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STABILIZING E F F E C T S OF OXIDE ADDITIONS TO URANIUM OXIDE 

Wendell B . Wilson and Arnold F . Gerds 

An investigation of the stabilizing influence of oxide additions to uranium 
oxide was continued. These additions are employed for two purposes: (1) to 
eliminate the phase transformation to VoOo which occurs when UOy is exposed to 
an oxidizing environment at elevated temperatures, and (2) to reduce the volatility 
or transpiration losses of uranium oxide which become appreciable in air at temper
atures in excess of 1200 C. 

Previous work has shown that solid solutions of UOn containing nominally 
60 mole per cent of trivalent oxides such as LanOo are stable at temperatures to 
at least 1750 C. In the present work a partial substitution of CaO for LanOo and 
YnOo was attempted, to reduce the large amount of additive required for stabilization. 
The substitution also permits use of additives of lower thermal-neutron cross section. 

The results show that CaO may be successfully employed in partial substi
tution for LanOo and YnOo. The resulting solid solutions exhibited high-temperature 
stability comparable to that of the '^binary" solid solutions of UOn containing Lat^Oo 
or YnOo. On the basis of these and other results some alternative approaches £», ^ar 
possible to reduce the amount and cross section of additive required for stabilization. 

I N T R O D U C T I O N 

Uranium dioxide has received cons iderable attention as a h igh - t empera tu re nuc lear 
fuel because of i t s excellent r e f r ac to ry c h a r a c t e r i s t i c s . In p r a c t i c e , however , i t s use is 
p rob lemat ica l because of i ts oxidation c h a r a c t e r i s t i c s . If exposed to an oxidizing envi
ronment at elevated t e m p e r a t u r e s , e i ther as a r e su l t of operat ional fai lure or as a n o r 
ma l condition, it will t r ans fo rm to U^Og. The resul t ing volume expansion is sufficient 
to be disrupt ive to U02-containing fuel e l emen t s . In addit ion, U3O8 exhibits apprec iable 
vapor p r e s s u r e at t e m p e r a t u r e s in excess of 1200 C. 

Solid solutions of UO2 containing ce r ta in r a r e - e a r t h and other oxide addit ions can 
withstand oxidation without undergoing a phase t r ans format ion . In addit ion, the loss of 
uranium oxide by volati l i ty may be significantly dec rea sed by such addi t ions . Solid-
state studies of the U 0 2 - L a 2 0 3 and the UO2-Y2O3 sys t ems were under taken to provide a 
be t te r unders tanding of the stabilizing influence of such addi t ions. The r e su l t s have been 

f 1 2 ) given previous ly . ^ ' ' However , since they a r e per t inent to the p r e s e n t work , a brief 
review for L a 2 0 3 appears war ran ted . 

P rev ious work has shown that UO2 fo rms extensive solid solutions with L a 2 0 3 to 
beyond 50 mole pe r cent L a 2 0 3 . These solid solutions a r e oxygen deficient since the 
t r ivalent La203 is incorpora ted into the fluorite s t ruc tu re of UO2. Oxidation of the UO2-
^^Z^3 solid solutions resu l t s in a d e c r e a s e in lat t ice p a r a m e t e r which tends to produce 
the equivalent of the "anomalous" f luo r i t e - s t ruc tu re solid solutions of Hund(3) obtained by 
react ing U30g and L a 2 0 3 . As Hund has shown, U3O8 and L a 2 0 3 form solid solutions of 
fluorite s t ruc tu re from 33 to 68 mole pe r cent L a 2 0 3 . F r o m this it may be seen that 

(1) References are at end. 
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UO2 c o n t a i n i n g in e x c e s s of 33 m o l e p e r c e n t L a 2 0 3 w i l l , e v e n w h e n o x i d i z e d , r e t a i n 
the f l u o r i t e s t r u c t u r e , a l t h o u g h t h e r e i s an a s s o c i a t e d l a t t i c e - p a r a m e t e r d e c r e a s e . 

