o c a l t e m p e r a t u r e ' F i g . 2 9 ) . 

The e l e c t r i c a l c o n d u c t i v i t y was measured o n l y f o r two as g rown spec imens at t e m p e 

r a t u r e s r a n g i n g f r o m I 10' Κ t o 300"'Κ ( F i g . 3 0 ) . 

Measurements were a l s o p e r f o r m e d a f t e r r e d u c i n g t h e as g rown c r y s t a l s . 

F i g . 31 shows T . E . P . c u r v e s o f f o u r a s  g r o w n c r y s t a l s ( d e s i g n a t e d by t h e l e t t e r s 

E, F, Η and I ) b e f o r e and a f t e r r e d u c t i o n . In F i g . 32 a l l t h e r e s u l t s o f T . E . P . 

measu remen ts on s e v e r a l r educed c r y s t a l s a re p l o t t e d . A f t e r r e d u c t i o n s t r a i g h t 

l i n e s a r e o b t a i n e d i n most c a s e s . N e v e r t h e l e s s , some o f t h e samples y i e l d s l i g h t l y 

bended l i n e s even a f t e r s e v e r a l s u b s e q u e n t r e d u c f o n s , 

c) Discussion of the T.E.P. results 

Most o f t h e p r e v i o u s T . E . P . measurements by o t h e r a u t h o r s [ 18 ] [ 22 ] [ 23 ] 

[ 2 4 ] on n e a r l y s t o i c h i o m e t r i c U02 a re r e p r e s e n t e d i n F i g . 3 3 . These c u r v e s were 

c a l c u l a t e d f r o m t h e d a t a o r i g i n a l l y p l o t t e d v e r s u s ! " . The b e s t measurements are 

t h o s e o f W o l f e and t h o s e by A ronson e t a l , ; t h e y r e f e r t o c o m p o s i t i o n s 2 . 0 0 3 and 

2 . 0 0 1 , r e s p e c t i v e l y . Some o f ou r c u r v e s are a l s o shown In t h e same g r a p h ' . the 

h i g h e s t and l o w e s t c u r v e o b t a ' n e d f o r r educed c r y s t a l s , as w e l l as t h e r e s u l t s 

f o r a s  g r o w n samp les and f o r a U0 2 ¡y o n e ) . From the f i g u r e I t can be n o t i c e d 

t h a t t h e b e h a v i o u r o f t h e d i f f e r e n t c u r v e s Is q u i t e s i m i l a r . In t h e t e m p e r a t u r e 

range f r o m 1850° t o I 7 0 ' K one can d i s t i n g u i s h t w o d i s t i n c t p a r t s . S t a r t i n g f r o m 
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h i g h t e m p e r a t u r e s , a f i r s t s t r a i g h t p a r t e x t e n d s t o between 1200° and I 0 0 0 ° K . In 

most cases t h e second p a r t can a l s o be r e p r e s e n t e d by a s t r a i g h t l i n e and e x t e n d s 

t o t e m p e r a t u r e s between 250° and Ι 7 0 Λ Κ . Measurements t o l ower t e m p e r a t u r e s were 

no t p o s s i b l e due t o t h e h i g h r e s i s t a n c e o f t h e s a m p l e s . 

The r e g i o n between 1000'' and 170° K, where t h e p l o t o f t h e T . E . P . (S) 

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

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

k U 
S = - (A + — ) 

e kT 
( I ) 

Here e Is t h e e l e c t r o n i c c h a r g e ; 

k i s t h e Bo l t zmann c o n s t a n t ; 

U i s t h e s e p a r a t i o n between t h e Fermi l e v e l and t h e edge o f t h e r e l e v a n t ene i 

gy band ; 

and A i s a c o n s t a n t w h i c h depends on t h e mechanism o f c a r r i e r s c a t t e r i n g . 

Us i ng t h e re I a t ion 

ρ = Ρ ex ρ [ - U/kT] 

e q . ( I ) can be t r a n s f o r m e d in 

k ρ 
S = - (A - In - ) 

e Ρ 

( 2 ) 

( 3 ) 

Ρ r e p r e s e n t s t h e number o f a v a i l a b l e e n e r g y l e v e l s pe r u n i t vo lume and ρ t h e num

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

The a c t i v a t i o n e n e r g y U ( I n eV) and t h e p a r a m e t e r A c a l c u l a t e d w i t h t h e 

h e l p o f f o r m u l a ( I ) f o r t h o s e spec imens w h i c h g i v e s t r a i g h t l i n e s i n t h e t e m p e r a 

t u r e i n t e r v a l are t a b u l a t e d i n T a b l e I I I . 

TABLE 

C r y s t a l 

A 

E 

F 

H 

L 

Ν 

Τ 

υ 
Mean v a l u e s 

As-g 

U(eV) 

0 . 0 6 6 

0 . 0 7 9 

0 . 0 8 3 

0 . 0 7 6 

rown 

A 

6 . 14 

5 . 0 7 

4 . 4 5 

5 . 2 2 

Red 

U!eV) ι 

0 .1 12 

0 . 0 8 6 

0 . 0 6 6 

0 . 0 4 5 

0 . 0 5 2 

0 . 0 7 4 

0 . 0 6 4 

0 . 0 7 4 

uced 

A 

6 . 2 2 

7 . 7 7 

8 . 8 5 

8 . 0 9 

8 . 2 8 

6 . 5 7 

6 . 5 7 

7 . 3 6 
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In Table IV the a c t i v a t i o n energ ies f o r conduct ion c a l c u l a t e d f rom the 

express ion 

σ = A exp [ E/kT] (4) 

are c o l l e c t e d . Some of our c o n d u c t i v i t y measurements of near l y s t o i c h i o m e t r i c 

c r y s t a l s , t o g e t h e r w i t h those of Bates, Wolfe and Karkhanavala are shown in F i g . 3 4 , 

I t can be no t i ced t h a t the σcurves d e v
:
a t e f rom l i nea r behaviour above about 

300°K. I f the small po laron theory is a p l i c a b l e t o U02 one expects the c o n d u c t i 

„ E /kT 
v ; t y σ t o be p r o p o r t

:
o n a l w

;
t h 

Τ 
3/2 

. Therefore, values of log 0"T 3 / 2 have been 

p l o t t e d versus the r e c i p r o c a l tempera tu res . 

TABLE IV 

C r y s t a l 

α 

XVI i 1 

Ν 

0 

Ρ 

S 

Τ 

U 

Asg rown 

EíeV) 

0 . 189 

0.195 

Red 

EieV)
(
 ' ' 

0.216 

0.226 

0.248 

0.275 

0.218 

0.209 

uced 

E ( e V )
! 2 ) 

0.236 

0.250 

0.274 

0.312 

0.236 

0.228 

11) c a l c u l a t e d u s ' n g O" y exp [ E / k î ] 

2 ; c a l c u l a t e d u s i n g σ Τ ^ ' '
2
 <£ exp [  Ε k τ ] 

3/2 
This is shown in Fig. 35 and 36. Using this σ J·"*- versus — dependence values of 

the activation energies for conduction have been calculated. They are also given 

in Tab le IV. 

d) Quenching of reduced, crystals 

Several reduced crystals were quenched In liquid nitrogen after heating 

to around 900°C. This thermal treatment does not change markedly the value of the 

thermoelectric power. The results obtained on three different samples 'Ν, Τ and U) 

are represented in Fig. 37, 38 and 39. in all these cases the resistance decreases, 

mainly by a factor of two isee the same figures). 

e) Neutron irradiation and annealing 

Measurements on Irradiated crystals have been started. Five crystals 

!F,I, L, Ν and 0) were submitted to thermal neutron doses varying between 7 χ 10 
14 
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and IO 1 6 nvt ( F i g . 40, 4 1 , 42, 43 and 4 4 ) . Some of them were a f te rwards annealed 
e i t h e r at a temperature of I40°C or at about 300°C. 

I t is d i f f i c u l t t o assoc ia te d i r e c t l y the change of the e l e c t r i c a l p r o 
p e r t i e s of the specimens w i t h the i n t eg ra ted thermal neutron f l u x , Very i r r e g u l a r 
r e s u l t s are found . ? 

At f i r s t s i g h t a ra the r s u r p r i s i n g behaviour of the t h e r m o e l e c t r i c power 
a f t e r i r r a d i a t i o n is o b t a i n e d . 

Indeed, a decrease of the number of f r e e holes captured in hole t r a p s 
would imply an increase o f the abso lu te value of the t h e r m o e l e c t r i c power ;however, 
a decrease is measured and in some cases a maximum appears in the c u r v e . 

Before i r r a d i a t i o n the e l e c t r i c a l c o n d u c t i v i t y Is a complete s t r a i g h t 
l i n e over about f i v e decades in the h ighe r temperature reg ion . At lower t empe ra tu 
res a bending t o h igher values is near ly always found . As suggested by ACKET [25] 
t h i s bending at low temperatures can be exp la ined on the assumption of η- type im
p u r i t y c o n d u c t i o n . Th is hypothes is cou ld not be conf i rmed by our t h e r m o e l e c t r i c 
power measureirrents on u n i r r a d i a t e d c r y s t a l s due t o the high res i s t ance of t he sam
ples at low tempera tu res . However, the behaviour of the t h e r m o e l e c t r i c power a f t e r 
i r r a d i a t i o n might be exp la ined by c o n s i d e r i n g the ro le played by Impur i t y c o n d u c t i o n . 

The t h e r m o e l e c t r i c power of a s i n g l e semiconductor which has two Indepen
dent groups o f charge c a r r i e r s , e . g . p- and η - t ype , w i t h c o n d u c t i v i t i e s σ and σ η 

r e s p e c t i v e l y , and such t h a t each group, i f ac t i ng a lone , would have a t h e r m o e l e c t r i c 
power Sp and Sn r e s p e c t i v e l y is 

S = -ZJL (5) 
σ ρ + σ η 

w i t h 

SD = - (A - In £ ) (6) 
p e Ρ 

k n 

S. = - IB - In - ) (7) 
n e N 

σ ρ = ρ e μ ρ (8) 

σ η = η e μ η (9) 

ρ and η are the numbers of holes and e l e c t r o n s , Ρ and Ν the cor respond ing d e n s i t y 
of s t a t e s and A and Β are cons tan ts connected w i t h the k i n e t i c energy of the charge 
c a r r i e r s . 

At low temperatures par t of the holes w i l l be t rapped a f t e r neut ron I r 
r a d i a t i o n and the " I m p u r i t y " conduc t ion becomes r e l a t i v e l y more Impor tan t , As the 

- 29 -

0/327/66 



i m p u r i t y c o n d u c t i o n i s η - t y p e , t h e t h e r m o e l e c t r i c power t e n d s t o l ower v a l u e s . The 

maximum in S t w h i c h i s c h a r a c t e r i s t i c f o r i m p u r i t y c o n d u c t i o n w i l l s h i f t t o h i g h e r 

t e m p e r a t u r e s : Indeed t h e t e m p e r a t u r e at w h i c h I t o c c u r s i s r e l a t e d t o t h e t e m p e 

r a t u r e a t w h i c h σ π ~ σ . The e f f e c t o f i r r a d i a t i o n r e a l i z e d t h i s e q u a l i t y at h i g h e r 

t e m p e r a t u r e s . T h i s e x p l a i n s why a maximum i s obse rved a f t e r i r r a d i a t i o n . 

C o n c l u d i n g t h e b e n d ' n g o f t h e c o n d u c t i v i t y c u r v e s at low t e m p e r a t u r e s 

s u g g e s t s t h e p o s s i b i l i t y o f η - t y p e ' m p u r l t y c o n d u c t i o n . T h i s h y p o t h e s i s i s c o n f i r 

med by an a n a l y s i s o f t h e t h e r m o e l e c t r i c power as a f u n c t i o n o f t e m p e r a t u r e a f t e r 

n e u t r o n i r r a d i a t i o n . A f t e r T r r a d ' a t ; o n a maximum in S^ a p p e a r s . T h i s maximum w h i c h 

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

because i r r a d i a t i o n c a u s e s a d e c r e a s e In t h e number o f h o l e s and hence enhances 

t h e e f f e c t o f i m p u r i t y c o n d u c t i o n . By i r r a d i a t i o n we have s h i f t e d t h e maximum f r o m 

an u n a c c e s s i b l e t o an a c c e s s i b l e t e m p e r a t u r e r e g i o n . 

