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T H E E L E C T R I C A L P R O P E R T I E S O F URANIUM OXIDES 

R o b e r t K. W i l l a r d s o n , J e r r y W. Moody, 
and H a r v e y L . G o e r i n g 

The electrical conductivity and thermoelectric power of uranium 
oxides in the VOn-UoO-j range have been studied at temperatures between 
27 and 400 C after annealing at 200, 400, 600, 800, and 1000 C. The 
following compounds were identified: VOn , as a metal-deficit semi­
conductor; U^Og_y, as a metal-excess semiconductor; and ^30-7_^, as 
a metal-excess semiconductor. The presence of all major phases was 
confirmed by X-ray powder techniques. The basic crystal lattice is the 
same for the three compounds. However, oxygen in excess of an oxygen/ 
uranium ratio of 2.00 goes into interstitial positions and uniformly contracts 
the lattice of UOn with increasing interstitial oxygen, contracts the lattice 
a fixed amount for U^Og, or contracts the lattice preferentially to give 
the slightly tetragonal UoO^ structure. An energy of about 0.4 ev is 
required to free a positive carrier from the interstitial oxygen in UOp . 
In fJ^Og or U^Oj, the energy required to free an electron from the hexa-
valent uranium varied from 0.4 ev at high carrier concentrations to 0.9 ev 
at the lower concentrations. 

A correlation between the p-type electrical conductivity, and the 
reduction in volume of pressed UO2 at elevated temperatures was observed. 
The percentage shrinkage of p-type uranium dioxide is a linear function 
of conductivity (and oxygen content) when sintering is done under conditions 
which minimize loss of oxygen. 

The electrical conductivity of sintered UOn which did not sinter 
to high densities exhibited an anomalous decrease as a function of 
increasing temperature at about 400 C. This decrease was not observed 
in the active oxides, which sintered to high densities. 

INTRODUCTION 

The w o r k d e s c r i b e d h e r e w a s p a r t of an i n t e g r a t e d i n v e s t i g a t i o n of the 
f u n d a m e n t a l p r o p e r t i e s of u ran iunn o x i d e s done for the M a l l i n c k r o d t C h e m i ­
ca l W o r k s . E l e c t r i c a l m e a s u r e m e n t s w e r e e m p l o y e d to c h a r a c t e r i z e the 
o x i d e s p r o d u c e d by v a r i o u s p r o c e s s e s f r o m d i f f e ren t s t a r t i n g m a t e r i a l s . 
The b a s i c ob j ec t i ve of the p r o g r a m w a s to d e t e r m i n e those f a c t o r s which 
affect the s i n t e r i n g c h a r a c t e r i s t i c s of u r a n i u m d i o x i d e . 

The e l e c t r i c a l c o n d u c t i v i t y of the o x i d e s of u r a n i u m h a s been s tud ied by 
m a n y i n v e s t i g a t o r s\ ^~ 1 ̂ / a n d the r e s u l t s of t h e i r w o r k h a v e b e e n s u m m a r i z e d 

(1) References at end of report, 
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by Meyer^ ' and by Katz and Rabinowitch' ' , The oxides UO3 and U3O8 
a re repor ted to be m e t a l - e x c e s s semiconductors , while UO2 is said to be an 
amphoter ic semiconductor . The conductivity of UO3 at room tempera tu re is 
very low — the repor ted values range from 10"^ to l e s s than 10~8 (ohm-cm)- l , 
P a r t of the conductivity of U3O8 is ionic in na tu re . The repor ted va lues , 
which include both the ionic and e lect ronic contributions to the conductivity, 
vary from 2 x 1 0 " t o l x l O " (ohm-cm) ~ . In UO2, conductivities ranging 
from 3 x 10"^ to 4 x 10"° (ohm-cm)~i have been m e a s u r e d at 27 C. The 
ranges of conductivit ies a r e , of course , caused by var ia t ions in the com­
position, puri ty , apparent density, and crys ta l l ine perfect ion of the spec i ­
mens studied. 

The studies of Meyer and co -worke r s ( i~^ ) , of Chiotti(^), and of 
Hartnnann^ ' on UO2 a r e probably the m o s t significant. Meyer studied the 
e lec t r i ca l conductivity of UO2 as a function of t empe ra tu r e to de termine 
"activation e n e r g i e s " for free c a r r i e r s in samples of widely different con­
ductivit ies, and obtained values ranging from 0. 3 to 0. 9 ev. Chiotti a lso 
studied the conductivity of UO2 as a function of t empera tu re , but extended 
the m e a s u r e m e n t s to higher t e m p e r a t u r e s where in t r ins ic conductivity 
became predominant . A summary of some of this ear ly work is shown in 
F igure 1. 

Har tmann pointed out that the i nc r ea se of e lec t r i ca l conductivity with 
the addition of oxygen makes UO2 a meta l -def ic i t semiconductor in which 
the c u r r e n t c a r r i e r s a r e positive ho les . He confirmed this hypothesis by 
Hall-coefficient m e a s u r e m e n t s . His specimen had a conductivity of 0.013 
(ohm-cm)" and a Hall coefficient of 770 cm per coulomb. These data can 
be in te rpre ted to give a f r e e - c a r r i e r concentrat ion of 1 x 10^° posit ive holes 
per cm and a mobili ty of 10 cm per v - s e c . 

In mos t of these invest igat ions only one or two specimens were studied. 
The puri ty and excess oxygen content w e r e not known. The type of con­
ductivity (electron or positive hole) was not de te rmined nor was the 
possibi l i ty of the existence of seve ra l phases cons idered . It, therefore , 
seemed of i n t e r e s t to the authors to extend the work on UO2 and carefully 
consider m o r e of the fac tors involved in producing different conductivities 
and activation energ ies in UO2 and to use the e l ec t r i ca l p rope r t i e s to 
obtain a be t te r understanding of the s inter ing p r o c e s s e s . 

EXPERIMENTAL WORK 

During the course of this investigation, i t was found n e c e s s a r y to 
study the e l ec t r i ca l p rope r t i e s of UO2 produced by seve ra l different 
p r o c e s s e s . Both s in te red and nonsin tered spec imens were studied. Since 
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the e lec t r i ca l p rope r t i e s of UO2 were found so dependent upon its past 
h is tory , a detailed descr ip t ion of the p repara t ion of samples will be d e ­
fe r red until the e lec t r i ca l p rope r t i e s of a par t icu la r sample a r e d iscussed. 
However, all spec imens studied were p repa red from UO2 pow^der and were 
hydrosta t ical ly p r e s s e d at 100, 000 psi (without a binder) into cyl indrical 
rods about 1/4 by 4 in. These rods were s in tered in a hydrogen a t m o s ­
phere at 1650 or 2050 C for 1 h r . Specimens for e lec t r ica l m e a s u r e m e n t s 
were cut from the rods ei ther before or after s in ter ing. 