An e x p l a n a t i o n fo r t h i s u n u s u a l p h a s e s t a b i l i t y h a s b e e n a d v a n c e d , b a s e d upon the 
c o n c e p t of v a l e n c e c o m p e n s a t i o n . The t e r m " c o m p e n s a t i o n " a r i s e s f r o m the f a c t t h a t 
w h e n f o r e i g n a t o m s h a v i n g m o r e e l e c t r o n s t h a n the b a s e c r y s t a l a r e p r e s e n t s i m u l t a n e 
o u s l y w i t h f o r e i g n a t o m s h a v i n g f e w e r e l e c t r o n s , t h e y t e n d to c o m p e n s a t e for e a c h o t h e r . 
The e x p l a n a t i o n of the e f fec t s of v a l e n c e c o m p e n s a t i o n o r b a l a n c e d v a l e n c e in c r y s t a l s 
h a s b e e n g iven by K r o g e r and Vink^'*'. 

In the u r a n i u m - o x y g e n s y s t e m , w h e n UO2 i s o x i d i z e d a v a l e n c e c h a n g e o c c u r s a s 
t h e u r a n i u m g o e s f r o m U+4 to the U+6 s t a t e . T h i s i s a n a l o g o u s to add ing f o r e i g n a t o m s 
c o n t a i n i n g m o r e e l e c t r o n s to UO2 and a s s u c h c a n be c o m p e n s a t e d fo r by f o r e i g n a t o m s 
c o n t a i n i n g f e w e r e l e c t r o n s , s u c h a s L a 2 0 3 . T h i s i s t r u e , of c o u r s e , on ly if the a d d i t i v e 
r e a c t s to f o r m so l id s o l u t i o n s wi th the u r a n i u m o x i d e . The r e s u l t a n t so l i d s o l u t i o n s m a y 
be r e p r e s e n t e d by the fo l lowing r e a c t i o n s : 

UO2 + L a 2 0 3 -* U L a 2 0 5 = 3RO2 _ ^ . {1) 

( O x y g e n - d e f i c i e n t f l u o r i t e so l id so lu t ion ) 

R e a c t i o n (1) b e c o m e s upon o x i d a t i o n : 

UO3 + L a 2 0 3 - * U L a 2 0 ^ = 3RO2 • (2) 

( S t o i c h i o m e t r i c f l u o r i t e so l id so lu t ion ) 

E x a m i n a t i o n of R e a c t i o n (2) above i n d i c a t e s t h a t if e q u i m o l a r a m o u n t s of UO3 and 
L a 2 0 3 a r e not i n v o l v e d , the r e s u l t i n g so l id s o l u t i o n s d e v i a t e f r o m s t o i c h i o m e t r y . Study 
of the u r a n i u m - l a n t h a n u m - o x y g e n s y s t e m i n d i c a t e s t h a t a shif t f r o m p - to n - t y p e e l e c t r i 
c a l c o n d u c t i v i t y o c c u r s a t the e q u i m o l a r c o m p o s i t i o n fo r bo th R e a c t i o n s (1) and (2) and 
fo r a l l d e g r e e s of ox ida t i on b e t w e e n . * T h i s i s i n t e r p r e t e d a s i n d i c a t i v e t h a t the F e r m i 
l e v e l r e m a i n s c o n s t a n t in the so l id s o l u t i o n d e s p i t e the v a r i a b l e oxygen c o n t e n t . T h e d e 
t a i l e d s t u d y , by K r o g e r and V ink , of t he e f f ec t s of i m p e r f e c t i o n s and f o r e i g n a t o m s in 
so l id so lu t i on h a s l ed to a p o s s i b l e e x p l a n a t i o n of t he m e c h a n i s m by w h i c h the F e r m i 
l e v e l c a n be k e p t c o n s t a n t w i th v a r i a b l e c o m p o s i t i o n . 

S t u d i e s of so l id s o l u t i o n s , r e p r e s e n t e d by R e a c t i o n (2 ) , h a v e i n d i c a t e d t h a t a t r i v a 
l e n t a d d i t i v e m a y be u sed to p r o d u c e s t a b l e so l id s o l u t i o n s w h i c h do no t u n d e r g o a p h a s e 
c h a n g e upon o x i d a t i o n . An e q u i v a l e n t r e a c t i o n c a n a l s o be w r i t t e n fo r a d i v a l e n t a d d i t i v e , 
s u c h a s CaO a s : 

UO3 + C a O - U C a 0 4 = 2RO2 . (3) 

( S t o i c h i o m e t r i c , f l u o r i t e s t r u c t u r e ) 

E x a m i n a t i o n of the p h a s e d i a g r a m s of d i v a l e n t ox ide a d d i t i o n s to UO2 i n d i c a t e s t h a t 
the s o l u b i l i t y i s too l i m i t e d to be e q u i v a l e n t to R e a c t i o n (3) . C o m p a r i s o n of R e a c t i o n (2) 
w i th R e a c t i o n (3) s h o w s t h a t on a p e r - a t o m b a s i s , a d i v a l e n t a d d i t i v e wou ld be m o r e ef
f ec t i ve fo r v a l e n c e c o m p e n s a t i o n t han a t r i v a l e n t a d d i t i v e . 