6 . 4 . Some t h e o r e t i c a l c o n s i d e r a t i o n s ahout the conduction mechanism in U0o 

The t h e r m o e l e c t r i c power o f U0 2 i s , i n an i m p o r t a n t t e m p e r a t u r e r a n g e , 

w e l l r e p r e s e n t e d by 

II 
( 10) 

k 
= — 

e 
U 

'. A + — 
kT 

F i r s t , t h e mean ing o f t h e a c t i v a t i o n e n e r g y U w i l l be c o n s i d e r e d h e r e . 

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

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

i n d i c a t e d t o c o n s i d e r t h e same ana logue t o s t u d y t he t h e r m o e l e c t r i c power o f t h e 

low m o b i l i t y s e m i c o n d u c t o r s l i k e U 0 2 + x . 

In i o n i c c r y s t a l s t h e r e a re a t l e a s t two k i n d s o f o p p o s i t e l y c h a r g e d d e 

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

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

o f t h e d e f e c t s α i s a y an i n t e r s t i t i a l i o n ) 

δη~ δ Dr 
Υα σ α Ρ q<x D a dx °.αηα 

T h i s e q u a t i o n can a l s o be w r i t t e n as 
nclaDcx 

Ya = - £ p - qaF uS + uSi 

dx 

τ "δχ 

( I I ) 

ί 12) 

where q a 

D« 

a 

δτ: 

s t h e c h a r g e o f t h e I n t e r s t i t i a l ¡on ; 

t s d i f f u s i o n c o e f f i c i e n t : 

s t h e e l e c t r i c f i e l d s t r e n g t h ; 

s t h e a c t i v a t i o n e n e r g y f o r t h e number o f d e f e c t s ; 

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

~- r e p r e s e n t s t h e t e m p e r a t u r e g r a d i e n t . 
ox 

.,1 ι br.', no i J ' i b f 

3 0 
> " : : 
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To obtain the last term in eq. (12) one considers the ion α in its po

tential well and expresses its jump probabilities as a function of the depth of 

this well (local functions). 

The argument is similar to that leading to the second term. 

If one of the two defects α and β 'opposite charges), say β, is much 

less mobile, then the other one obtains an expression for the T.E.P. of the same 

form as (10) with 

u = u
a
 + U

S
 il3) 

The analogy would then i n d i c a t e t h a t the a c t i v a t i o n energy f o r the t h e r m o e l e c t r i c 

power in U0 2 + x is the same as t h a t f o r the e l e c t r i c a l c o n d u c t i v i t y , a r e s u l t which 

is in c o n t r a d i c t i o n w i t h exper iment . 

A s i m i l a r d i f f i c u l t y occurred in the s tudy of the e f f e c t of a t e m p e r a t u 

re g rad ien t on the m ig ra t i on of s o l u t e in a s o l i d ( thermal d i f f u s i o n , Soret e f f e c t ) 

where i t was thought on the bas is of s imple arguments t h a t t he re e x i s t e d a p a r a l l e l 

between the temperature dependence of the m o b i l i t y and the Soret e f f e c t . 

However, i f the problem is t r e a t e d w i t h the thermodynamics of i r r e v e r s i 

b le processes one a r r i v e s at the same equat ion (3) f o r γ α except t h a t U^ is r e p l a 

ced by Qa , the s o  c a l l e d heat of t r a n s p o r t . HOWARD and LIDIARD [26] d e f i n e t h i s 

heat of t r a n s p o r t thermodynamlca l ly as f o l l o w s : i f we imagine two ne ighbour ing 

pa r t s of the system ( I and I I , say) maintained at temperatures Tand Τ + dT, respec

t i v e l y , and i f one de fec t i jumps from region 1 t o reg ion I I , under c o n d i t i o n s of 

cons tan t p ressure , then Q¡ is de f ' ned as the heat absorbed by I and developed by I I 

in such a way as t o preserve t h e i r i n i t i a l t empera tu res . 

Al though thermal d i f f u s i o n in s o l i d s is not very w e l l understood some 

i n s i g h t i n t o the s ign i f i cance of Qa can be obta ined by a k i n e t i c model f o r t h e a t o 

mic jump process . Th is model was proposed by WIRTZ [ 2 7 ] , W i r t z argues t h a t the 

p r o b a b i l i t y f o r a jump of the i n t e r s t i t i a l ion from the p o s i t i o n A t o the p o s i t i o n 

Β ( at a d i f f e r e n t tempera ture) w i l l be a f f e c t e d not on ly by the s i t u a t i o n A (as 

supposed in d e r i v i n g ( I I ) but a l so by both the s i t u a t i o n in Β and between A and Β 

(so these p r o b a b i l i t i e s are non  loca l f u n c t i o n s ) . He assumes t h a t the a c t i v a t i o n 

energy U^ c o n s i s t s of t h ree par ts : UH, the energy which must be g iven t o the ion 

at A (Hemmungsenergie), Up, the energy which must be g iven t o b r i ng the ions be

tween A and Β in p o s i t i o n s which permit an easy t r a n s i t i o n from A t o Β (Rückschwin

gungsenerg ie ) . F i n a l l y , due t o the dimensions of the i n t e r s t i t i a l ion or t o s p e c i 

f i c i n t e r a c t i o n s w i t h the l a t t i c e i t i s poss ib le t h a t a l so t he neighbourhood of Β 

should be in a h igh energy c o n f i g u r a t i o n t o enable t h a t the ion is t rapped at B. 

The energy necessary t o e s t a b l i s h t h i s h igh energy c o n f i g u r a t i o n is U(_ ( L o c h b i l 

dungsenerg ie ) . 
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W r i t i n g t h e c o n d i t i o n s f o r z e r o net f l u x in t e r m s o f t h e s e d i f f e r e n t 

e n e r g i e s ( l e a d i n g t o a n o n  l o c a l jump p r o b a b i l i t y ) W i r t z f i n d s 

Q* = UH  U L ( 14 ) 

A l t h o u g h t h e argument o f W i r t z Is c r u d e , i t s t i l l i s a r e f i n e m e n t o f e q . 

( I I ) and p e r m i t s t o u n d e r s t a n d qua l I t a t i v e l y why Q* < ujf . T h e r e f o r e , t h e a p p a r e n t 

d i f f i c u l t y r e s u l t i n g f r o m ! ! 3 ) i s , a t l e a s t i n p r i n c i p l e , removed. 

From t h e s e a rgumen ts I t Is l o g i c a l t o e x p e c t t h a t t h e e x p e r i m e n t a l v a l u e 

f o r U ':s an uppe r I I m ' t f o r t h e a c t i v a t i o n e n e r g y of t h e number o f c a r r i e r s in 

U 0 2 + x and t h a t p a r t o f i t I s p resumab l y r e l a t e d t o t h e a c t i v a t i o n e n e r g y f o r t h e 

d r i f t mob i I I t y . 

The v a l u e s f o r t h e a c t i v a t i o n e n e r g i e s f o r 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 u r a n i u m d i o x i d e c r y s t a l s w i t h d i f f e r e n t excess oxygen c o n t e n t range f r o m 0 . 1 9 eV 

t o 0 . 3 4 eV. The T . E . P . measurements r e v e a l t y p i c a l U v a l u e s between 0 . 0 5 and 

0 . 0 8 eV . The f o r e g o i n g d i s c u s s i o n on t h e T . E . P . t hen leaves us w i t h an u n c e r t a i n t y 

o f 0 . 0 7 eV on t h e a c t i v a t i o n e n e r g y f o r t h e d r i f t m o b i l i t y . So f o r a c r y s t a l w i t h 

υ σ = 0 . 1 9 eV, we e x p e c t 0 . 1 2 eV < υ μ < 0 . 1 9 eV . For a l I t h e c r y s t a l s ons t h e n 

e x p e c t s 0 . 1 2 eV < U„ < 0 . 3 4 eV. 

Now we want t o c a l c u l a t e t h e a c t i v a t i o n energy f o r t h e d r i f t m o b i l i t y on 

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

C o m p a r i s o n be tween t h e o r y and e x p e r i m e n t a l d a t i  * ! " d i f f i c u l t u n t i l 

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

( ε ο ) and t h e f r e q u e n c y o f t h e o p t i c a l l o n g i t u d i n a l phonons ! w Q ) . R e c e n t l y t h e s e 

d a t a became a v a i l a b l e 

e s ~ 24 [28 ] 

v
0 ~ I . 7 x ! 0

1 3
 Hz [29 ] 

w h i l e eco ( t h e h i g h f r e q u e n c y d i e l e c t r i c c o n s t a n t ) is known t o be about 5 . 5 [ 3 0 ] , 

The know ledge o f t h e s e d a t a e n a b l e s now t o compare t h e o r y and e x p e r i m e n t . 

Of t h e d i f f e r e n t s m a l l p o l a r o n t h e o r i e s we w i l l c o n s i d e r he re t h e t r e a t 

ment o f LANG and FiRSOV [ 3 ! ] w h i c h , e x c e p t f o r some d e t a i l s ( l i k e t h e appearance 

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

H o l s t e i n ' s t h e o r y . The e x p r e s s i o n f o r t h e a c t i v a t i o n e n e r g y E a o b t a i n e d by Lang 

seems re I i ab I e . 

*
ω

ο 
For k T 0 >> F i r s o v ' s method p r e d i c t s an a c t i v a t e d d r i f t m o b i l i t y , t h e 

a c t i v a t i o n e n e r g y b e i n g g i v e n by 

I o tf(0k'l 
E

a = "77
 Σ

 Y J
 !

· I  cos k g i t g h ( 1 5 ) 
a
 Nß k '

k
 4 

 3 2 
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where β = — 
kT 

Ν i s t h e number o f e l e m e n t a r y c e l l s i n t h e c r y s t a l ; 

Wk i s t h e f r e q u e n c y o f t h e o p t i c a l phonons w i t h wave v e c t o r k ; 

g i s a I a t t i c e v e c t o r ; 

and 

47te 
2 

k
2
0rtü)„

 ε
°°

 ε
( 

ι ι ο »ne 

I Y K I
2
 = ί— - - - ; M6) 

where Ω is the volume of the elementary cell. 
<Kwka 

At h i g h t e m p e r a t u r e s t g h — — can be r e p l a c e d by i t s a r g u m e n t . F u r t h e r m o r e , one 

t a k e s GJk = ω 0 . The e x p r e s s s i o n f o r t h e e I e c t ron-phonon coup I i ng c o n s t a n t i s 

γ = — Σ | v j 2 ( 17) 
1 2N k ' k 

In o r d e r t o compare t h e o r y and e x p e r i m e n t one has t o a p p r o x i m a t e t h e sum

m a t i o n s o v e r k. For t h i s pu rpose a p r o c e d u r e i n t r o d u c e d f o r a s i m i l a r case by 

YAMASHITA and KUROSAWA [32 ] and EAGLES [33 ] was used h e r e . I t c o n s i s t s in r e p l a 

c i n g t h e sum o v e r t h e k v e c t o r s by an i n t e g r a t i o n o v e r t h e f i r s t B r i I I ou i η z o n e . 

As U0 2 i s an " i s o t r o p i c " m a t e r i a l i t i s a r e a s o n a b l e a p p r o x i m a t i o n t o r e p l a c e t h e 

B r i I I ou i η zone by a s p h e r e . The r a d i u s o f t h i s s p h e r e i s w e l l a p p r o x i m a t e d by 
271 

kg % — where a i s t h e l a t t i c e p a r a m e t e r ( t h e r e are f o u r e l e m e n t a r y e e l I s i n t h e 

vo lume a·5 ) . The i n t e g r a t i o n g i v e s 

Y = *d _±_ (_L ... _L, (1Θ) 
a * ω ο εοο ε ο 

The c a l c u l a t e E a t h e same method was u s e d . The z - a x i s was t a k e n i n t h e g - d i r e c t i o n . 