Spectrographic analysis of these m a t e r i a l s indicated the meta l l ic 
impuri ty content to be ve ry low — a few pa r t s per mil l ion at mos t . Because 
of the r a the r high excess-oxygen content of the samples , it was assumed 
that the effect of the meta l l ic impur i t i e s was negligible. Oxygen/uranium 
ra t ios were calculated from the weight gain on ignition of the UO2 powder 
to U3O8. 

After the e l ec t r i ca l m e a s u r e m e n t s were completed on a par t i cu la r 
sample , the phases p r e sen t were de termined by X- r ay techniques, in mos t 
c a s e s . 

The specimens for e lec t r i ca l m e a s u r e m e n t s were lapped to 1/8 by 
1/4 by 1/2 in. on si l icon carbide paper . They were mounted in a Lavite 
holder so constructed that e l ec t r i ca l contact could be made on the ends and 
one face of the sample . The end contacts were Chromel plates to which 
were welded Chromel -Alumel thermocouples . The thermocouple wi res 
were a lso used as c u r r e n t leads and the rmoe lec t r i c power p robes . The con­
tacts on the face of the sample were platinum beads and served as con­
ductivity p robes . All contacts were spr ing loaded. 

During the measurennents as a function of t e m p e r a t u r e , the holder was 
enclosed in a Vycor tube and connected to a vacuum sys tem with a p r e s s u r e 
of about 10"-* m m of m e r c u r y . Room- t empe ra tu r e m e a s u r e m e n t s were made 
in a i r at a tmospher ic p r e s s u r e . 

The a r r angemen t used for the m e a s u r e m e n t of conductivity is shown in 
F igure 2, The potential drop (Vĵ ) between the two probes is compared with 
the potential drop a c r o s s a s tandard r e s i s t o r (Rs)- The m e a s u r e d con­
ductivity is obtained by using the express ion: 

^ 2 
<r. ̂ Vi Rsbd 

(1) 
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where 

b is the width of the specimen 

d is the thickness of the specimen 

$Lis the distance between the conductivity p robes . 

Conductivity was conver ted to " c o r r e c t e d " conductivity by the expression^ ' : 

where P r e p r e s e n t s the volume pore fract ion of the specimen. The con­
ductivit ies were r e f e r r e d to the theore t ica l density of UO2 because the ex­
cess oxygen was de termined on a weight per cent bas i s , whereas the con­
ductivity depends on the number of c a r r i e r s per unit volume. This 
cor rec t ion made i t possible to connipare the conductivity of specimens of 
different dens i t ies . However, caution mus t be exerc ised in any quantitative 
in te rpre ta t ion of the data because of the effects of grain boundaries . 

The voltages were m e a s u r e d with a Leeds and Northrup K-2 potent i ­
ome te r . The use of potential probes insured against contac t - res i s tance 
e r r o r s . The accuracy of the m e a s u r e m e n t was l imited by the effect of 
grain boundar ies and by the degree of homogeneity of the sample . 

The bas ic c i rcu i t for the measurennent of the rmoelec t r i c power is 
shown in F i g u r e 3. The the rmoe lec t r i c power, Q, was determined by 
establishing a the rmal gradient along the specimen and measur ing the t he r ­
mal emf (Vth) genera ted . The the rmal gradient is produced by contacting 
one end of the specimen with a heat source (electr ic heater) and the other 
end with a heat sink. The the rmoe lec t r i c power is obtained from the 
express ion: 

^ avg/ AT 

for smal l t empera tu re g rad ien t s . 

The the rmal emf (V ĵ̂ ) was m e a s u r e d with a Leeds and Northrup K-2 
potent iometer , as was the emf of the thermocouples . The thermoelec t r ic 
power was m e a s u r e d with r e s p e c t to the Chromel wire in contact with the 
ends of the specinmen. To obtain the absolute thermoelec t r ic power, the 
value for Chromel was added for p-type m a t e r i a l s (and subtracted for n-
type ma te r i a l s ) to those calculated by Equation (3). 
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The accuracy of the value obtained for the thermoelec t r ic power is 
l imited by the prec is ion with which the differences in the t empera tu res at 
the ends of the specimen was determined (a relat ively large gradient, 15-
20 C, was employed) and by the homogeneity of the sample . 

Cha rac t e r i s t i c s of Sintered Specimens 

Initial exper iments on the var ia t ion of the e lec t r ica l conductivity of 
uranium dioxide with oxygen/uranium ra t io indicated that the conductivity 
(by posit ive c a r r i e r s ) inc reased l inear ly with oxygen content, at l eas t up 
to ra t ios of about 2 .10 . However, extended measu remen t s on one spec i ­
men revealed that heat t r ea tmen t could change not only the magnitude of the 
conductivity but also the sign of the major i ty c a r r i e r s . This resu l t is 
r epresen ted by the curves in F igu re s 4 and 5. These curves were obtained 
on specimens cut from a rod of MCW UO2 sintered for 1 hr at 2050 C in a 
hydrogen a tmosphe re . After s inter ing, the oxygen/uranium rat io by 
ignition analysis \vas 2.011 and the density of the rod was 86. 3 per cent of 
theoret ica l densi ty. 

The initial data were obtained using the whole length of the rod (about 
3 in . ) as the specimen and a re r ep resen ted in Figure 4 by the open t r iangles 
on Curve A. These m e a s u r e m e n t s were made under about 10"^ mm of 
m e r c u r y p r e s s u r e . Although n-type conductivity is assigned to this curve, 
the the rmoe lec t r i c power (and sign of the c a r r i e r s ) was not measu red during 
the init ial r u n s . Actually, in view of subsequent m e a s u r e m e n t s , it appears 
that the rod was nonhomogeneous. Of par t icu la r in te res t is the anomaly 
occurr ing between 200 and 350 C ( represented by the broken portion of the 
curve) . The genera l shape of this curve could be duplicated, but the 
magnitude of the conductivity changed slightly during the t empera ture cycles 

The other curves of F igu re 4 and those of F igure 5 were obtained on 
specimens 1/8 by 1/4 by 1/2 in. cut from the original rod. These m e a s u r e ­
ments were made under a p r e s s u r e of about 10"^ mm of m e r c u r y . The 
m e a s u r e m e n t s on the ra-type spec imens , r epresen ted by the open c i rc les 
and squares on Curves B and C were completely reproducible and severa l 
cycles were made between 20 and 200 C. When these samples were heated 
above 200 C, the conductivity dec reased in the same anomalous manner as 
the conductivity of the rod, Curve A, and the thermoelec t r ic power became 
p-type. As the t empera tu re was inc reased to 400 C, where the int r ins ic 
conductivity became apparent , the the rmoe lec t r i c power again became re­
type. However, now when the t empera tu re was reduced the extr insic con­
ductivity was p-type, and additional m e a s u r e m e n t s of conductivity as a 
function of t empe ra tu r e resu l ted in the data shown by Curve D in 
F igures 4 and 5. 
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Additional t empera tu re cycling for seve ra l days increased the 
extr insic p-type conductivity and resu l ted in the data shown by the Curves E 
and F of F igu re s 4 and 5. Evidently a smal l amount of oxygen was absorbed 
above 200 C, even though the m e a s u r e m e n t s were c a r r i e d out in a vacuum 

3 c 
of about 10"--̂  mm of m e r c u r y . When the vacuum of 10" mm of m e r c u r y was 
used, it appears that a negligible amount of oxygen was absorbed. Thus, 
the anomaly seems to be caused by a r eve r s ib l e phase change in which the 
conductivity changes from re-type to p-type. Also, the anomaly can be 
eliminated by the addition of a very smal l amount of oxygen into the lat t ice, 
which nnakes the m a t e r i a l p-type throughout the extr insic region. 