*The results of tlie study of the "oxidized" solid solutions have not as yet been given. They will be presented elsewhere. 
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The p r e s e n t work was under taken to substi tute a divalent addi t ive , in p a r t , for a 
t r iva len t addi t ive , in an a t tempt to reduce the total additive content and to use addit ives 
of lower c r o s s sect ion. Solid solutions of u ran ium oxide containing Y2O3 and CaO, and 
L a 2 0 3 and CaO were evaluated in the p r e s e n t work. 

EXPERIMENTAL WORK 

Fabr ica t ion 

The genera l technique of fabr icat ion employed was s imi l a r to that r epor ted p r e 
viously. ^ ^ ' ^ ' In the p r e s e n t work , however , two a l te rna t ive fabr icat ion techniques were 
used which resul ted in some var ia t ion of the composit ion of the solid solut ions. 

The f i r s t technique employed, involved vacuum drying the oxide powders to remove 
absorbed wa te r . The dr ied powders were mixed in an argon-f i l led d ry box to appropr ia te 
compos i t ions . The b inary oxide solid solutions of U 0 2 - L a 2 0 3 and U02-CaO were mixed 
ini t ial ly and then compacted hydro s ta t ical ly at 100,000 ps i using a binder of 1 w/o b e e s 
wax. Following compaction these b inary solid solutions were s in tered in vacuum at 
t e m p e r a t u r e s ranging from 1650 to 1750 C for per iods up to 4 h r . Following the s i n t e r 
ing, the compacts were r ec rushed and r e p r o c e s s e d to obtain be t ter homogenei ty. 

After p repa ra t ion of the binary solid solutions the " t e r n a r y " composi t ions were 
p r e p a r e d by mixing appropr ia te amounts of the b ina r i e s and r e p r o c e s s i n g . In this way 
an a t tempt was made to obtain t e r n a r y solid solutions of U 0 2 - L a 2 0 3 - C a O and 
U 0 2 - Y 2 0 3 - C a O . 

The second technique employed in the p r e s e n t work involved the d i r e c t mixing of 
the t e r n a r y oxides followed by compact ion, s in te r ing , and r e p r o c e s s i n g . 

The t e r n a r y composi t ions p r e p a r e d in the p r e s e n t work a r e given in Table 1. These 
have been subdivided into two groups . Group I samples were p r e p a r e d to de te rmine 
whether stable solid solutions could be formed and re ta ined after a i r oxidation at elevated 
t e m p e r a t u r e s . Group II s a m p l e s , consis t ing of the m o r e stable compos i t ions , were those 
from which m o r e complete chemical and s t ruc tu ra l a n a l y s i s , e l ec t r i ca l c h a r a c t e r i s t i c s , 
and h igh - t empera tu re stabili ty were obtained. 

A fur ther dist inct ion between the Group I and Group II composi t ions is made on the 
bas i s of the i r fabr ica t ion. With the exception of the f i r s t sample (Sample 63) the Group I 
samples were p r e p a r e d by the d i r ec t - s i n t e r i ng technique. The re la t ive instabi l i ty of 
these s a m p l e s , compared with that of Sample 63 , suggested that the d i r ec t s in ter ing had 
a l te red the composi t ion. Analysis of the l a s t s e r i e s (Samples 125, 126, 128, and 129) of 
the Group I samples d isc losed that CaO had been p re fe ren t i a l ly los t f rom solid solution, 
possibly resul t ing in under stabil ized m a t e r i a l s . The Group II s amples were subsequently 
fabricated by p repa ra t i on of the b ina r i e s as was Sample 63 . 