The r e s u l t i s 

e 2 | I 
Ea = (— - — ) [akB - S i ( ak B ) ] Z, 0.31 γ*ω < 19) 

a 2 k B
 ε°° ε ο 

An e x p r e s s i o n s i m i l a r t o ( 18 ) a l s o o c c u r s i s E a g l e s ' w o r k . T h i s shows t h a t t h i s 

t h e o r y i s b a s i c a l l y s i m i l a r t o F i r s o v ' s . I n t r o d u c i n g t h e e x p e r i m e n t a l d a t a on U 0 2 + x 

i n ( 18) and ( 19) we f i n d f o r t h e c o u p l i n g p a r a m e t e r 

Y ( U 0 2 ) = 10.5 

and f o r t h e a c t i v a t i o n e n e r g y o f t h e d r i f t m o b i l i t y f o r Τ » TQ 

E a ( U 0 2 ) £ 0 . 2 3 eV 

H o l s t e i n p roposed γ = 10 as t h e t y p i c a l e l e e t r o n - p h o n o n c o u p l i n g c o n s t a n t 

f o r s m a I l - p o l a r o n c r y s t a l s . 

The a c t i v a t i o n e n e r g y c a l c u l a t e d he re E a = 0 . 2 3 eV i s w e l l i n t h e range 

o f t h e a c t i v a t i o n e n e r g y deduced from the experiments . However , t h e agreement be tween 

t h e o r y and e x p e r i m e n t m i g h t be f o r t u i t o u s f o r at l e a s t t h r e e r e a s o n s . 
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I . One o f t h e b a s i c e x p r e s s i o n s i n v o l v e d in s m a l l p o l a r o n t h e o r y Y k i s e s p e c i a l l y 

adap ted i n t h e long w a v e l e n g t h p a r t o f t h e B r i l l ou i n zone and i s less a c c u r a t e 

f o r s m a l l w a v e l e n g t h s . 

2 . The e x p e r i m e n t a l v a l u e s f o r eQ> eœ and (J)Q c o r r e s p o n d t o c r y s t a l s o f w h i c h t h e 

s t o i c h ¡omet ry p r e s u m a b l y was d i f f e r e n t . 

3 . The s m a l l p o l a r o n t h e o r i e s t r e a t t h e case o f c r y s t a l s w i t h an o p t i c a l l o n g i t u 

d i n a l d i s p e r s i o n b r a n c h . In t h i s r e s p e c t t h e y are not a p p l i c a b l e t o U0 2 w i t h 

i t s CaF 2 s t r u c t u r e . However , i n g e n e r a l t h e o p t i c a l l o n g i t u d i n a l modes w i t h t h e 

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

In H o l s t e i n ' s t r e a t m e n t t h e a c t i v a t e d m o b i l i t y b e h a v i o u r i s e x p e c t e d f o r 

, -r ^ *
ω
 ^

ω 

kT » -γ . At kT « γ a t o t a l l y d i f f e r e n t mechanism ( p o l a r o n band c o n d u c t i o n ) w i t h 

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

In t h e t h r e e  d i m e n s i o n a l t r e a t m e n t o f Lang and F i r s o v t h e t r a n s i t i o n t e m p e r a t u r e i s 

s h i f t e d t o w a r d s l ower t e m p e r a t u r e s . The most s t r i n g e n t c r i t e r i o n ( f o r t h e e x i s t e n c e 

o f h o p p i n g t y p e m o t i o n ) i s kT > — . However , t h e c o n d u c t i v i t y r e s u l t s show t h a t 

t h e h o p p i n g t y p e m o t i o n d o m i n a t e s s t i l l a t much lower t e m p e r a t u r e s . At t h e l owes t 

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

bu t no p o l a r o n band c o n d u c t i o n i s o b s e r v e d . 

7 . ATOMIC MOTION PHENOMENA 

7 . 1 . Uranium s e l f  d i f f u s i o n i n U0 2 

7.1.1. Introduction 

E x p e r i m e n t s on t h e s e l f  d i f f u s i o n o f u ran ium i n s i n t e r e d u r a n i u m d i o x i d e 

have been p e r f o r m e d by AUSKERN and BELLE [ 3 4 ] , by LINDNER and SCHMITZ [35 ] and by 

ALCOCK and McNAMARA [ 3 6 ] . The r e s u l t s a re summar ized in F i g . 4 5 . A l t h o u g h a l l t h e 

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

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

r e n t a u t h o r s d i f f e r w i d e l y , i t seemed t h e r e f o r e w o r t h w h i l e t o c a r r y ou t U s e l f  d i f 

f u s i o n e x p e r i m e n t s on s i n g l e c r y s t a l s as a f u n c t i o n o f c o m p o s i t i o n . In t h e s t u d y 

r e p o r t e d h e r e , s e l f  d i f f u s i o n o f u r a n i u m has been measured at t e m p e r a t u r e s between 

1300 and I800°C u s i n g t h e s e c t i o n i n g t e c h n i q u e . 

7.1.2. Experimental procedures and results 

D i f f u s i o n c o u p l e s are d e s i g n e d t o a p p r o x i m a t e a s e m i  i n f i n i t e c o u p l e w i t h 

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

A c o u p l e i s p r e p a r e d by c u t t i n g a d i s c , 4 mm i n d i a m e t e r and I mm t h i c k , f r o m a 

s i n g l e c r y s t a l o f n e a r l y s t o i c h i o m e t r i c n a t u r a l U 0 2 . One f a c e o f t h e c o u p l e i s p o 

l i s h e d t o a f l a t n e s s b e t t e r t h a n 0 . 1 m i c r o n o v e r t h e who le s u r f a c e , and a l a y e r o f 
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O x e 

U02 is then vapour deposi ted t o a t h i ckness of max. 0.2 m i c ron . Evapora t ion o f 

the t r a c e r du r ing the d i f f u s i o n anneals is avoided as f o l l o w s . Two c r y s t a l s are 

mounted in a c lose f i t t i n g hole d r i l l e d In a s i n t e r e d U02 p e l l e t , the l abe l l ed 

sur faces separated by a t h i n s i n g l e c r y s t a l l i n e r i n g , 100 micron t h i c k . D i f f u s i o n 

anneals at temperatures h igher than 1600° C are very d i f f i c u l t due t o s t rong d e f o r 

mation of the l abe l l ed s u r f a c e s . I t is necessary t o use very pe r f ec t c r y s t a l s which 

show no t r aces of subgra ins or imper fec t i ons a f t e r a long annea l i ng . 

The samples are d i f f u s i o n annealed at a pressure of I O
 5

 mm Hg in a mo

lybdenum wound alumina fu rnace , c o n t r o l l e d t o ± 5
e
C. A f t e r annea l i ng , the couple 

is mounted on a p r e c i s i o n g r i n d e r e s p e c i a l l y developed f o r t h i s study [ 3 7 ] , Th is 

a l lows the adjustment of the o r i g i n a l su r face up t o a p rec i s i on of 0.02 micron,and 

removes p a r a l l e l layers of 0.08 m ic ron , the m a t e r i a l of the layers being c o l l e c t e d 

f o r a n a l y s i s . 

In each sample the r a t i o
 2

" u ¡ s de te rm ined . The
 2

35y c o n c e n t r a t i o n is 

measured by neut ron i r r a d i a t i o n and subsequent count ing of the ° (BaLa) peak in 

a mu l t i  channe l spec t romete r . The t o t a l amount of (
2 3 5

U +
 2 3 8

U ) is measured by 

f l u o r i m e t r i e a n a l y s i s . Several s tandards have been checked by mass spec t rome t r y . 

From t h i s i t f o l l o w s t h a t the la rges t e r r o r of the method cou ld be es t imated t o be 

about 10 %, mainly due t o f l u o r i m e t r y . The t h i c kness of each layer i s c a l c u l a t e d 

from the t o t a l amount of U t o a p r e c i s i o n of ± 0.01 mic ron . 

The express ion r e l a t i n g the d i f f u s i o n c o e f f i c i e n t t o the c o n c e n t r a t i o n 

C versus pene t ra t i on p r o f i l e s x ¡s we l l known 

C I x
2 

— = , exp ( ) 
C0 "JUDt 4Dt 

The r e s u l t s of f o u r vacuum anneals at 1300, 1450, 1465 and I800"C are summarized 

in Table V. 

TABLE V 

Temperature D i f f u s i o n c o e f f i c i e n t 

C O (cm
2
 s

1
)
 : 

1300 

1450 

1465 

1800 

These r e s u l t s are a l so p l o t t e d as a log D versus l /T toge the r w i t h the r e s u l t s 

repor ted by Auskern and B e l l e , L indner et a l . and Alcock et a l . ( F i g . 4 3 ) . 

3.3 x 

2 .2 x 

3 .6 x 

3.2 x 

1016 

1015 

ΙΟ"1 5 

ι ο -
1 3 
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7.1.3. Discussion 

As m e n t i o n e d b e f o r e , t h e e x p e r i m e n t a l r e s u l t s on u r a n i u m ion s e l f - d i f f u 

s i o n c o e f f i c i e n t s o b t a i n e d by t h r e e d i f f e r e n t a u t h o r s on s i n t e r e d U0 2 d i f f e r . 

A u s k e r n and B e l l e measured t h e d i f f u s i o n o f 2 3 5 U in h i g h d e n s i t y U 0 2 , h e l d in an 

a t m o s p h e r e o f f l o w i n g h y d r o g e n , and f o u n d D = 4 . 3 x I O - 4 exp ( - 8B ,Q00 /RT) f r o m 

1450 t o I 8 5 0 ° C . H i g h e r v a l u e s were r e p o r t e d by L i n d n e r and by A l c o c k e t a l , ; t h e y 

f o u n d r e s p e c t i v e l y D = 0 . 2 3 exp ( - 104 ,600 /RT) and D = 113 exp I - 1 0 8 , 0 0 0 / R T ) . Our 

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

U0 2 seem t o agree w e l l w i t h t h e v a l u e s o b t a i n e d by A u s k e r n and B e l l e . A l e a s t 

s q u a r e a n a l y s i s o f o u r d a t a leads t o an a c t i v a t i o n e n e r g y o f 88 ± 6 k c a l m o l e - . 

The reasons f o r t h e d i s c r e p a n c y be tween t h e v a l u e s f o r t h e a c t i v a t i o n 

e n e r g y and e s p e c i a l l y f o r DQ a re not f u l l y u n d e r s t o o d . The l a r g e d i f f e r e n c e in t h e 

D v a l u e s may p o s s i b l y be due t o d i f f e r e n t e x p e r i m e n t a l c o n d i t i o n s employed by t h e 

v a r i o u s i n v e s t i g a t o r s . L i n d n e r e t a l . d i d no t use a combined d i f f u s i o n c o u p l e i n 

t h e i r e x p e r i m e n t s . As p o i n t e d ou t by Auske rn and B e l l e , t h i s may have lead t o e v a 

p o r a t i o n l o s s e s and as a consequence t o a p p a r e n t h i g h e r v a l u e s o f t h e d i f f u s i o n 

c o e f f i c i e n t s . A l c o c k e t a l . measured a l s o t h e d i f f u s i o n c o e f f i c i e n t in two s i n g l e 

c r y s t a l s p e c i m e n s a t one t e m p e r a t u r e ( I 6 0 0 ° C ) and f ound much l ess U p e n e t r a t i o n , 

D b e i n g Ι χ 1 0 - | 5 cm 2 s - 1 . ( o u r c o r r e s p o n d i n g v a l u e at t h i s t e m p e r a t u r e wou ld be 

abou t 25 t i m e s h i g h e r . ) . The c o n c o r d a n c e o f o u r f i r s t r e s u l t s on s i n g l e c r y s t a l s 

and t h o s e o b t a i n e d by A u s k e r n and B e l l e seems t o I n d i c a t e t h a t t h e g r a i n b o u n d a 

r i e s do no t i n f l u e n c e s i g n i f i c a n t l y t h e c a t i o n d i f f u s i o n . T h i s s h o u l d t h e n be in 

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

and ha l i d e s m e n t i o n e d in t h e l i t e r a t u r e [38 ] [ 39 ] . 