The appearance of 'J-type conductivity was ra the r surpr i s ing , since 
the oxygen/uranium ra t io of 2 .011 ± 0.005 indicated about 3 x 10^^ excess 
oxygen atoms per cm-' and in te r s t i t i a l oxygen atoms in UO2 a re associa ted 
with positive conduction. If the oxygen content had been below the 
s to ichiometr ic ra t io 2 .00 , then the negative c a r r i e r s could be supplied by 
the excess uranium a toms . Also, in view of the anomalous dec rease in 
conductivity with increas ing t empera tu re above 200 C, the re-type con­
ductivity seems to be explained only by assuming the p resence of excess 
uranium in a phase other than UO2. 

It is readi ly apparent from F igure 4 that the curves of log conductivity 
as a function of r ec ip roca l t empe ra tu re , in general , consis t of tw ô s t ra ight 
l ines and that the conductivity of each port ion can be fitted to an express ion 
of the type 

^ ^ ^ ^ - A E / 2 k T ^ (4 J 

where 

A is a constant 

k is Bol tzman' s constant 

AE is the energy n e c e s s a r y to f ree a charge c a r r i e r . 

The application of this equation to the conductivity at high t empe ra tu r e s is of 
par t i cu la r significance. It i s noticed that this port ion of the curves appeared 
to be reproducible , r e g a r d l e s s of the behavior of the conductivity at low 
tennperatures . Therefore , it is reasonable to suppose that the high-
t empera tu re port ions of the curves of F igu re 4 r e p r e s e n t the in t r ins ic 
conductivity of UO2. F r o m the slope of the curve and Equation (4), a value 
of 3. 0 ev was calculated for the energy-band separa t ion in uranium dioxide. 

However, this value of the energy gap mus t be taken with caution, 
since by using the m e a s u r e d value of the conductivity and reasonable values 
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for the mobility and effective m a s s of the c a r r i e r s one would predict a 
value between 1 and 2 ev. An explanation may be found in the rat io of the 
e lec t ron- to-hole mobil i ty. In the in t r ins ic range, the conductivity of these 
specimens was invariably ra-type, indicating an e lec t ron- to-hole mobility 
rat io g r ea t e r than one. When such is the case , for a given c a r r i e r con­
centrat ion, ext r ins ic p-type specimens will have a lower conductivity than 
re-type spec imens . Also, the approach to the intr insic conductivity will be 
different. It can be shown that when the above condition prevai ls the initial 
in t r ins ic slope of p-type specimens will be g rea te r than the slope cor ­
responding to the band separa t ion of the ma te r i a l . The r eve r se is true for 
re-type spec imens; that i s , the " n e a r - i n t r i n s i c " slope of the conductivity 
curve will be l e s s than the slope corresponding to the band separat ion. The 
amount of "overshoot" or "undershoot" is dependent upon the density of 
acceptor or donor levels as well as the e lec t ron- to-hole mobility ra t io . 
At sufficiently high t e m p e r a t u r e s , when intr ins ic conductivity predominates , 
the slopes of p- and re-type ma te r i a l a r e equal and correspond to the band 
separa t ion. Except for the fact that e lec t rons have a g rea te r mobility than 
holes , l i t t le e lse is known of the magnitude of the mobil i t ies of charge 
c a r r i e r s in uranium dioxide. There fore , the value of 3.0 ev for the band 
separat ion in uranium dioxide, based on a calculation in the nea r - in t r in s i c 
range , should be regarded as the maximum value possible , with the actual 
value being perhaps as low as half of this value. 

The low- tempera tu re port ions of the curves of Figure 4 also reveal 
some in teres t ing c h a r a c t e r i s t i c s . A ra the r la rge difference in the slopes 
of the re- ajid p-type curves is obvious. Applying Equation (4) to the ex­
t r ins ic port ions of F igu re 4, activation energ ies of about 0.9 ev a re obtained 
for re-type c a r r i e r s and about 0 .4 ev for positive c a r r i e r s . It is also 
in teres t ing to note that the ex t r ins ic slope of Curve A (open t r iangles) l ies 
between these va lues . 

The the rmoe lec t r i c power of this specimen (Curve E, F igure 5) 
poses a difficult p roblem. Simple theory predic ts a the rmoe lec t r i c power 
which d e c r e a s e s with increas ing t empe ra tu r e for a tempera ture-dependent 
population of cu r ren t c a r r i e r s . This i s obviously not the case for the p-
type curves where an initial sharp r i s e in the rmoelec t r i c power (although 
the conductivity inc reases ) i s noted. Even the re-type curves a re relat ively 
flat and do not dec rea se as would be expected. 

Some further m e a s u r e m e n t s on the e lec t r ica l p roper t ies of s intered 
specimens of uranium dioxide a r e shown in F igu re s 6 and 7. These m e a s ­
u remen t s were made on: 

(1) A specimen (Curve G, open c i rc les ) cut from a rod of 
regula r MCW minus 325-mesh UO2, s intered in hydrogen 
for 1 hr at 1600 C to 79 per cent of theoret ical density 
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(2) A specimen (Curve H, open rectangles) cut from a rod of 
Ba t te l l e -made "ac t ive" UO2, s intered in hydrogen for 
1 hr at 1600 C to 95 per cent of theore t ica l densi ty. 

The m e a s u r e m e n t s were made under a p r e s s u r e of about 10-3 rnnn of 
m e r c u r y . 

F i g u r e s 6 and 7 a r e of pa r t i cu la r in te res t since they compare the 
e lec t r ica l p rope r t i e s of a specimen of UO2 which s intered to high density 
with those of a specimen which s intered to the usual density (about 80 per 
cent of theore t ica l ) . The conductivity curves display a r emarkab le difference 
at the higher t e m p e r a t u r e s . The anomaly in the e lec t r ica l conductivity as 
the t empera tu re is inc reased noted for the previous sample is obvious on 
the conductivity curve of the normal UO2 (Curve G), but does not appear 
on the curve of the active ma te r i a l (Curve H). Even the slopes of the two 
curves of conductivity ve r sus t empera tu re a re significantly different, that 
of the normal MCW specimen being 0. 36 ev at the lower t empe ra tu r e s and 
changing to 0, 84 ev above 200 C, while that of the active specimen was 
0,28 ev. 