Table 1 a lso contains samples of U 0 2 - L a 2 0 3 - T h 0 2 . The objective of this was to 
evaluate the stabil i ty of Th02-conta ining stabil ized UO2, i . e . , UO2 containing 60 mole 
p e r cent L a 2 0 3 . P rev ious work had shown that U 0 2 - T h 0 2 solid solutions decomposed to 
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TABLE 1 . COMPOSITION AND SINTERING LOSSES OF THE TERNARY SOLID SOLUTIONS 

Sample 

63 

86 
87 

88 
90 

91 
92 

125 

126 
128 
129 

134 

135 

136 
137 
154 

155 

156 
157 

64 

89 
93 

Intended 
Composition, 
mole per cent 

R2O3 

20 La 

30 La 
30 La 

40 La 

25 Y 

20 Y 
30 Y 
20 La 

30 La 
30 La 

40 La 

20 La 
25 Y 

25 La 
20 Y 
25 La 

20 La 

20 Y 
25 Y 

30 La 

30 La 
30 La 

RO 

20 Ca 
5 C a 

10 Ca 

5 C a 
15 Ca 

20 Ca 

10 Ca 
20 Ca 

5 Ca 
10 Ca 
5 C a 

20 Ca 
25 Ca 

25 Ca 
20 Ca 
25 Ca 

20 Ca 
20 Ca 

25 Ca 

RO2 

50 Th 

50 Th 
50 Th 

Temperature, 
C 

--
1700 
1700 

1750 
1700 

1700 
1700 

1700 

1700 
1700 
1700 

1650 
1650 

1650 

1650 
1650 

1650 

1650 
1650 

1700 

1750 
2000 

First Sintering 
T i m e , 

hr 

Group I 

--
2 

3 

3 

3 
3 

3-1 /4 

2 
2 

2 
2 

Group II 

4 

4 

4 
4 
4 

4 

4 
4 

4 

3 
1-1/2 

Weight Loss, 
per cent 

--
11.10 

14.40 
18.70 

3.70 

5.80 
2.20 

6.20 
4 .20 

10.70 
9.30 

2 .12 

0.76 
1.63 

0.76 
1.80 

1.00 
0.75 

0.66 

--
--
--

Second Sintering 
Temperature, T ime , 

C hr 

. . 
1750 

1700 

1700 
1700 

1750 

1750 
1750 

1750 
1750 

1750 

--
3 
3 

3 

4 
3-1 /2 

3 -1 /4 
3 

3 
3 

3 

\>^eight Loss, 
per cent 

--
7.11 
2 .56 

2.89 

1.90 
3.70 

6,40 
3.9 

3 .8 
3 .1 

12.8 
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powder and lost uranium oxide when exposed to oxidizing conditions at elevated t e m p e r a 
t u r e s . Thus , these samples were p r e p a r e d for d i r ec t compar i son with the U 0 2 - T h 0 2 
solid solutions. 

The s inter ing l o s s e s which occu r red during p repa ra t i on of the solid solutions a r e 
a lso given in Table 1. These l o s s e s a r e assoc ia ted with the p re fe ren t i a l loss of CaO 
previous ly ment ioned , as well a s vapor izat ion of the oxides during s in te r ing . A c o m p a r 
ison of the s inter ing l o s s e s is a lso of i n t e r e s t in that they indicate the re la t ive stabil i ty of 
the m a t e r i a l s in vacuum to the stabil i ty in h igh - t empe ra tu r e a i r . 

H i g h - T e m p e r a t u r e Air Oxidation 

The composi t ions of Table 1 were subjected to a i r oxidation in d ry flowing a i r at 
1650 and 1760 C for pe r iods up to 20 h r . Ini t ia l ly , the m a t e r i a l s were placed on BeO 
slabs placed in a r e c e s s in an Alundum block. The samples and holder were heated in a 
Z r 0 2 r e s i s t ance furnace to the des i r ed t e m p e r a t u r e . In s eve ra l ins tances the sample 
came into contact with the Alundum and apparent ly dissolved yielding inconclusive r e 
su l t s . The final s e r i e s of a i r -oxida t ion samples was placed complete ly in a BeO thimble 
placed in the Alundum se t t e r to c i rcumvent this difficulty. In spite of such p r e c a u t i o n s , 
however , some fur ther , but l e s s ca t a s t roph ic , react ion between the "s tab i l ized" oxide 
and the BeO occu r red since the BeO became discolored with continued u s e . 

It was the purpose of the a i r -oxida t ion exper imen t s to de te rmine the re la t ive s ta 
bility of the t e r n a r y composi t ions for compar i son with the b inary composi t ions such as 
UO2-6O mole pe r cent Y2O3. The tendency to c rack or pulver ize during oxidation t o 
gether with the phase stabil i ty were a lso of significance in addition to evaluation of u r a 
nium los s through volati l i ty from the m a t e r i a l s . 