7 . 2 . Migra t ion e n e r g i e s for uranium and oxygen poin t d e f e c t s 

7.2.1. Introduction 

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

t i o n e n e r g i e s f o r m i g r a t i o n o f t h e d i f f u s i o n c u r r e n t c a r r i e r s have t o be known. 

T h e r e f o r e , methods have been u t i l i z e d t o c r e a t e excess c o n c e n t r a t i o n o f po-i nt d e 

f e c t s . The t e c h n i q u e s emp loyed in t h i s i n v e s t i g a t i o n i n c l u d e q u e n c h i n g and i r r a 

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

p o i n t d e f e c t c o n c e n t r a t i o n s . V a r i a t i o n s o f t h e s e c o n c e n t r a t i o n s as a r e s u l t o f 

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

7.2.2. Migration energy of oxygen interstitials in ΐ/Οο+χ 

α) Introduction 

As r e p o r t e d e a r l i e r [40 ] t h e c o n d u c t i v i t y c u r v e s o f quenched a s - g r o w n 

c r y s t a l s ( 0 / U £ 2 . 0 0 5 ) show some k i n d o f i r r e v e r s i b l e h y s t e r e s i s d u r i n g a f i r s t 
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temperature cyc le in the region 20200'C ; the heat ing and c o o l i n g curves do not 

c o i n c i d e . The room temperature c o n d u c t ' v l t y a f t e r c o o l i n g Is decreased by about a 

f a c t o r of 2 as compared t o the I n i t
:
a ! one. The excess oxygen content ; 0. U ~ 2.0051 

of the U02 specimens used In these measurements exceeds the oxygen s o l u b i l i t y l i m i t 

at room tempera tu re . 

I f a s l i g h t l y ox 'd i zed U02 c r y s t a l Is s u f f i c i e n t l y r a p
;
d ! y quenched f rom 

a temperature above the phase boundary then the excess oxygens can be near l y com

p l e t e l y re ta ined In the U0 2 + x phase. U40g p r e c i p i t a t e s can a lso be p a r t l y d i s s o l v e d 

by i r r a d i a t ' on w i t h h igh ene rge t
:
c p a r t i c l e s , i f one heats now subsequent ly these 

quenched or i r r a d i a t e d samples ore w i l l a t t a i n a temperature at which the oxygen 

i n t e r s t i t i a l s become mob' ie and w i l l migrate through the l a t t ' c e u n t i l they reach 

a U40g p r e c i p i t a t e . The U40g p r e c
:
p l t a t e s w i l l act. as s inks f o r the oxygen I n t e r 

s t i t i a l s whose disappearance out of the U0 2 + x phase w i l l In f luence the e l e c t r i c a l 

c o n d u c t i v i t y . The present study Is based on the recovery of the e l e c t r i c a l r e s i s t ' 

v i t y du r i ng anneal ing exper iments . 

b) Experimental 

The fou r probe method of VAN DER PAUW [ i l ] , which requ i res ρ ! a n e  p a r a ! ' e ! 

p l a t e l e t s of a r b i t r a r y shape w ' t h f ou r po in t con tac ts at the per iphery has been 

used t o determine the e l e c t r i c a l c o n d u c t i v i t y . The U02 s i n g l e c r y s t a l s (compos ' t i on 

in the range U02aQ05 "to U02 Q5 ■ used In t h i s I n v e s t i g a t i o n are f i r s t shaped t o a 

f o u r  l e a f c l o v e r of a p p r o x i m a t e d 5 χ 5 χ 0.5 mm. On one s ide of the specimens f o u r 

Au con tac ts w i t h Pt s t r i p s are a l l oyed by heat ing In a high f requency f u r n a c e . 

Quenching was achieved by heat ing the c r y s t a l s in an Ine r t atmosphere'. Ar 10""' mmHg. 

t o around 800^C and c o o l ' n g In
 :

' q u i d n i t r o g e n . 

c) Results and discussion 

In order t o i n v e s t i g a t e the e f f e c t of thermal t rea tmen t , a quenched U02 

c r y s t a l (0/U % 2.005.' was submi t ted t o Isochronal pulse annea'Ing in the tempera

t u r e range 20200 'C. Pulses of 30 m'n at about IOC i n t e r v a l are app l ied w ' t h in ■ 

te rmed ia te determi na t 'ons of the c o n d u c t i v
:
t y at room temperature 2 i . O C . . The 

σ
2
 - σ

2 

r e s u l t s presented as versus the pulse temperature are g iven in F :g ,46 s 

σ
ο 

 G
œ 

Here üQ¡ σ and σ«, are the c o n d u c t i v i t y values a f t e r quenching, a f t e r each anneal ing 

s tep and a f t e r complete annea l ' ng , r e s p e c t i v e l y , in t h i s case, squared values of 0" 

are used as a measure of the de fec t concent r a t · o n s 'nce
 T

t 's assumed t h a t U02 "s 

s t i l l in the e x t r i n s i c range at the reference tempera tu re , in t h i s range the number 

of f r e e holes is p r o p o r t i o n a l t o the square 'oot of the acceptor c o n c e n t r a t i o n . No 

s i g n i f i c a n t change
 !

n the e l e c t r i c a ' c o n d u c t i v i t y values is observed below the p u l 

se temperature of ¡OO'C. Above t l v s temperature the de fec t c o n c e n t r a t i o n s t a r t s va

ry ing as observed by the decrease in the e l e c t r i c a l c o n d u c t ' v l t y , and reaches a 

cons tan t value at about ¡80"C. 
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in a n o t h e r e x p e r i m e n t a quenched U 0 2 + x c r y s t a l was heated w i t h a c o n s t a n t 

r a t e and s u b s e q u e n t l y c o o l e d down t o room t e m p e r a t u r e . Read ings of t h e r e s i s t i v i t y 

were made every f i v e m i n u t e s . F i g . 47 , w h
:
c h shows t h e r e s u l t s , i s r e p r e s e n t a t i v e 

f o r t h e a n n e a l i n g p r o c e s s t a k i n g p l a c e between 20 and 230""C. The upper l i n e r e p r e 

s e n t s t h e h e a t i n g c u r v e . One sees a g a ' n t h a t d e v i a t i o n f r o m t h e l i n e a r b e h a v i o u r 

s t a r t s a round ! 00 'C . 

The re are a number o f e x p e r i m e n t a ! app roaches t o s t u d y t h e a n n e a l i n g p r o 

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

cess , in t h i s s t u d y t h e t e c h n i q u e o f OVERHAUSER [ 4 ! ] has been used t o d e t e r m i n e t h e 

m i g r a t i o n e n e r g y o f t h e oxygen i n t e r s t i t i a l In U 0 2 + x . T h i s method i s based on t h e 

measurement o f t w o s u c c e s s i v e I s o t h e r m a l a n n e a l s at t w o d i f f e r e n t t e m p e r a t u r e s . By 

c o m p a r i n g t h e r a t e o f r e c o v e r y at. t h e end o f t h e f i r s t i s o t h e r m a l and t h e r a t e o f 

r e c o v e r y a t t h e b e g i n n i n g o f t h e second ' s o t h e r m a l , t h e a c t i v a t i o n e n e r g y can be 

d e t e r m l n e d . 

In a f i r s t e x p e r i m e n t t w o s u c c e s s i v e i s o t h e r m a l s were measured on a quen 

ched c r y s t a l ( 0 / U % 2 . 1 3 ) at t h e t e m p e r a t u r e s 141.8° C and 1 6 1 . I ° C . The e l e c t r i c a l 

r e s i s t i v i t y was measured every m i n u t e at t h e a n n e a l i n g t e m p e r a t u r e . A f t e r 50 min 

t h e a n n e a l i n g t e m p e r a t u r e was a b r u p t l y changed t o t h e h i g h e r t e m p e r a t u r e . The r e 

s u l t s a re shown i n F i g . 4 8 . The a c t i v a t i o n e n e r g y o f m i g r a t i o n E^ o f t h e oxygen 

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

dt T|
 hi ,_!_ _L 

dc . k 
ι Ι ι 2 

d t T 2 

i s f o u n d t o be 0 . 8 8 ± 0 . 0 5 eV . 

In a second e x p e r i m e n t t h e same measurements were r e p e a t e d on a quenched 

U 0
2 . 0 0 3 c r y s t a l at d i f f e r e n t t e m p e r a t u r e s '. Τ ¡ = 133.3" C and T 2 = 155.8° C ) and on a 

s l i g h t l y d i f f e r e n t way . P u l s e s o f 30 min were a p p l i e d and 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 was measured a f t e r c o o l i n g t o a r e f e r e n c e t e m p e r a t u r e ( 2 3 . 8 ° C ) . M o r e o v e r , a t 

t h e same t i m e t h e changes in c o n d u c t i v i t y were d e t e r m i n e d every m i n u t e at t h e p u l s e 

t e m p e r a t u r e . The d i f f e r e n c e s in c o n d u c t i v i t y measured at t h e p u l s e t e m p e r a t u r e and 

at t h e r e f e r e n c e t e m p e r a t u r e were
 ;

n good a g r e e m e n t . The a n a l y s i s o f t h i s second 

e x p e r i m e n t y i e l d s an a c t
r
v a t ' o n e n e r g y EM = 0 . 8 2 ± 0 . 0 5 eV . 

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

in t h e U 0 2 + x l a t t i c e a t t e m p e r a t u r e s as low as 100 'C . i t s m i g r a t i o n e n e r g y Is 

e q u a l t o 0 . 8 5 ± 0 . I eV= 

7.2,3. Migration energy of uranium 

a) Introduction 

The e l e c t r i c a l c o n d u c t i v i t y o f s l i g h t l y o x i d i z e d U0 2 c r y s t a l s d r o p s m a r 

k e d l y as a r e s u l t o f f i s s i o n f r a g m e n t damage [ 4 2 ] , T h i s d e c r e a s e in e l e c t r i c a l 
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c o n d u c t i v i t y shows t h a t dur ing i r r a d i a t i o n de fec t cen t res are produced which reduce 

the i n i t i a l f r e e hole c o n c e n t r a t i o n . Changes in e l e c t r i c a l c o n d u c t i v i t y when annea

l i n g i s app l ied subsequent to neutron i r r a d i a t i o n may, t h e r e f o r e , g i ve i n f o r m a t i o n 

about the a c t i v a t i o n energ ies f o r po in t de fec t m i g r a t i o n in U02 . 

b) Experimental procedures and results 

As in the p rev ious study, the e l e c t r i c a l c o n d u c t i v i t y be fore and a f t e r 

i r r a d i a t i o n has been determined by us ing Van der Pauw's method. The i r r a d i a t i o n s 

were c a r r i e d out in the BRI reac to r at reac to r temperature (about 90°C). However, 

due to γ  and nuc lear hea t ing du r ing exposure, the temperature o f the specimens 

may exceed 90°C. A f t e r exposure, the c r y s t a l s are sandblasted and etched in o rde r 

to remove a t h i n ox ide l aye r formed by o x i d a t i o n on the sur face du r ing i r r a d i a t i o n . 

The elect r i cal c o n d u c t i v i t y o f asgrown U02 c r y s t a l s (0/U
 %

 2 .005) , mea

sured a f t e r successive pe r i ods o f reac to r exposure, d rops marked! y as a r e s u l t o f 
I ^ l 

f i s s i o n fragment damage and reaches a constant va lue at about 4 χ 10 thermal neu

t r o n s c m
 2

 ( o r 4 χ l o ' ^ f i s s i o n s c m
 3

) . At t h i s dose the t o t a l c r y s t a l volume i s 

a f f e c t e d by the f i s s i o n t r a c k s and a s a t u r a t i o n o f damage i s ach ieved. The t o t a l 

decrease in e l e c t r i c a l c o n d u c t i v i t y a f t e r exposure up to the s a t u r a t i o n dose c o r 

responds to about t h ree decades I i n i t i a l va lue 0" ~ IO



5
 ohm

 l
cm~' at 300° Κ ) . 