An examination of the the rmoe lec t r i c -power curves (Figure 7) also 
revea ls some in teres t ing differences. Although the curves a r e somewhat 
s imi la r in general shape, there is a l a rge difference in the magnitude of 
the the rmoe lec t r i c powers , even though the conductivities a re near ly ident i ­
cal . Again the i nc r ea se of t he rmoe lec t r i c power with increas ing c a r r i e r 
concentrat ion is to be noted. The shape of these curves was reproducible 
but the magnitudes changed on further t empe ra tu r e cycling. 

An explanation of the differences in F i g u r e s 6 and 7 is r a the r difficult 
to advance. If it is assumed that the anomaly in the conductivity curve of 
the normal specimen was due to a phase change, the t rans i t ion is c lear ly 
lacking in the active specimen. The question is then why does not the active 
ma te r i a l change phases at higher t e m p e r a t u r e s . A possible answer to this 
question would be the p resence of an impuri ty . The s tar t ing ma te r i a l of 
both normal and active UO2 i s uranyl n i t r a t e , which is decomposed to UO3 
and finally reduced by hydrogen to UO2. The difference in the m a t e r i a l s is 
that in the case of the active ma te r i a l the UO3 is ball mil led, thoroughly 
washed, and then reduced to produce the active UO2. If any n i t r a t e s had 
pe rs i s t ed through the decomposit ion, they probably a r e removed by the 
washing. Thus it is possible that the normal UO2 may contain ni t rogen 
impur i t i es absent in the active m a t e r i a l . But even if ni t rogen is p resen t in 
the normal m a t e r i a l , it i s not understood how it could cause UO2 to undergo 
a phase change at elevated t e m p e r a t u r e s . 
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Anneal and Quench Exper iments 

The questions r a i sed in the preceding sections concerning the phase 
re la t ionships in the UO2-U3O3 sys tem made it impera t ive to invest igate 
the e lec t r i ca l p rope r t i e s of nonsintered specimens with l a r g e r oxygen/ 
uranium ra t ios . It was obvious that no cor re la t ion between e lec t r i ca l prop­
e r t i e s and sintering c h a r a c t e r i s t i c s would be possible until the dependence 
of e lec t r i ca l p rope r t i e s on s t ruc tu re was explored. Accordingly, an ex­
tended s e r i e s of anneal-quench exper iments was undertaken on p r e s s e d 
specimens of UO7 containing var ious amounts of excess oxygen. During 
these exper iments it was found n e c e s s a r y to verify the phase re la t ionships 
by X- r ay ana lys i s . 

Regular MCW minus 325-nnLesh UO2 powder (Lot No. 77016, oxygen/ 
uranium rat io = 2. 032) was exposed to dry oxygen for var ious lengths of 
t ime at 180 C. Ca re was taken to exclude nitrogen from the sys tem. After 
the exposure , an oxygen a s say was made on the m a t e r i a l by ignition analysis 
The powder was then hydros ta t ica l ly p r e s sed , without a binder , under 
100,000 psi into cyl indr ical r o d s . Since the method of s intering removes 
most of the excess oxygen, specimens for these anneal-quench exper iments 
and e lec t r i ca l m e a s u r e m e n t s were cut from the p r e s s e d rods . 

Room- tempera tu re measure inen t s on the a s - p r e p a r e d specimens r e ­
vealed that all the specimens were p-type and that the conductivity rose 
slightly in a l inear fashion with increas ing oxygen content (see F igure 10). 

The specimens were then sealed in small Vycor capsules under a 
par t ia l p r e s s u r e of argon. The capsules were mounted in a furnace and the 
specimens annealed at 200 C for an extended period of t ime . Per iod ica l ly 
the specimens were quenched by dropping into an oil bath, removed from 
the capsules and the magnitude and type of conductivity at room t empera tu re 
de te rmined . In F igure 8 a re plotted the r o o m - t e m p e r a t u r e conductivities 
as a function of anneal t ime at 200 C. 

At f i rs t glance the curves of F igu re 8 might be taken as represent ing 
a p r o c e s s of homogenization. It i s conceivable that the a s - p r e p a r e d speci ­
mens were nonhomogeneous, that oxygen had been absorbed on the surface 
of the UO2 granules and was not dis t r ibuted throughout the c rys ta l l a t t ice . 
Indeed, this is indicated to some extent by the a s - p r e p a r e d curve of 
F igure 10. This curve does not r i s e as sharply as would be expected if the 
conductivity of UO2 inc reased in a one-to-one correspondence with the con­
centrat ion of excess oxygen a toms . There fo re , pa r t of the changes in 
conductivity r ep resen ted in F igure 8 might be considered due to a simple 
p r o c e s s of homogenization. Yet such a p r o c e s s would not account for all 
the fea tures of F igure 8. The appearance of re-type conductivity after the 
f irs t 16-hr anneal , the annealing of regular MCW UO2 (oxygen/uranium = 
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2. 032) and the behavior of the specimen of oxygen/uranium ratio of 2. 317 
strongly suggest an order ing of the excess oxygen atoms at the anneal t em­
p e r a t u r e . Thus , along with the simple p rocess of diffusion and homogeni­
zation, there must be postulated an order ing p rocess in which the bonding 
orbi ta ls in the lat t ice of UO2 a re affected ( increase in conductivity) and in 
which a new phase or phases appear (appearance of n-type conductivity). 

After about 60 hr annealing, the conductivity of the p-type specimens 
reached a constant value. A somewhat longer t ime, about 80 hr , was r e ­
quired for the ra-type specimens to come to equil ibr ium. It is interest ing 
to note the differences in which the var ious specimens approached the 
s teady-s ta te value. The slopes of the annealing curves of p-type ma te r i a l 
of re la t ively high oxygen content (oxygen/uranium ratio = 2.074 and 2. 132) 
a re near ly para l le l and a r e g r e a t e r than the slope for the regular MCW ma­
t e r i a l . Even g rea t e r pa ra l l e l slopes a r e obtained for the n-type specimens, 
with the exception of the one with an oxygen/uranium rat io of 2. 317. This 
specimen showed a slight dec rea se in conductivity when annealed at 200 C. 

In F igure 9 a r e plotted the r e su l t s obtained on the same specimens 
during an anneal at 400 C. Here it can be seen that the steady state was 
reached in a much shor t e r t ime (about 30-40 hr for both p- and re-type 
spec imens) . It will also be noted that the specimen of oxygen to uranium 
rat io of 2. 160 i s now p- type. Attention i s again called to the manner in 
which the var ious specimens approach the s teady-s ta te value. As at 200 C, 
near ly para l le l s lopes a r e obtained for both re- and p-type ma te r i a l , with 
the re-type slopes being somewhat g r e a t e r . Once again the specimens of 
lowest cind highest oxygen content were different from the other spec imens . 