The weight changes resul t ing from heating the solid solutions to 1650 and 1760 C in 
a i r a r e given in Table 2. 

The la t t ice p a r a m e t e r s of the t e r n a r y composi t ions before and af ter a i r oxidation 
a r e given in Table 3 and the chemical analyses of the t e r n a r y oxides as p r e p a r e d and 
after a i r oxidation a r e given in Table 4. The shift in composi t ion occur r ing with oxida
tion is also shown graphical ly in F igure 1. 

RESULTS 

The ana lyses of the r e s u l t s , given in the s e r i e s of t ab les and F igure 1, show that 
CaO may be pa r t i a l ly substituted for the t r iva lent addit ives of L a 2 0 3 and Y2O3. The l a t 
t ice p a r a m e t e r s in Table 3 show that , in gene ra l , solid solutions were fo rmed , with the 
exception of the U 0 2 - L a 2 0 3 - T h 0 2 composit ion (Samples 64, 89, and 93). In some in
s tances minor phases were detected having slightly different la t t ice p a r a m e t e r s . These 
possibly resu l ted from oxidation on the surface of the m a t e r i a l s upon exposure to a i r 
after s in ter ing . In addit ion, two of the samples (63 and 137) of Table 3 exhibited two 
dis t inct lat t ice p a r a m e t e r s which may have resul ted from inhomogeneity as well as 
oxidation. 
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TABLE 2. WEIGHT CHANGES RESULTING FROM HEATING TERNARY OXIDES OF U02-La203-CaO 
AND U02-Y203-CaO IN AIR AT 1650 AND 1760 C 

Sample 

63 

86 
87 

88 
90 

91 
92 

125 

126 

128 
129 

134 

135 

136 

137 
154 
155 

156 

157 

64 

89 
93 

Mixed-Oxide Composition, 
mole per cent 

R2O3 

20 La 

30 La 
30 La 

40 La 

25 Y 
20 Y 

30 Y 
20 La 
30 La 

30 La 

40 La 

20 La 
25 Y 

25 La 

20 Y 
25 La 

20 La 

20 Y 

25 Y 

30 La 
30 La 
30 La 

RO 

20 Ca 

5 C a 
10 Ca 

5 C a 
15 Ca 

20 Ca 

10 Ca 

20 Ca 
5 C a 

10 Ca 

5 Ca 

20 Ca 
25 Ca 

25 Ca 

20 Ca 
25 Ca 

20 Ca 

20 Ca 
25 Ca 

--
--
--

RO2 

--
--
--
--
--
--
--
--
--
--

--
--
--
--
--
--
--
--

50 Th 
50 Th 
50 Th 

Oxidation 
Temperature, C 

1650 

1650 

1650 

1650 
1650 

1650 
1650 

1760 
1760 

1760 
1760 

1760 

1760 

1760 

1760 
1760 
1760 

1760 
1760 

1650 
1650 
1650 

Weight Change^^), 

I H r 

Group I 

+0.98 

(c) 
+0.70 
+1.30 

-4 .00 

-4 .40 

+ 1.90 

0 

(c) 
-3 .14 

(c) 

Group II 

+0.44 

-2 .95 

+1.60 
+0.82 

+1.67 
-0 .03 

+1.66 
+2.44 

+0.75 

(c) 
--

, per cent, 

After Indicated Time 
3 -1 /2 Hi 

. -
--
--
--
--
--
--

-2 .08 
+0.13 

-1 .64 
+1.52 

--
--
--
--
--
--
--
--

--
--
--

5 H r 

. -
--
--
--

-4 .40 

-5 ,60 
+0.39 

-3 .75 

-3 .48 

--

-3 .24 

-15 .8 

-6 .35 

-0 .68 
+ 1.35 

-1 .58 
-0 .05 

+2.36 

. . 
--
--

20 Hr 

+1.71 

-9 .30 

-3 .90 

+ 1.50 

--
--
--
.-
--
--

-14.90 

-3 .41 

-0 .26 

-3 ,37 
+0.10 

-5 .96 
-3 .95 

+0.59 

+6.28? 
-1 .20 
-1.20 

Settei(b) 

1 

2 
2 

2 

2 
2 

2 
2 

2 

2 
2 

3 

3 

3 

3 
3 

3 

3 
3 

1 
2 
2 

Remarks 

Stable 

Powdered 
Stable 

Cracked 
Cracked 

Powdered 

Powdered 

--
--
--

Stable 

Stable 

Stable 

Stable 
Stable 

Stable 

Stable 
Stable 

--
Powdered 
Powdered 

(a) Plus sign indicates weight gain, minus sign indicates loss. 
(b) 1 - Heated in an Alundum setter. 