Two U02 s i n g l e c r y s t a l s , i r r a d i a t e d to an i n t eg ra ted thermal neutron f l u x 

o f about 5 x 10
 ö

 η c m
 2

, were submi t ted to isochronal pulse anneal ing exper iments 

(pu lses o f I h) in the temperature range I00850°C. Before measurement o f the r e s i 

dua! c o n d u c t i v i t y at the re ference temperature (22°C), the c r y s t a l su r faces were 

c a r e f u l l y etched and sandb las ted. The r e s u l t s o f these anneal ing exper iments are 

shown in F i g . 49. Two d i s t i n c t anneal ing stages are observed. Between 350
J
C and 

500° C a f u r t h e r decrease in the c o n d u c t i v i t y occurs , whereas recovery on ly s t a r t s 

at 650°C w i t h an anneal ing peak around 725°C. U n t i l now on ly t he recovery stage oc 

c u r r i n g at high temperature i s examined in f u r t h e r de ta i i . For t h i s purpose, a new 

s e r i e s o f anneal ing measurements was conducted in such a way t h a t a cons tan t hea t i ng 

r a te ( tempera ture d i f f e r e n c e / t i m e d i f f e r e n c e = l°C m i n

' ) i s ach ieved. In the tempe

r a t u r e range between 670° and 850°C about every 30°C a pulse o f requ i red t ime i s ap

p l i e d w i th i n t e rmed ia te de te rm ina t i ons o f the c o n d u c t i v i t y at room tempera tu re . As 

w i l l be d iscussed, such pu lse anneal ing curves can be analyzed using the method o f 

BALARIN and ZETZSCHE [43] [44] and penn i t us to determine the a c t i v a t i o n energy o f 

de fec t m i g r a t i o n . 

c) Discussion 

The i r r a d i a t i o n s r e s u l t in a marked decrease o f the e l e c t r i c a l c o n d u c t i 

v i t y , i n d i c a t i n g t h a t de fec t cen t res , which act as hol e t raps, are produced. So t he 

problem which we are dea l i ng w i t h i s to determine the nature o f the ho le t r a p s and 

t h e i r a c t i v a t i o n energy f o r m o t i o n . The pu lse anneal ing data show a recovery stage 

and thus a disappearance o f the hole t r a p s in the temperature range 6 7 0  8 5 0 ° C . 
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The a n n e a l i n g d a t a p e r f o r m e d under t h e s p e c i a l e x p e r i m e n t a l c o n d i t i o n s ( h e a t i n g 

w i t h a c o n s t a n t r a t e ) a re a n a l y z e d a c c o r d i n g t o B a l a r i n and Z e t z s c h e s m e t h o d . 

S t a r t i n g f r o m t h e known k i n e t i c e q u a t i o n s f o r c o n c e n t r a t i o n d e c r e a s e t h e s e a u t h o r s 

c0 c0 
showed t h a t t h e f u n c t . o n In ( I n ) o r t h e f u n c t i o n In (pr  I ) depends l i n e a r l y 

on t h e r e v e r s e a b s o l u t e t e m p e r a t u r e I f one has a p rocess o f f i r s t o r second o rde r , , 
C 

r e s p e c t i v e l y (— r e p r e s e n t s t h e re ï a t ' v e c o n c e n t r a t i o n o f t h e d e f e c t s ) . Fo r b o t h 
L
o 

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

I I ne t hus o b t a I n e d . 

°"oo  0"o
 σ

α> '
 σ

ο 
In F i q . 50 b o t h f u n c t i o n s I oq ' I n i

1
 and ioq ' ' ) a re 

I °οο 
 σ

0
 u υ

ο 

p l o t t e d v e r s u s — ( t h e r a t
 !

 o ' s c o n s i d e r e d t o be p r o p o r t i o n a l t o — ) . As 
T σ

» ~
 σ

 σω - σ0 C 
one can n o t i c e , a I ' n e a r b e h a v i o u r appea rs i f t h e f u n c t i o n ! og ! — ·  I ) i s 

σ
α> 

 σ 

u s e d , p o i n t i n g t o second o r d e r k i n e t i c s f o r t h e a n n e a l i n g s t a g e a t t h e 725
U
C peak . 

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

c u r v e i s f o u n d t o be e q u a ! t o 2 . 3 ± 0 . 3 eV . I n f o r m a t i o n about t h e n a t u r e o f t h e 

p o i n t d e f e c t a n n e a l e d d u r i n g t h i s s t a g e can be o b t a i n e d i f one compares t h e e n e r g y 

f o r u r a n i u m and oxygen se I f  d
 :

f f us i o n . The values f o r u r a n i u m s e l f  d i f f u s i o n e n e r g y 

a r e i n t h e range 3 , 8  4 0 7 eV [34 ] [ 3 5 ] [ 4 5 ] ; t h e a c t ' v a t
1
: on e n e r g y f o r oxygen 

s e l f  d i f f u s i o n i s s m a l l e r and e q u a l t o abou t I 0 3 eV f o r a U 0 2 + x c o m p o s i t i o n here 

emp loyed [ 4 6 ] . One can c o n c l u d e t h a t t h e most e v i d e n t e x p l a n a t i o n f o r t h e 2 , 3 eV 

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

n i t e l y t h i s a s s u m p t i o n , i s t h a t t h e oxygen i n t e r s t i t i a l I s m o b i l e at much lower 

t e m p e r a t u r e s ( a b o u t 100 CI ' s e e q u e n c h i n g e x p e r i m e n t s ) , so t h a t a ! ! oxygen p o i n t 

d e f e c t s p roduced by i r r a d i a t i o n w i l l have been a n n i h i l a t e d at t h e t e m p e r a t u r e w h e 

re t h e a n n e a l i n g o f t h e h o l e t r a p p i n g c e n t r e s s t a r t s . The second o r d e r k i n e t i c s 

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

m o b i l e U p o i n t d e f e c t t o a n e a r l y immob i l e o n e . Thus , one i s i n c l i n e d t o a c c e p t 

t h e a n n i h i l a t i o n o f t h e U v a c a n c i e s and I n t e r s t i t i a l s by r e c o m b i n a t i o n . B e l i e e t 

a l , assumed t h a t t h e c a t i o n d i f f u s i o n i s a c c o m p l i s h e d by t h e movement o f a u r a 

n i u m ion i n t o a v a c a n t l a t t i c e s i t e , The d i f f u s i o n in s t o ' ch i ome t r " c U02 i s t h e n 

c o n t r o l l e d by t h e f o r m a t i o n o f F r e n k e i  t y p e d e f e c t s in t h e c a t i o n s u b ' a t t i c e . I f 

t h e s e a s s u m p t i o n s a re va I i d ..the ac t ' ' /a t I on energy. To
 !
r; uran i un se f  d ffusio.n has t o be 

decomposed i n t o t w o p a r t s t h e e n e r g y r e q u ' r e d t o c r e a t e a F r e n k e ! p a i r and t h e 

e n e r g y r e q u i r e d f o r m i g r a t i o n » The e n e r g y o f m o t
;
o n . 2 . 3 eV) o f t h e u r a n ' u m p o i n t 

d e f e c t r e p r e s e n t s about 60 % o f t h e v a l u e o f t h e s e l f  d i f f u s i o n e n e r g y ( 3 „ 8 eV) 

r e p o r t e d h e r e , T h ' s i s r a t h e r h i g h s i n c e in g e n e r a l t h e e n e r g y o f n v g r a t i o n Is 

s m a i l e r t h a n t h e e n e r g y r e q u i r e d t o c r e a t e , t h e d e f e c t . T h e r e f o r e
 ?

t w o u l d appear 

t h a t t h e a n n e a l i n g p r o c e s s c o u l d be more comp lex t h a n t h e s i m p l e mode' d e s c r i b e d 

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

C o n c l u d i n g , t h e r e c o v e r y 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 due t o t h e a n n i 

h i l a t i o n o f U p o i n t d e f e c t s leads t o t h e s u p p o s i t i o n t h a t t h e d e f e c t c e n t r e s w h i c h 

a c t as h o l e t r a p s ' a r e U v a c a n c i e s . 
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In the anneal ing experiments a f t e r neutron i r r a d i a t i o n , a reverse annea

l i n g stage is encountered between 350" and 500°C. This anneal ing stage w i l l not be 

discussed here , s ince no d e t a i l e d measurements which might c a r ' f y the nature of 

t h i s process, have been made u n t ' l now, 

7 . 3 . R e o r i e n t a t i o n of oxygen i n t e r s t i t i a l s 

I n te rna l f r i c t i o n exper iments w i t h smal l s i n g l e c r y s t a l specimens v i b r a 

ted in t ransve rse resonance have revealed the ex
;
s tence of a r e l a x a t i o n process. 

For f requenc ies in the range 5001000 Hz. the damping spectrum e x h i b i t s one or 

more maxima in the temperature region between room temperature and 50°C„ 

For a s imple r e l a x a t i o n process, the maximum damping is determined by 

the cond i t ion 

ωτ = ι 

i f ω = 2Tt f ¡s the angular frequency of ose i I I at ion and Τ the re I ax at ion t ime. 

Very o f ten τ depends on the temperature according t o an Arrhenlus type of r e l a t i o n 

τ = τ 0 exp [—] 

-ι / s , 
with τ ■ = za v n exp [—] 

O O r k 

and Z, c o o r d i n a t i o n number, oc a geometr ica l f a c t o r of order I , vQ the jump f r e q u e n 

cy of the r e l ax i ng spec ies , AF = Η  TAs the f r ee energy of r e l a x a t i o n ; k and T 

have t h e i r usual s i g n i f i c a n c e . 

There e x i s t severa l p o s s i b i l i t i e s f o r ob ta i n i ng the va lue of TQ and Η f o r 

a r e l a x a t i o n process. The best way of course is t o measure the peak temperature Tm 

at d i f f e r e n t f requenc ies and t o p lo t l n T ( = In — ) as a f u n c t i o n of l /T_ . However 

f o r the problem at hand t h i s has proved t o be imprac t i cab le due t o the complex na

t u r e of the r e l a x a t i o n e f f e c t and t o the l i m i t e d frequency range wh'ch cou ld be 

covered . One can ob ta i n a reasonable es t imate of the a c t i v a t i o n energy by us ing the 

f a c t t h a t f o r an a t o m i s t i c r e l a x a t i o n process the value of TQ does not vary very 

much and i s of the order of IO"
14

"  I 0 ~ ' ^ s„ Thus, f o r one measurement of the peak 

temperature at one f requency , one can c a l c u l a t e the value of H. Th is procedure 

y i e l d s , f o r the r e l a x a t i o n e f f e c t d iscussed here, an a c t i v a t i o n energy of a p p r o x i 

mately 0.4  0.5 eV. This is h igher than the va 'ue obtained f o r the thermal a c t i 

v a t i o n of the e l e c t r i c a l conduct i v i t y , and lower than the energy of m i g r a t i o n of 

i n t e r s t i t i a l oxygen atoms or of uranium atoms in the U02 l a t t i c e . Since the peak 

he igh ts vary w i t h heat t r e a t m e n t , the r e l a x a t i o n process must invo ive some kind 

of i n t r i n s i c d e f e c t . From the neutron d i f f r a c t i o n data of WiLLlS [47] the s t r u c 

t u r e of the oxygen i n t e r s t i t i a l in l i g h t l y ox i d i zed U02 ( F i g . 5 ! ) has been proposed, 

The average l a t t i c e s t r a i n per mole f r a c t i o n of d e f e c t s , caused by t h i s de fec t can 

be descr ibed by a d iagonal λ tensor w i t h e igen vec to rs X ¡ , λ 2 and λ^ l y i ng along 

< I I 3 > , < I I 0 > and <332> . I t can be seen f rom the mode! in F i g , ,51, t h a t t he o r i e n 

t a t i o n of the de fec t is cha rac te r i zed by the o r i e n t a t i o n of the < l ! 3 > p r i n c i p a l 
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s t r a i n . S i n c e t h e r e a re t w e l v e < I 13> d i r e c t i o n s , t he d e f e c t can occupy anyone o f 

t w e l v e e q u i v a l e n t p o s i t i o n s i n t h e u n s t r e s s e d l a t t i c e . Upon a p p l i c a t i o n o f a s t r e s s , 

t h e number o f e q u i v a l e n t s i t e s w i l l d e c r e a s e and t he d e f e c t s w i l l r e d i s t r i b u t e 

t h e m s e l v e s a c c o r d i n g t o t h e d i f f e r e n c e in p o t e n t i a l ene rgy be tween s i t e s . T h i s r e 

d i s t r i b u t i o n causes a n o n - e l a s t i c s t r a i n , r e s u l t i n g in a r e l a x a t i o n peak i f t h e 

damp ing i s measured as a f u n c t i o n o f t e m p e r a t u r e . 