If the s teady-s ta te values of F i g u r e s 8 and 9 a r e plotted as a function 
of oxygen/uranium ra t io , the curves of F igure 10 a re obtained. The signifi­
cance of Curve A in F igure 10 has been d iscussed previously. Considering 
Curve B, the s teady-s ta te values of conductivity after annealing at 200 C 
and quenching to room t e m p e r a t u r e , it can be seen that as oxygen is added 
up to an oxygen/uranium rat io of about 2 .06 , the p-type conductivity of 
UO2 i n c r e a s e s . Beyond this point the conductivity begins to dec rease with 
increas ing oxygen content. F inal ly , between the oxygen/uranium ra t ios of 
2. 13 to 2. 16, the conductivity becomes re-type. Between the p- and re-type 
branches of Curve B there appears to be a discontinuity. F u r t h e r increas ing 
oxygen content r e su l t s in decreas ing re-type conductivity. The s teady-s ta te 
values of conductivity after annealing at 400 C a re shown by Curve C, which 
is s imi la r in shape to Curve B, but displaced to much higher values of con­
ductivity. Attention is called to the specimen of oxygen/urainiunni rat io of 
2. 160. After annealing at 400 C, the conductivity of the specimen fits on 
nei ther branch of Curve C. 

The anneal-quench exper iments were also performed at t empe ra tu r e s 
of 600, 800, and 1000 C. At these t e m p e r a t u r e s a steady state was obtained 
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in a few hours . But at these higher t e m p e r a t u r e s considerable oxygen was 
lost from the specimens so that a quantitative descr ipt ion of the behavior of 
the specimens was not poss ib le . However, indications were that annealing 
up to 800 C resul ted in still further i n c r e a s e s of conductivity and that curves 
s imi la r to Curves B and C of F igure 10 could be plotted. No further changes 
of type of conductivity were noted for these spec imens . The n-type specimens 
remained n-type, even after annealing at 1000 C. Annealing above 800 C 
seemed to have l i t t le effect on the magnitude of the conductivity after quench­
ing of the spec imens . However, the loss of oxygen above 800 C could mask 
the effects of annealing. 

The cu rves of F igu re 10 assunae a vital significance when in te rpre ted 
in the light of the X- r ay data obtained on the spec imens . If the end points 
of the branches of the curves of F igure 10 are extrapolated to zero con­
ductivity, they a r e found to in te r sec t this axis close to oxygen/uranium 
ra t ios corresponding to the formulas UO2 and U3O7, The X - r a y analysis 
of the specimens of high oxygen/uranium ra t ios (2.264 and, especial ly 
2. 317) revealed that the specimens consis ted of a te t ragonal phase whose 
pat tern cor responds to that repor ted for U3O7. The UO2 phase was , of 
cour se , verified at the lower oxygen contents . F u r t h e r m o r e , the behavior 
of the conductivity of the specimens of in te rmedia te oxygen/uranium rat io 
strongly indicates the p re sence of an additional phase . X- ray analysis of 
these specimens revealed that they consis ted of UO2 or U3O7 and con­
s iderable amounts of a cubic s t ruc tu re corresponding to a formula of U4O9. 

Thus , the anneal-quench exper iments clarify the dependence of the elec 
t r i ca l p rope r t i e s of UO2 on the phase re la t ionships in the UO2-U3O8 sys tem. 
They confirm the exis tence of phases other than UO2 as was so strongly in­
dicated by the m e a s u r e m e n t s on the s intered specimens presen ted in the 
preceding sect ion. Because of the i r e lec t r i ca l behavior the phases should 
be identified as 

(1) UOni Y* a meta l -def ic i t semiconductor 

(2) U40g_y, a m e t a l - e x c e s s semiconductor 

(3) U307_2, a m e t a l - e x c e s s semiconductor . 

The p resence of metal -def ic i t phases of U4.OQ and U 3 0 7 w a s not revealed, 
by these exper imen t s , yet thei r exis tence should not be excluded. E l e c ­
t r i ca l m e a s u r e m e n t s on specimens with oxygen/uranium ra t ios slightly 
above 2. 250 and 2. 333 would perhaps confirm the i r ex is tence . One speci ­
men with an oxygen/uranium ra t io above U3O7 was invest igated. It had 
an oxygen/uranium rat io of 2. 353 and after annealing at 400 C was n- type . 
Since a phase corresponding to U3O7+X would be p- type, this specimen was 
c lea r ly a m e t a l - e x c e s s phase of some higher oxide of u ran ium. F r o m X-
ray analys is the new phase was de termined to be U3O8. 
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New specimens were cut from the original rods and their e lec t r ica l 
p rope r t i e s were determined as a function of t empera tu re after annealing at 
400 C for 100 h r . The e lec t r i ca l m e a s u r e m e n t s were not extended to above 
400 C in o rde r to minimize the chance of loss or gain of oxygen in the 
measur ing appara tus . 

In F i g u r e s 11 and 12 is plotted the behavior of the conductivity of 
the p- and n-type spec imens , respec t ive ly , as functions of rec iproca l t em­
p e r a t u r e . These curves r ep re sen t the ext r ins ic behavior of typical p ressed 
specimens in the UO2-U3O7 sys tem and a r e to be compared with the ex­
t r ins ic portion of the curves of F i g u r e s 4 and 6. In general , corresponding 
to their higher oxygen content, the p r e s s e d specimens have somewhat 
higher conductivit ies than the s in tered specimen. The slopes of the p res sed 
p-type specinnens a r e comparable to those of the p-type sintered spec imens , 
but there is considerable difference between the n-type slopes of F igure 4 
and those of F igu re 12. 

The the rmoe lec t r i c power of the p r e s s e d specimens (Figure 13) can 
be compared with the data shown in F i g u r e s 5 and 7. The decrease in 
t he rmoe lec t r i c power with increas ing t empera tu re and conductivity for the 
p-type samples in F igure 13 is more like what would be expected from 
simple theory. The the rmoe lec t r i c power of the p re s sed specimen of 
oxygen/uranium rat io 2. 160 is especia l ly interest ing in that it displays a 
double c ro s sove r corresponding, probably, to the t rans i t ions : 

A UO2+X + B U4O9 j -* ( C U02+X- + D U409_y 

(P) ^ ^ (n) 

-^ IE U02+x«. + F U409_y, 

^ (P) 

The f i rs t p-type cha rac t e r i s t i c was quenched in from above 400 C. As the 
t empera tu re was ra i sed to about 200 C the rat io of UO2+X ^° U 4 0 9 _ „ w a s 
changed until U409_y, n-type, was predominant . The rat io of the two phases 
changed continually with further i n c r e a s e s of t e m p e r a t u r e , with the forma­
tion of UO2+X being favored. F inal ly , at about 335 C, p-type conductivity 
was again predoininaait and the specimen was in a state s imi la r to that 
originally quenched in. 