NOWICK and HELLER [48 ] have d e v e l o p e d a g e n e r a l t r e a t m e n t f o r d e r i v i n g 

t h e r e l a x a t i o n s t r e n g t h s caused by a s t r e s s - i n d u c e d r e o r i e n t a t i o n o f e l a s t i c d i -

p o l e s . T h i s method has been a p p l i e d f o r t h e case of a h y p o t h e t i c a l d e f e c t h a v i n g 

a λ t e n s o r c o r r e s p o n d i n g w i t h t h e model f o r t h e oxygen i n t e r s t i t i a l i n U 0 2 . For 

any p a r t i c u l a r s t r e s s d i r e c t i o n , we can now c a l c u l a t e t h e c o n c e n t r a t i o n o f d e f e c t s 

in anyone o f t h e t w e l v e p o s s i b l e d i r e c t i o n s . From t h e s e c o n c e n t r a t i o n s , we o b t a i n 

a t once t h e r e l a x a t i o n s t r e n g t h a n d , i f we know t h e jump f r e q u e n c i e s c o n n e c t i n g t h e 

d i f f e r e n t o r i e n t a t i o n s , we can c a l c u l a t e t h e r e l a x a t i o n t i m e s . We s t i l l o u t l i n e t h e 

p r o c e d u r e f o r a s t r e s s i n t h e [100 ] d i r e c t i o n , and t h e n s i m p l y s t a t e t h e r e s u l t s 

f o r t w o o t h e r s p e c i a l c a s e s , i . e . f o r s t r e s s e s in t h e [ M O ] and [ I I I ] d i r e c t i o n s . 

< I I 3 > d e f e c t u n d e r a [ 100 ] s t r e s s 

We w i l l number t h e t w e l v e < I I 3 > d i r e c t i o n s . The p r i n c i p a l axes c o r r e s 

p o n d i n g w i t h each s i t e a re c o l l e c t e d in T a b l e V I . 

TABLE VI 

S i t e number ρ P r i n c i p a l axes 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

! I 

1 2 

The o c c u p a t i o n C p o f t h e d i f f e r e n t s i t e s i s g i v e n by 
C V C σ , 

CD - — = „ ? ^ (XP - - Σ λ ^ ) 
Ρ η nkT η q - Ι 

31 Ι 
3 Μ 
31 Ι 
3ΙΪ 
Ϊ3Ι 
131 
Ι3Ϊ 
131 
ΙΪ3 
Ι 13 
Tl3 
Ι 13 

01 Ι 
01 Ι 
οιΤ 
01 ι 
101 
ιοΤ 
101 
ιοΤ 
110 
ι Το 
ι Το 
ι Το 

233 
233 
233 
233 
323 
323 
323 
323 
332 
332 
332 
332 
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where : C 0 '
s
 *

η β
 m o l a r c o n c e n t r a t i o n o f d e f e c t s ; 

n t h e number o f p o s s i b l e o r i e n t a t i o n s o f t h e d e f e c t ; 

VQ the vo lume per atom o f t h e c r y s t a l ; 

0" t h e e x t e r n a l s t r e s s ; 

and kT have t h e i r usua l s i g n i f i c a n c e . 

F u r t h e r λΡ = 2 ( α
ρ
) λ . ¡s t h e component o f t h e λ t e n s o r a l o n g t h e s t r e s s a x i s 

¡ = | ι ' 

(0C7 a re d i r e c t i o n c o s i n e s between t h e s t r e s s and t h e p r i n c i p a l a x e s ) . Fo r a s t r e s s 

0" a long [ 100] , t h e t w e l v e e q u i v a l e n t d i r e c t i o n s s e p a r a t e I n t o two g r o u p s , g r o u p I 

o f f o u r e l emen ts ( s i t e s !  4 ) and g roup I I o f e i g h t e l e m e n t s ( s i t e s 5  1 2 ) . The 

c o r r e s p o n d i n g d i r e c t i o n c o s i n e s a re 

a.* aP 

g r o u p Ι 3ΛΓΤΤ 0 

g r o u p I I 1/417 1/2 

9 2 
and hence \ P = — λ . + — λ? 

I I I I 

oc| 

2AI22 

3A Í22 

λ
ρ
, = — λ, + - λ0 + — λ, 

11 22 

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

C
l 

C
l 

C
o

 ν
ο ^

σ 

12 12 kT 

Co
 V

oCo
CT 

1
 ~ 12 12 kT 

I 16 . 
.  . Í — λ , 

3 I I ' 

8 


 λ

Ι 
I I ' 

λ2 - - λ3) 

22 
λ,) 

The relaxation strength ôj is given by 

η ' C, 
ô j =  Σ λΡ i C n 

σ ρ=ι Ρ 

T h i s g i v e s f o r a [100 ] s t r e s s 

■ ) 

δϋ 100 363 

v o c o 

l2kT 
16 λ . - I I λ . 5 λ 3 ) 2 

One may go on now and c a l c u l a t e t h e r e l a x a t i o n t i m e . For t h i s , we need t h e j ump 

f r e q u e n c i e s between t h e t w e l v e o r i e n t a t i o n s o f t h e d e f e c t . These have been t a b u 

l a t e d i n T a b l e V Ì I . I t i s c l e a r by r e f e r e n c e t o F i g . 51 t h a t one can d i s t i n g u i s h 

t h r e e d i f f e r e n t jump f r e q u e n c i e s . 
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TABLE VI I 

v 2 

v
! 

v2 

0 

I 2 3 4 5 6 7 

0 V2 V| v2 V, Vj v-

2 0 V2 V | ν, ν-, V; 

3 0 v2 v5 v3 V; 

4 0 V3 Vj V: 

5 0 v2 Vj 

6 0 v, 

7 0 

8 

9 

10 

I I 

12 

For a [ 100 ] s t e s s , one o b t a i n s t h e f o l l o w i n g r a t e e q u a t i o n s f o r t h e c o n c e n t r a t i o n s 

Π| and n | | (we w i l l n e g l e c t t h e s m a l l change in jump f r e q u e n c y due t o t h e s t r e s s ) 

η | | =  4 V 3 n 1 1 + 4 V j n | 

4 n , + 8 n , , = C 0 

The r e l a x a t i o n t i m e i s t h e r e f o r e i n t h i s case 

τ
ΤθΟ

 =
 '

2 V
3 

The t i m e dependence o f t h e c o n c e n t r a t i o n s n¡ and η μ can t h e n be w r i t t e n as 

■
t / T

i o o 

12 

A | e + Β 

I I Α ι ι e 
 t / τ 

oo 
ι ι 

The c o n s t a n t s A and Β a re d e t e r m i n e d by t h e boundary c o n d i t i o n s ( e . g . : a t t = 0 , 
C

o 
n
 I

 = n
 I I

 =
 To '

 a
* "*■

 =
 °°>

 n
l

=
C | ; n | | = C | | ) . I f more t h a n one re! axation t ime ;i s re 

q u i r e d t o d e s c r i b e t h e t i m e dependence o f t h e o c c u p a t i o n numbers o f t h e d i f f e r e n t 

o r i e n t a t i o n s , t h e v a l u e s o f t h e c o n s t a n t s A can be used i n s t e a d o f C i n t h e e x 

p r e s s i o n g i v e n t h e t o t a l r e l a x a t i o n s t r e n g t h caused by t h e s t r e s s i nduced r o t a t i o n 

o f t h e d e f e c t s . In t h e way , t h e w e i g h t o f t h e d i f f e r e n t r e l a x a t i o n p r o c e s s e s can 

be d e t e r m i n e d s e p a r a t e l y . 

 44 

D/327/66 



These c a l c u l a t i o n s have been c a r r i e d out not only f o r a s t r e s s along a 

[100] d i r e c t i o n , but a lso f o r a s t r ess along a [ i l l ] d i r e c t i o n and along a [MO] 

d i r e c t i o n . The r e s u l t s are l i s t e d in Table V I M . 

TABLE V I I I 

S t ress Re laxa t ion t ime Relaxat ion s t r e n g t h 

o VC 
[100] 12 ν , .  2  2 . (16 λ,  Μ λ9  5 λ , ) 2 

5 363 l2kT ' * 5 

V c 

[ I I I ] 4 (v2 + 2 v3) — .  ¡ 1 ^ . (2 λ,  n λ2 + 9 λ3>
2 

288
 v

o
c
o ¿σο ο υ , , , ο 

2 (V , + V9 + 4 V J ) . . ( λ . _ λ , ) · ' 
1 2 3

 363 l2kT '
 3 

216 VoCo 
[MO] 2 (V, + ν 2 + 4 V 3 ) — . — . ( λ ,  λ 3 ) 2 

V
0

C
0 ir, \ _ ι ι \ _ + Ο λ_ )2 4 ( ν 2 + 2 ν 3 ) — . ^Äja . ( 2 λ ,  ι ι λ 2 + 9 λ 3 ) 

12 ν τ .  . . ( 16 λ ,  Ι Ι λ 9 + 9 λ , )
¿ 

3
 363 2 l2kT ' 1 2 3 

As can be seen in Table V I M , one expects one r e l a x a t i o n t ime f o r a 

s t r e s s in a [ 100] d i r e c t i o n , two t imes f o r a s t r e s s along a [ i l l ] d i r e c t i o n , and 

th ree t imes f o r a s t r e s s along [ I I 0 ] . The t o t a l r e l a x a t i o n s t r e n g t h f o r the t h r e e 

cases is d i f f i c u l t t o compare à p r i o r i w i t hou t a knowledge of λ ( , λ 2 and λ 3 . In 

f a c t , measurements of the o r i e n t a t i o n dependence of the. re I axat ion s t r e n g t h can 

be used t o ob ta in the r e l a t i v e magnitudes of λ | , λ 2 and λ 3 . 

In order t o check t h i s model, one should i n v e s t i g a t e t h e r e f o r e a s p e c i 

men ose i I l a t i ng in such a way t h a t the s t r ess is i η a [ 100] , a [ M 0 ] or a [ i l l ] 

d i r e c t i o n . Such exper iments are in progress ; no d e f i n i t e conc lus ion can be drawn 

before they are f i n i s h e d . 

8. KUCZYNSKITYPE SINTERING 

In t h i s type of exper iments the s i n t e r i n g is observed between s i n g l e 

c r y s t a l spheres held in mutual c o n t a c t . 
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The o p t i c a l measurement of the d iameter of the "necks" formed between 
the spheres , or between the spheres and a p l a t e , as a f u n c t i o n of t i m e , t empera tu 
re and compos i t i on a l l ow us t o d i s c e r n poss ib le s i n t e r i n g mechan isms and to study 
some important s i n t e r i n g parameters . 

The main d i f f i c u l t y encountered in these exper iments is the temperature 
s t a b i l i z a t i o n . A furnace s u i t a b l e f o r long opera t ion at temperatures of about I700°C 
w i t h the p o s s i b i l i t y of app ly ing a c o n t r o l l e d oxygen atmosphere has been c o n s t r u c t e d . 