Sintering Exper imen t s 

During the course of the anneal-quench exper iments it was found 
n e c e s s a r y to de te rmine p rec i se ly weight and volume changes so that the 
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proper density cor rec t ion to the conductivity could be applied. It was 
observed that the volume of some of the p-type specimens decreased con­
siderably when annealed at elevated t e m p e r a t u r e s . The volume decrease 
appeared to be re la ted to the excess oxygen content, and, hence, con­
ductivity, of the spec imens . Since one of the objectives of this invest iga­
tion was the cor re la t ion of the e lec t r i ca l p roper t i es with the sintering 
cha rac t e r i s t i c s of uranium dioxide, it appeared des i rable to further in­
vest igate this change. 

Three specimens of p-type uranium dioxide were chosen for the 
experinnents. The a s - p r e p a r e d oxygen/uranium rat io and room- tempera tu re 
conductivity of the specimens a r e tabulated below: 

Oxygen/Uranium Ratio Conductivity, (ohm-cm)~ 

2.039 5. 1 X 10-4 
2.075 1.0 X 10-^ 
2. 103 1.1 X 10-3 

The specimens were sealed in smal l Vycor capsules under a par t ia l 
p r e s s u r e of argon and annealed at each selected t empera ture for 16 h r . 
No at tempt was made to anneal the specimens to a steady state as before. 
After each anneal per iod, the specimens were quenched, removed from the 
capsules and weight, volume, and conductivity measurements nnade. After 
annealing at 500 C and higher , the conductivities were as tabulated in 
Table 1. 

Up to 600 C, no changes in volume or weight were detected.. Above 
600 C, some oxygen was los t from the spec imens , as indicated in Table 1 
by the dec rease in conductivity at high t e m p e r a t u r e s . It was impossible to 
m e a s u r e the actual loss of oxygen by weight changes, since some ma te r i a l 
was invar iably lost from the samples s imply by handling. The volume 
changes of the specimens a r e plotted in F igure 14. (Because of the small 
weight change due to handling and loss of oxygen, a plot of volume change 
is m o r e significant than a plot of densi ty change.) The percentage change 
of volume was calculated from the express ion: 

Pe rcen t age change » ( V ' J ' - V Q ) / V ' P , (5) 

where 
VQ is the original volume 

V j is the volume after anneal at t empera tu re T. 

An examination of F igu re 14 and Table 1 revea ls an important c o r ­
relat ion between the e l ec t r i ca l p rope r t i e s and the sintering cha rac t e r i s t i c s 
of uranium dioxide. It is c lea r ly evident that the volume of specimens of 
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TABLE 1. ROOM-TEMPERATURE CONDUCTIVITIES OF uo2 AFTER 
ANNEALING AT ELEVATED TEMPERATURES 

Oxygen/Uranium 
Ratio 

2.039 

2.075 

2. 103 

( 

500 c 
8. 3 X 10- 3 

1. 2 X 10-2 

1.6x10-2 

Conductivity, (ohm-em)- 1 
600 c 800 c 900 c 

1.8 X 10-2 9. 9 x 10- 3 9.4x1o- 3 

1. 5 X 10-2 1.4 x 1o-2 1. 3 x 1o-2 

1. 6 x 1o- 2 1. 5 x 10-2 9. s x 1o- 3 

1000 c 
s. 3 x 1o-3 

9. 1 x 1o- 3 

( 
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higher conductivity dec reased a g r e a t e r amount than those of lower con­
ductivity and that the onset of shrinkage occur red at a lower t e m p e r a t u r e . 
Thus it appears that a d i rec t re la t ionship exis ts between the e lec t r ica l 
conductivity and sinter ing c h a r a c t e r i s t i c s of UO2. 

At tempts to prove this re la t ionship with excess-oxygen-doped UO2 
during h igh- t empera tu re sintering in hydrogen were not successful . It was 
known that most of the excess oxygen was removed by the high t empera tu re 
and hydrogen a tmosphere of the s inter ing p r o c e s s . Still it was possible 
that if the s inter ing proceeded fast enough, the contribution of the excess 
oxygen to the p r o c e s s might be proven. There fore , after the m e a s u r e ­
ments were completed on the specimens used in the quench-anneal exper i ­
men t s , they were again annealed to the steady state at 400 C (a state of 
re la t ively high e l ec t r i ca l conductivity) and then s in tered in hydrogen for 
1 hr at 1600 C. Each of the specimens s intered to a density of about 80 
per cent theore t ica l densi ty. This is the usual density to which regular 
MCW UO2 s in te r s under these conditions. After s inter ing, all the speci-
nnens were p-type and of re la t ively low conductivity. Such changes in con­
ductivity a r e consis tent with appreciable loss of oxygen during s inter ing. 

DISCUSSION 

The UO2-U3O8 System 

Because of the complexi t ies of the react ion between oxygen and 
uranium, many inves t iga tors of the oxygen-uranium sys tem have found it 
difficult to obtain reproducible r e s u l t s . Among the mos t re l iable of the 
phase d i ag rams of the UO2-U3O8 sys tem a re those published by Perio(15) 
and Gronvald(^°}. Although agreeing in genera l , the phase d i ag rams p r e ­
sented by these inves t iga tors differ in detai l . A careful study of F i g u r e s 
10-13 of this r epor t suggests cer ta in fur ther modifications of the published 
d iag rams within the region studied. These modificat ions, i l lus t ra ted in 
F igure 15, may be summar ized as follows: 

(1) At 200 C and above, oxygen is soluble in the UO2 lat t ice 
up to an oxygen/uranium ra t io of about 2 .06 . This is 
indicated by the l inear dependence of e l ec t r i ca l con­
ductivity with oxygen content within this region. At higher 
oxygen content, the bonding and s t ruc tu re a r e affected and 
a second phase , U4O9, a p p e a r s . 

CONFIDENTIAL 

==============

===============



CONFIDENTIAL 

33 

1000 

900 

800 

700 

600 

O 

5 500 
o 
o 
o. 
E 

400 

300 

200 

100 

Gronvald's 
—boundary^ 
(1000 C 

anneal) 

UOa + x 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ / 

/ 

/ 
/ 
1 
1 
i 
1 

mooo 

1 
1 

1 
1 

I 

ko 

/ f 
1 1 

X- ray data 
i^uuu at 

\ I. / uu, 
/ "* 

/ / 
/ / 
^-typf _̂ 

f 

xxiooa 
\ uo.*« 

U S O T -

ineoir 

!+X 
)9-y 

ype 
_. 

ooo 

u?o 

m 
1 
1 
1 

z 1 
1 

1 

U409 U3O8 

1 / .r J507+Z 

U 3 0 , 

1 
1 
1 
1 
1 

1 

1 
1 
1 
1 
1 
1 

U j O , 

2.0 2.1 2.2 2.3 2.4 2. 