The f i r s t r e s u l t s seem t o po in t t o a neck growth p r o p o r t i o n a l t o the 
square root of t ime ( F i g . 5 2 ) . According t o the t h e o r e t i c a l c a l c u l a t i o n of Kuczynsk i , 
t h i s would be due t o v iscous or p l a s t i c f l o w , i n s u f f i c i e n t number of exper iments 
however, were c a r r i e d out i s i n t e r i n g f o r 3, 7 and 16 h) t o draw a d e f i n i t e c o n c l u 
s i o n . F i g . 53 and 54 show necks between two spheres s i n t e r e d at !700°C f o r 3 and 7 h, 

Some s i n t e r i n g exper iments were c a r r i e d out in c o n t r o l l e d oxygen atmos
phere. A l though q u a n t i t a t i v e data cannot be g i v e n , i t was observed t h a t in t h i s a t 
mosphere s i n t e r i n g was much f a s t e r . 

9 . MAGNETIC SUSCEPTIBILITY 

The magnetic s u s c e p t i b i l i t y of U0 2 + x s i ng le c r y s t a l s w i t h 0 < x < 0.25 
has been measured between 7 and I I kOe at temperatures ranging from 90° t o SOO"«. 
The samples were ob ta ined by o x i d i z i n g U02 QQ s i n g l e c r y s t a l s . 

As s t a t e d before [ 4 9 ] , the measured values of the s u s c e p t i b i l i t y Xm d e 
pend on the magnetic f i e l d s t r e n g t h H, i n d i c a t i n g the presence of p a r a s i t i c f e r r o -
magnetism. The l a rges t d i f f e r e n c e between the values of Km at a g iven temperature 
was about 6 %, a r e l a t i v e l y smal l percentage. However, the inaccuracy in the real 
va lue of the s u s c e p t i b i l i t y { obta ined by e x t r a p o l a t i o n is t oo large t o p r e d i c t : 

1. the paramagnetism of the U0 2 + x samples is due to spins only ; 
2 . the more o x i d i z e d ions in U0 2 + x w i t h χ < 0.25 are e i t h e r in a 5+ or 6+ s t a t e . 

The s u s c e p t i b i l i t y of a U02 > 056 sample, i r r a d i a t e d t o a dose of 
3.3 x IO 1 7 neutrons cm~2 , was about 4 t o 10 %, lower than t h a t of an u n i r r a d i a t e d 
re fe rence c r y s t a l . WEIL and COHEN [50] repor ted an Increase of a few per cent a f t e r 
i r r a d i a t i o n . However, t h e i r U02 samples were p o l y c r y s t a l I i ne and were submi t ted t o 
a much lower neutron dose (8 .6 χ i 0 ^n c m - 2 ! . The decrease in our c r y s t a l seems t o 
be most ly due t o the reduc t i on of the fe r romagnet ic component of the s u s c e p t i b i l i t y , 
Th is f e r romagne t i c c o n t r i b u t i o n s a t u r a t e s between 8 and I I kOe. Even w i t h the ap
p l i c a t i o n of these f i e l d s I t cannot be determined accura te l y as i t is only a smal l 
f r a c t ion of \ . 

The magnetic moment per uranium ion f o r bulk U02 go repor ted by ARR0TT 
and GOLDMAN [51] Is w i t h : n 3.07 t o 3.20 μ (μ = Bohr magneton). When U02 is d i l u t e d 
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w i t h Th02 in s o l i d s o l u t i o n a moment of 2.83 μ is found [ 5 2 ] , Th is d i f f e r e n c e in 

moments found by the same measuring technique g ives no evidence f o r the presence 

of fe r romagnet ic i m p u r i t i e s . I t seems d i f f i c u l t t o accept t h a t such i m p u r i t i e s 

should be present only in U02 and not in Th02 . 

In the next paragraphs our r e s u l t s w i l l be d i scussed . 

Six c r y s t a l s , des ignated by the l e t t e r s from A t o F, were measured. The 

0/U r a t i o of these samples is equal t o 2 .00 , 2 .00 , 2.056, 2 .056 , 2.15 and 2.22 

r e s p e c t i v e l y . The rec i p roca l of the s u s c e p t i b i l i t y has been p l o t t e d versus the ab

s o l u t e temperature Τ f o r each of these specimens. This is shown In F ig c 55 f o r 

sample A. The data obey the Cur ieWeiss (C.W.) law ; 

Ι Τ  θ 

 = ! I ) 
X C 

where θ ¡s the Weiss constant which is obta ined by e x t r a p o l a t i n g the s t r a i g h t l i n e 

in the Ι / χ , Τ diagram t o Ι /κ = 0 , With the a id of t h i s value the Cur ie cons tan t C 

can be o b t a i n e d . The values of θ and C f o r d i f f e r e n t samples are p l o t t e d versus 

x in F i g . 57 and 58. From our exper imenta l r e s u l t s one θ and one C can be deduced 

f o r every specimen except f o r F. For t h i s sample w i t h composi t ion 0/U = 2 . 2 2 , the 

exper imenta l po in ts do not f a l l on a s i n g l e s t r a i g h t l i n e , as shown in F i g . 56 . 

When measuring only e i t h e r in the lower or in the h igher temperature range one 

would have found two d i f f e r e n t s t r a i g h t l i n e s , leading to two d i f f e r e n t va lues of 

Θ. This means t h a t w i t h i n the l i m i t s of p r e c i s i o n of the measurements the C.W. law 

is found t o hold in a r e s t r i c t e d temperature range. I f one cons iders the whole 

temperature range a l i ne w i t h θ =  100" can be chosen so t h a t the va lue at any 

temperature approaches the cor responding χ t o b e t t e r than 2 %. Al though t h i s d i f 

ference is s m a l l , i t is the sys temat ic d e v i a t i o n t h a t fo rces us t o conclude t h a t 

the C.W. law is not obeyed in t h i s case. GAT00 et ai [53] found t h a t t h e i r χ va lues 

can be represented by the equat ion 

x =Fr7e + B ;2) 

Here, Β is a temperature Independent t e r m . We c a l c u l a t e d the cons tan ts of t h i s 

.equat ion using our χ va lues , obta ined at th ree d i f f e r e n t t empera tu res . For sample 

F a double ana l ys i s has been made on two d i f f e r e n t se r ies of exper imenta l p o i n t s . 

The values obta ined in both cases are : 

Ι . θ =  38.5
e
 Β = 707 x Ι Ο

 6
 mo le

 1
 C = 0.434 mole"

1 

2 . θ =  77.6
e
 Β  238 x Ι Ο

 6
 mole"

1
 C = 0.663 mo le

 1 

The apprec iab le d i f f e r e n c e s are an i n d i c a t i o n t ha t the ana l ys i s is very s e n s l t  v e 

t o minor d e v i a t i o n s from the rea l s u s c e p t i b i l i t i e s due to e r r o r s in the measure

ments. In order t o check t h i s we added a v a r i a b l e f r a c t i o n t o t he ,, va lues in the 

fo rmu la ( 2 ) . The f r a c t i o n s were chosen so t h a t + —— =  ~  = + —— . The sub

'
v
i 2 '«3 

s c r i p t s i nd i ca te the temperature at which the respec t ' ve V
s
 were measured. 
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C h a n g i n g t h i s r e l a t i v e e r r o r f r o m + I t o  I % causes t h e c a l c u l a t e d Β v a l u e s t o 

change f r o m + 715 χ ! 0
 6

 m o l e
 1

 t o  583 x I O
 6

 m o l e
 1

, w h i l e C v a r i e s f r o m 0 . 4 2 6 

t o 0 . 8 5 0 m o l e "
1

. The θ v a l u e s went f r o m  2 4 . 8 t o  1 7 0 ° . 

Us ing e q u a t i o n s ( I ) and ( 2 ) one can deduce v a l u e s f o r θ , Β and C w h i c h 

a r e very c l o s e t o t h o s e g i v e n by Gotoo e t a l . A l l t h e s e d i f f e r e n t m a t h e m a t i c a l 

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

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

wi ' : be p r e s e n t e d . 

The mean m a g n e t i c moment i n t h e χ d i r e c t i o n <μ χ > o f a f r e e ion Is r e l a t e d 

t o t h e t e m p e r a t u r e and t h e f i e l d s t r e n g t h by t h e B r i l l ou 1 η f u n c t i o n [54 ] 

<μ χ > = μ Bj (z . (3 ) 

Here μ is the maximum value of the i on in the χ direction and 

I I I I , 
B:!z) = [! I + — ) cot h ( I + — ) ζ  — cot h — ζ] (4) 
J
 2j 2j 2j 2j 

wherein the Langevin variable is given by 

μΗ 
ζ = — (5) 

kT 

In m a g n e t i c m a t e r i a l s t h e i ons a r e no more f r e e bu t i n t e r a c t m u t u a l l y . 

The r e s u l t o f t h i s i n t e r a c t i o n i s expressed i n t h e f o r m u l a t i o n as an e f f e c t i v e f i e l d 

added t o t h e e x t e r n a ! o n e . 

T h e r e f o r e , t h e Langev in v a r i a b l e becomes 

μι j
= v 

ζ = — [Η + Σ w. · μ ; ] ( 6 ) 
kT j = | ' J ^ J 

Here, μ: is the moment of the ion in the neighbourhood of the considered one which 

is labelled i and w ¡ : is a proportionality constant relating the effect of the 

jth ion on the ith one to an effective field. The summation must be carried out 

over all ions influencing the ith one. 

When ζ is small, one has in a good approximation 

ζ I est 
B,iz) =  (I +  J = x Η Í 7 ) 
J 3 j Τ 

For an t i f e r r o m a g n e t i c and f e r r I m a g n e t i c m a t e r i a l s above t h e Néel t e m p e r a t u r e , t h e 

mean moment pe r i on i s l e s s t h a n t h a t o f t h e f r e e i o n . The mu tua l i n t e r a c t i o n s 

t e n d t o put t h e moments an t 1 p a r a i le I » in a c r y s t a l b u i l t up by t w o m a g n e t i c s u b 

l a t t i c e s , Néel d e s c r i b e d t h e phenomenon by a mutua l i n t e r a c t i o n between t h e s u b 

I a t t i c e s . 

- 4 8 

0/327/66 



In analogy with equation (3) and ¡n the region where equation (7) holds 

one has 

Here, M 

M 

W 

and C 

\ = l 
M = Σ M; 

i = l 

\=l 

= Σ 
- Η + Σ 

j = l 

w
ij

M
j 

(8) 

is the mean magnetic moment of the sample ; 

is the mean magnetic moment of the sub I att ices ; 

is a proportionality constant expressing the effect of M: on 

is the Curie constant for the sublattice. 

Eq. (8 ) g i ves 

Τ - θ 
+ D 

where C = C | + C 2 

θ = c,w M + c2w2l 

and D = D0 (C2W22 + C|W!2)  (C (W M + C2W2, ) 

(9) 

(10) 

( I I ) 

( 12) 

In the case t h a t the two s u b l a t t i c e s are i d e n t i c a l i . e . when (C2W22 + C|W|2 ) = 

(C|W|| + C2W2 |) the value of D vanishes and eq . (9) equals e q . ( I ) . In U02 such a 

s i t u a t i o n is p resen t . In t h i s ma te r i a l t he re is only one kind o f magnetic i ons , 

i . e . the U i o n . The ions are s i t u a t e d on two s u b l a t t i c e s , both i d e n t i c a l . The re 

f o r e , C| = C 2 , W22 = W|| and W2| = W| 2 . Eq. ( I ) is found t o be in good agreement 

w i t h the exper iment ( F i g . 5 5 ) . In U40g the two s u b l a t t i c e s can be d i f f e r e n t , i n d e 

pendent of the f a c t t h a t the fo rmu la can be w r i t t e n as (U02)2U2Û5 or as ( U 0 2 ) 3 U 0 3 . 

Here D appears in the f o r m u l a . This is in agreement w i t h the exper imenta l r e s u l t s . 

I t has been t r i e d t o c a l c u l a t e the D va lue t a k i n g i n t o account the d e v i a t i o n o f 

the Λ va lues f rom a Cur ieWeiss law. I t was a l ready mentioned t h a t t h i s d e v i a t i o n 

is s m a l l , so i t becomes d i f f i c u l t t o ob ta in an accurate value f o r D. Moreover, i t 

is imposs ib le t o determine i t s temperature dependence and t o compare i t w i t h the 

t h e o r e t i c a l p r e d i c t i o n . This is the reason why eq . (9) p r a c t i c a l l y equals eq . ( I ) . 

Conc lud ing , the temperature behaviour of the magnetic s u s c e p t i b i l i t y o f 

U0 2 + x suppor ts Née l ' s model f o r an t i f e r r omagne t ¡ c and f e r r i m a g n e t i c m a t e r i a l s 

showing two magnetic s u b l a t t i c e s . The measurements, however, are not p rec i se enough 

t o determine the valency s t a t e of the more ox id i zed uranium ions . One of the major 

causes of the u n c e r t a i n t i e s on the A values seems t o be a p a r a s i t i c fe r romagne t i sm. 

An accurate va lue of "A could be ob ta ined by using extremely pure m a t e r i a l ( p u r i t y 

b e t t e r than 99.999 %) . 
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) l ished and stain-etcher! surfaces of UO, single c rys ta l s as ohíierve·' by ref lect ion in the opt ica l microscope 

a) CT 0 brii 'ht regions, O/lI = 2.013 (χ 150) b) U 0 -lark regions, o/'J = 2.041 (x 15°) 

:) U.O 4ark regions, θ/υ = 2.08 (* 150) Λ) (.' .") bright regions, θ/υ" : s. 11 (x 150) 
4 y 



Fi g . ¿ 

P o l i s h e d and s t a in -e t che r ) s u r f a c e s of ITO s i n g l e c r y s t a l s as observed by r e f l e c t i o n in the o p t i c a l microscope 

f) U 0 b r i g h t r e g i o n s , o/U = a.17 (* 130) 

7) U 0 dark r e g i o n s , o/lJ = a . ig ( x 150) L) bT 0 b r i g h t r e g i o n s , 0/U - a . « 3 (* 150) 
4 y 



l ' I . " . 2. 

olisHed and stainetehed surfaces oa ÍK'), sinfrle crvstals as observed by reflection in the or>t ira* ■nicroseoie 

i) U O bright regions, C'/'l' = a.05 ( * 400) ,j ) 'J 0 bright regions, ireciiitation"· in the 

(loor ilane, θ/υ' = a.050 (x 400) 

^' ) U.0„ bright regions, irecinitations in the 
,4 9. 

.{110} plane, O/P  a.056 (* 400) 

1) V r) bright re.gion3. nrecipitations in the 
'4 9. ' . , χ 
Mil / plane, O/J = 3.036 (x 400 J 



P o l i s h e d and s t a i n  e t c h e d s u r f a c e s of 'JO s i n g l e c r y s t a l s as observe· 1 by r e f l e c t i o n in t h e ont i c a l microscon 

m) Ü 0 b r i g h t r e g i o n s , s u r f a c e p r e c i p i t a t i o n s 
4 9 

in t h e \ i o o } p l a n e , o /u = a .036 (* 400) 

S * ¿β*f 4 O - ί ν · » * 

", · # 

η) 'Τ 0 b r i g h t r e g i o n s , su r f ace r> rec ip i t a t i o ' iS ) ί: '.) b r i g h t r eg ions , s u r f a c e p r e c i p i t a t i o n s 
4 9 
in t h e i n o } ni ane, 0/1.J = 0.056 ( = 400 I 

4 9 
in t h e \ i i i j ^ l a n e . a.ο¿à (χ 4θθ) 



Fig. 3 
Polished and stain-etched sur
face of a Ü0_ o s g single crys
ta l as observed in the optical 
microscope (*40o) 

Fig. 4 
Surface of the same UQa g 
single crystal after irradia
tion up to a dose nvt=1.7x10 * 
thermal neutrons.em_a («400) 

Fig. 5 
Polished and stain-etched sur
face of a UO g single crystal 
as observed in the optical mi
croscope (X400) - After irradia
tion to a dose of 10a 0 thermal 
neutrons.cm a no precipitates 
of Ü 0. could be detected by 
optical microscopy 

t * 



■  — 

ng. 6 

n«Ljcphase boundaries i n U„0i c r y s t a l s 
4 y 



Fig. 7 
Magnified par t of Fig. 6 to shew the deta-il of 



Fig. 8 

Schematic representation of Fig. 7 
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a '3.1 

Fi*. 9 

Theoretical pore ha-ring i,ìie form of a regular polyhedron 
and consisting of eight . { i l l } planes and s i x j i o o } planes 
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Fig. io 

Shape of pores as observed af ter annealing at 1600-1700 

t) Pòre cut by a {100} plane (χ 1500) 

b) Pore cut by a {111} plane (χ 1500) 



Fig. i i 

Arrangement used for the measurement of the thermal conductivity at low temperatures 
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ρ l iqu id hel ium in le t 

vacuum or he l ium^ 
exchange gas inlet 
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Fig. i s 

Schematic drawing of the cryostat used for the thermal conductivity measurements 
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50 100 200 300 
temperature(° K) — ► 

Fig. 13 
Thermal condect iHtyiof TO^ single crystals as a fonction of temperature 
(curves ι , a and 3) .- The dashed l ine (curve 4) corresponds to measurements 

made by Bethoux et a l . on a sintered 00 a polycrystal 
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102 103 

temperature(°K)—► 

Fig . 14 

Phonon mean f r e e path: in UO as a funct ion of temperature (curve 1 : 
nearly s to i ch iometr i c UQ a J , curve 3 : s l i g h t l y ox id ized U0a) 
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21ec t r i ca l conductivity of UO s ingle c rys t a l s with θ/υ r a t i o s smaller than a.ooi 

0 / 3 2 7 / 6 6 



T(°K) 
Fig. 16 

Complete eet of conductivity data of Ü0. s ingle c rys ta l s with: compositions 0 "'< 'x '< 0.18 
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Conductivity and flail coeff ic ient of a UO -single crys ta l with : O/O 2? a· ooi 

Notice the reversal of sign of the iiall coefficient 
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Fig. 13 

flail mobility of a reduced U03 single crystal (D/U '< s .ooi ) as a 
function of the reciprocal temperature 
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Conductivity and Hall coeff ic ient as a function of the reciprocal temperature of 

a U0a s ingle c rys t a l with:0/u ~ a.05 
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Conductivity and flail coeff icient as a function of the reciprocal temperature of 

a UQ s ingle crystal with υ/υ ~ a.14 
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sample holder 

to vacuum pump 
supply(temperature) 

Z^jto vacuum pump 

Fig. 34 
Schematic drawing of the cryostat used for measurements of thermoelectric power and 
e lec tr ica l conductivity 

I 
Fig. as 

Sample holder for measurement of thermoelectric power and e lectr ica l conductivity 
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Fig. 96 

Switch system used for measurement of thermoelectric power and e lectr ica l conductivity' 
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Fig. 37 

General view of the apparatus for measurements of thermoelectric 

power and e lec tr ica l conductivity 
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T(°K) 

Thermoelectric, power 

Fig. a8 

a function of the reciprocal temperature for oxidized UÔ  single crystals (a.046 '< O/ö '< 8.35) 
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Fig. 39 

Thermoelectric power as a function of reciprocal temperature for slightly oxidized 00 single crystals (ο.οοι'< χ'< 0.013) 



Fig. 30 
T(°K) 

E l e c t r i c a l conducjyvity o f two as-grown c r y s t a l s ( o / u ~ a .005) 
versus rec iproca l temperature 

1*1000 

to 

500 

2.0023 ^ J . 

Fig. 31 

10· 
T(°K) 

Thermoelectric power as a function of rec iproca l temperature for UO, c r y s t a l s before 

and a f ter reduction 
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Thermoelectric power of nearly stoichiometric UO single crystals 

(o .ooi < x) versus reciprocal temperature 
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Thermoelectric power measurements on UO, 

Fig . 33 

as reported by d i f f erent authors Bates (curve A), Wolfe (curves F and C), Aronson e t a l . 

(curve D), Karkhanavala e t a l . (curve K), present work (curves Π, 3 , Κ and I ) 



Τ ( β Κ ) 
Fig . 34 

E l e c t r i c a l c o n d u c t i v i t y measurements on U0„ as reported by d i f f erent authors : Bates 
( curves A and B) , Wolfe ( curves C and D), Karkhanavala et a l . (curve Β) , present work 
(curves 0 , S, F, U, α and G) 
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E l e c t r i c a l c o n d u c t i v i t y ' o f d i f f e r e n t specimens i n a diagram l o g C l 3 ' a verens 
rec iproca l temperature - Curves SK-a and CC-14 correspond t o measurements 
made by'Wolfe 
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B l e c t r i c a l c o n d u c t i v i t y o f d i f f e r e n t specimens (o ther than Kig. 35) in a 
diagram l o g W T 3 ' 8 v e r s u s r e c i p r o c a l temperature - Curves SB-a and CC-14 
correspond to measurements made by'Wolfe 
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Fig . 37 

Thermoelectric power and conduct iv i ty of a nearly s t o i c h i o m e t r i c ÜO-

c r y e t a l (sample N) before and a f t e r quenching 
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Fig. 39 

Thermoelectric power and conductivity of a nearly stoichiometric UO, 
crystal (sample u) before and after quenching 
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T h e r m o e l e c t r i c nower as a f unc t i on of r e c i p r o c a l t empera ture fo r 
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T h e r m o e l e c t r i c power as a func t ion of r e c i p r o c a l t empera tu re ' o r 

a n e a r l y s t o i c h i o m e t r i c UJ^ c r y s t a l b e f o r e and a f t e r i r r a d i a t i o n 
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Thenaoelectric power as a function of reciprocal temperature for 

a nearly stoichiometric tJO. crystal before and after irradiation 
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Uranium se l f -d i f fus ion data for UOa according to different authors - Curve ι : Auskern et 
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Pig. 46 

Isochronal annealing of a quenched UO + s ingle c rys ta l (θ/υ ~ a.005) ' a *x 

0/327/66 



240 220 200 180 160 140 
M temperature(°C) 
120 100 

T(°K) 

Fig. 47 

Conductivity measurements during l inea r heating and cooling of a quenched 'ϋ02+χ single crys ta l 
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Two success ive isothermal annealing curves measured on a qnenched UO, . 
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Fig. 4'J 

Recovery of the e lectr ica l conductivity due to annealing of UOfl pre
viously irradiated with thermal neutrons ; the conductivity values 
before irradiation are 1.4 χ io" 3 (curve 1) and l . a x io~ 3 ohm"1cm~1 

respectively 
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Pig. so 

Analysis following the method of Balarin and Zetzsche of the pulse annealing data of 
DOa previously irradiated with thermal neutrons - The dotted and fu l l l i n e s correspond 
to f i r s t and second order kinetics respectively 
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Fig. Si 

Model for an oxygen i n t e r s t i t i a l in IJOa+T (according to Willis) 

fa. 
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F i g . 53 

Neck between two s p h e r e s s i n t e r e d a t 1700°C for 3 h 
(χ 1300) 

Fi?· 54 
Neck between two spheres sintered at 1700°C for 7 h 

(x 1500) 
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Keciprocal of the i^c... susceptibility as a function oí the absolnte tempei- *i. 
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Fig. 56 

Reciprocal of the magnetic suscep t ib i l i t y of a VO c rys ta l (?) as a function of the absolute temperature 



Fig. 57 

Weiss constant 9 of different UQa c r y s t a l s as a function of the θ/υ ratio 

90°<T<160°K 

Fig. 58 

Curie constant C of different VO c ry s t a l s as a function Of the θ/υ r a t i o 
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