Oxygen / Uranium Ratio 

2.6 2.7 

FIGURE 15. THE UO2-U3O7 SYSTEM 

CONFIDENTIAL 

==============

===============



CONFIDENTIAL 

34 

(2) A two-phase region above 180 C of UO2 + U4O9 extends 
to a composit ion of UO2. 24- The exact representa t ion 
of this region depends on the t empera tu re and oxygen 
concentrat ion. Up to about UO2 14; the region is best 
r ep re sen ted as UO2+X + U4O9; above this ra t io as 
U02^jj. + ^^0(^_ . Heating a specimen above 180 C 
within this region re su l t s f i rs t in an order ing of many 
of the oxygen atoms into the body center of the unit cell; 
that i s , the U4O9 s t ruc ture is p r e f e r r ed . Increas ing the 
t empera tu re still further finally des t roys the o rde r , as 
shown in F igure 15. 

(3) At oxygen concentrat ions between UO2, 26 ^^"^ UO2, 34 a 
te t ragonal phase is predominant . In this s t ruc tu re , 
corresponding to the formula U3O7, in te rs t i t i a l oxygen 
a toms a r e occupying planes perpendicular to the [001] 
direct ion of the fluorite cubic sys tem. Indications a re 
that this phase is stable to at leas t 400 C. 

The study of the UO2-U3O7 sys tem by means of e lec t r i ca l m e a s u r e m e n t s 
was l imited to t e m p e r a t u r e s below 400 C because of changes in oxygen con­
tent at higher t e m p e r a t u r e s . The h igh- t empera tu re data of l a rge ra t ios of 
F igure 15 were taken from P e r i o ' s d i ag ram. 

Indications a r e that the equi l ibr ia of the sys tem a re not c lear cut. 
This is especia l ly t rue of the equi l ibr ia involving UO2 and U4O9. F o r 
example there is a l a rge difference between the boundary of the two-phase 
region, UO2 + U4O9, and the s ingle-phase region, UO2; given by Gronvald 
and that obtained from Battel le X- r ay data. This difference may possibly 
be at t r ibuted to the differences in anneal t e m p e r a t u r e , puri ty of m a t e r i a l s 
(nitrogen content, e t c . ) , and the prec is ion to which the second phase can be 
detected. There is also a question of whether equil ibrium was actually 
obtained during the X - r a y m e a s u r e m e n t s . Fur thernnore , the continually 
increas ing conductivity with increas ing t empera tu re found in the anneal-
quench exper iments indicates a t empera ture -dependent oxygen solubility 
for which, at low t e m p e r a t u r e s , much of the excess oxygen is not incorporated 
in the lat t ice but perhaps is precipi ta ted on the grain boundar ies . Some­
what s imi l a r r e su l t s have been repor ted for the case of excess lead in lead 
te l lu r ide( l ' ' ) . 

F r o m the sign and re la t ive magnitude of the conductivity one can 
de termine whether a phase is meta l e x c e s s , meta l deficit, or nea r ly 
s to ich iomet r ic . Using this type of ana lys i s , the discontinuity in e lec t r i ca l 
conductivity as a function of oxygen/uranium rat io (Figure 10) beconnes the 
dashed line separat ing the p-type and n-type regions in the UO2+X + U409_y 
portion in F igure 15. Referr ing to F igure 10, the e l ec t r i ca l conductivity 
i n c r e a s e s as a function of the oxygen/uranium rat io for ra t ios between 
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2. 00 and 2 . 07 , and then d e c r e a s e s for r a t i o s up to 2 . 14. The d e c r e a s e 
can only be e x p l a i n e d by a s s u m i n g tha t p a r t of the oxygen i s going into a 
compound of a h i g h e r v a l e n c e s t a t e of u r a n i u m . The second p h a s e i s c o n ­
f i r m e d by X - r a y a n a l y s i s . At a r a t i o of about 2 . 16, the conduc t iv i ty 
b e c o m e s l a r g e , re-type, and d e c r e a s e s a s the o x y g e n / u r a n i u m r a t i o i s 
i n c r e a s e d to 2 . 32 . The l a r g e n - type conduc t iv i t y at about o x y g e n / u r a n i u m = 
2. 16 i n d i c a t e s the p r e d o m i n a n c e of a m i e t a l - e x c e s s p h a s e which i s ident i f ied 
a s U4O9 by X - r a y s . The X - r a y da ta a l s o show the r e g i o n to be two p h a s e 
wi th the s econd p h a s e be ing UO2+X* ^^^ e x c e s s oxygen be ing i nd i ca t ed by a 
s l igh t r e d u c t i o n of the l a t t i c e c o n s t a n t of u r a n i u m d iox ide . The second 
p h a s e i s not in c o n t r a d i c t i o n wi th the e l e c t r i c a l da t a and m a y even c o n ­
t r i b u t e to the l a r g e v a l u e s of c o n d u c t i v i t y o b s e r v e d . T h e change in s lope 
of the 7i-type c o n d u c t i v i t y and i t s d e c r e a s e to a v e r y low va lue for an 
o x y g e n / u r a n i u m r a t i o at 2 . 32 s u g g e s t a s t o i c h i o m e t r i c compound with an 
o x y g e n / u r a n i u m r a t i o s l igh t ly h i g h e r t h a n t h i s . O b v i o u s l y , t h i s compound 
i s U3O7 and i t s e x i s t e n c e i s c o n f i r m e d by X - r a y d a t a . 

E l e c t r i c a l n n e a s u r e m e n t s on the quenched s p e c i m e n s a f t e r p r o l o n g e d 
aging at r o o m t e m p e r a t u r e i n d i c a t e the r e v e r s i b i l i t y of the p h a s e t r a n s i t i o n s 
d i s c u s s e d a b o v e . T h e conduc t iv i t y of a l l quenched s p e c i m e n s d e c r e a s e d a s 
a funct ion of t i m e when a l l o w e d to a g e at r o o m t e n n p e r a t u r e . Al though i t 
w a s p o s s i b l e to q u e n c h in the h i g h - t e m p e r a t u r e p h a s e s , p r o l o n g e d aging 
r e s u l t e d in the p r e c i p i t a t i o n of oxygen o r the a p p e a r a n c e of U 3 0 7 _ 2 a s 
i n d i c a t e d by the p h a s e d i a g r a m of F i g u r e 15. 

A d d i t i o n a l i n f o r m a t i o n on the p h a s e d i a g r a m c a n be ob ta ined f r o m 
m a g n e t i c - s u s c e p t i b i l i t y m e a s u r e m e n t s . D a w s o n and L i s t e r v l ° / a,nd A r r o t t 
and G o l d m a n l ^ ' ) h a v e d e t e r m i n e d the m a g n e t i c s u s c e p t i b i l i t y of u r a n i u m 
o x i d e s in the r e g i o n UO2 to U3O8. T h e i r d a t a a r e p lo t t ed* in F i g u r e 16, 
and should be c o m p a r e d wi th B a t t e l l e d a t a in F i g u r e 10. Unfo r tuna t e ly , 
B a t t e l l e d o e s not have X - r a y d a t a , e l e c t r i c a l m e a s u r e m e n t s , and m a g n e t i c -
s u s c e p t i b i l i t y d a t a on the s a m e s a m p l e s u n d e r the s i m i l a r c o n d i t i o n s , but 
it s e e m s r e a s o n a b l e to a s s u m e tha t the s u s c e p t i b i l i t y da t a for o x y g e n / 
u r a n i u m r a t i o s b e t w e e n 2 . 0 0 and 2 . 3 5 w e r e for m i x t u r e s o f U 0 2 + x £Lnd U3O7. 
H o w e v e r , it i s i n t e r e s t i n g to no t e tha t a n o m a l o u s m a g n e t i c s u s c e p t i b i l i t y 
be low 29 K a s a funct ion of the o x y g e n / u r a n i u m r a t i o a s m e a s u r e d by 
A r r o t t and G o l d m a n h a s a b e h a v i o r s i m i l a r to the e l e c t r i c a l conduc t iv i ty at 
r o o m t e m p e r a t u r e fo l lowing the a n n e a l and quench t r e a t m e n t . N a m e l y , 
both the s u s c e p t i b i l i t y and the c o n d u c t i v i t y i n c r e a s e wi th i n c r e a s i n g o x y g e n / 
u r a n i u m r a t i o for r a t i o s b e t w e e n 2 . 00 and 2 . 10 and d e c r e a s e wi th i n ­
c r e a s i n g o x y g e n / u r a n i u m r a t i o b e t w e e n 2 . 2 0 and 2 . 3 3 , C o l l e c t i o n of 
m o r e d a t a wil l be n e c e s s a r y , h o w e v e r , b e f o r e any def in i te c o n c l u s i o n s 
c a n be d r a w n . 

•According to Perio(-'̂ )̂, Anderson has indicated that the starting material used by Alberman and Anderson, 
who were the source for the material used by Dawson and Lister, had the composition of U02̂  04' '^^^^^^ 
than UO2 000 *̂ stated in their paper. 
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Elec t r i c a l P r o p e r t i e s of Uranium Oxides 

A s u m m a r y of the activation energ ies obtained from the slope of the 
log of the ext r ins ic conductivity as a function of r ec ip roca l - t empera tu re 
curves from this investigation and from the l i t e ra tu re is shown in Figure 17. 
The p-type (metal deficit) activation energ ies a r e in the range of 0. 37 ± 0 ,1 
ev, but apparent ly d e c r e a s e with increas ing conductivity. The lowest value 
of activation energy and l a rges t r o o m - t e m p e r a t u r e conductivity a r e obtained 
from Chiott i ' s data . The n-type (metal excess) activation energies a r e 
nea r ly double those of the p-type, but seem to dec rea se almost twice as 
fast with increas ing conductivity. Calculat ions using reasonable values 
for the effective m a s s and mobili ty of the positive cur ren t c a r r i e r s give 
good agreement with the es t imated number of acceptor leve ls . However, 
s imi la r calculat ions for the re-type conductivity indicate other factors must 
be taken into considera t ion. If the ra-type ma te r i a l with an activation 
energy of about 0. 9 ev contains both donors and acceptors (say, UO2+X ^^'^ 
U307_2); the effect is one of reducing the free c a r r i e r density. Since 
saturat ion value (obtained at high t empera tu re s ) of free e lec t rons i s equal 
to the difference between the concentrat ion of donors and acceptors and 
independent of the density of accep to r s , the c h a r g e - c a r r i e r density must 
drop off more sharply as the t empera tu re falls if acceptor levels a r e 
p resen t . In fact, it has been shown^ / that when the concentration of 
accep tors is very much g r e a t e r than the density of free e lec t rons (from 
donor levels) the l a t t e r changes twice as rapidly with t empera tu re as it 
would if the acceptor levels were not p re sen t . Thus , the activation energy, 
AE, of the donor levels calculated using Equation (4) could be too la rge by 
a factor of 2. The la rge ac t iva t ion-energy values and their rapid dec rease 
with increas ing conductivity calculated for n-type ma te r i a l can, therefore , 
be explained by the above mechanism of compensat ion. Some of the ca l ­
culations of the p-type activation ene rg ies may a lso yield values which a r e 
too high because of compensat ion. It is in teres t ing to note that the value for 
the active oxide is low, 0 .28 ev, compared with most of the o the rs , and, 
there fore , if the above hypothesis is c o r r e c t it would contain negligible 
compensation (few or no donor or m e t a l - e x c e s s a toms) . 

Although Meyer^ f r epo r t s UO2 to be an amphoter ic semiconductor 
we have not found any evidence for the exis tence of U02-X' Measu re ­
ments on a specimen with an oxygen/uranium rat io of 1.96 indicated p-type 
conductivity; the re fore , the specimen was UO2J.X pliis a second phase . All 
n-type conductivity could be at t r ibuted to the p resence of U409_y or U307_z;' 

The e l ec t r i ca l p rope r t i e s of other compounds have been found to 
depend on o rde r . Of par t i cu la r in te res t is the behavior of the Hall 
coefficient of quenched specimens of Cu3Au(21). In the ordered state the 
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Hall coefficient was posi t ive, but became negative with increas ing d i sorder . 
As in U 0 2 J the change in type of conductivity indicates that the e lec t ron ic -
band s t ruc tu re changes when order ing o c c u r s . 

The anomalous behavior of the the rmoelec t r i c power of sintered 
specimens (that i s , the i nc rease of the rmoe lec t r i c power with increasing 
conductivity) may be explained by the p resence of U307_2; at the lower t em­
p e r a t u r e s and a dec rease in i ts re lat ive amount as the t empera tu re is 
i nc reased . 

Sintering C h a r a c t e r i s t i c s of Uranium Dioxide 

Sintering exper iments with uranium dioxide have demonstra ted a 
cor re la t ion between the e lec t r i ca l conductivity and the sintering cha rac ­
t e r i s t i c s of uranium dioxide. As these exper iments were performed on 
excess-oxygen UO2; they confirm the genera l rule that the t ranspor t of 
ma t t e r during s inter ing is roughly proport ional to the deviation from 
s toichiometry . However, the "doping" of UO2 with excess oxygen to 
obtain UO2 of high s intered density was proven imprac t i ca l . The loss of 
oxygen during s inter ing, even in an iner t a tmosphere , is too rapid to allow 
much contribution of the excess a toms to the sintering p roces s . The r e ­
sults do suggest that high-densi ty s in tered bodies could be obtained by the 
addition of a p-type meta l l ic impur i ty to uranium dioxide. Metallic e l e ­
ments of the f i rs t th ree groups of the Pe r iod ic Table should be p-type 
impur i t i e s and should inc rease the s in tered density of UO2. 

The anomolous dec rea se in conductivity of s intered normal UO2 at 
high t e m p e r a t u r e s , not observed in "ac t ive" U02; has not been sat isfactori ly 
explained. Also, the effects of the p resence of ni trogen have not been 
resolved as yet, and these aspec t s of the work deserve further cons idera­
tion. 
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