2 - Heated on a BeO slab in an Alundum setter. 
3 - Heated in a BeO thimble in an Alundum setter. 

(c) These samples were partially lost, reacted with the AI2O3 setter or dissolved in it. 



7 

TABLE 3. LATTICE PARAMETERS OF TERNARY COMPOSITIONS OF UOg-LagOg-CaO 

AND UOg-YgOg-CaO BEFORE AND AFTER AIR OXIDATION 

Sample 

Latt ice Parameter 

After Pinal 

Sintering, A 

Oxidation 

Temperature, C 

Lattice Parameter After Oxidation T ime Shown, A 

1 Hr 3-1 /2 Hr 5 Hr 20 Hr 

Group I 

63 

86 
87 
88 
90 
91 
92 

125 
126 
128 
129 

134 

135 

136 

137 

154 

155 

156 

157 

64 

89 

93 

5.542 

5 .511 
5.525 
6.50 
5.55 
5.35 
5.36 

5 .36 
5.50 
5.535 
5.54 
5.55 

5 .53 

5.40 
5.54 

5.540 
5,365 
5.56 
5.54 
5.40 

5.38 

5.63 
5.59 
5.63 
5.59 
5 .63 
5.59 

1650 (a) (a) 

1650 

1650 

1650 

1650 

1650 

1650 

1760 

1760 

1760 

1760 

Group U 

1760 

1760 

1760 

1760 

1760 

1760 

1760 

1760 

1650 

— 
1650 

1650 

5.51 

5.51 

5.52 

5.36 

5.35 

5.34 

(a) 
--

5.51 

--

(a) 
5.34 

(a) 
5.34 

(a) 
5.50 

5,34 

5.32 

5.57 

5.59 

--

__ 

(a) 

--
--
.. 

5.36 

5.36 

5.35 

(a) 
5.51 

5.52 

5,51 

5.53 

--
--
--
--
--

(a) 
5.34 

(a) 
5.34 

(a) 

(a) 
5.34 

5,34 

--
--

(a) 
5.34 

(a) 
5,34 

(a) 
(a) 
5,34 

5.34 

5.56 

5.59 

(a) Transformed to a rhombohedral structure upon oxidation. 



TABLE 4. ANALYZED COMPOSITIONS OF TERNARY SOLID SOLUTIONS BEFORE AND 

AFTER AIR OXIDATION FOR 20 HR AT 1760 C 

Sample 

Intended Composition, 
mole per cent 

R2O3 RO 

Composition After Sintering, 
mole per cent 

R2O3 RO 

Analyzed Composition 

After Air Oxidation, 

mole per cent 

R2O3 RO 

Group I (a) 

63 
86 
87 
88 
90 
91 
92 

125 

126 
128 
129 

20 La 
30 La 
30 La 
40 La 
25 Y 
20 Y 
30 Y 
20 La 
30 La 
30 La 
40 La 

20 Ca 
5 C a 

10 Ca 
5 Ca 

15 Ca 
20 Ca 
10 Ca 
20 Ca 

5 Ca 
10 Ca 

5 Ca 

20 La 

30 La 

40 La 

8.5 Ca 

3.0 Ca 

1.0 Ca 

Group II 

134 
135 
136 
137 
154 
155 
156 
157 

20 La 
25 Y 
25 La 
20 Y 
25 La 
20 La 
20 Y 
25 Y 

20 Ca 
25 Ca 
25 Ca 
20 Ca 
25 Ca 
20 Ca 
20 Ca 
25 Ca 

22, 
19, 

26, 
20 

25, 

20, 

20, 
25, 

.1 La 

.0 Y 

,1 La 
.3 Y 
.6 La 

.0 La 

.3 Y 

.5 Y 

17,9 Ca 
20 .0 Ca 
22 .6 Ca 
20 ,3 Ca 
19.9 Ca 
16.9 Ca 
17.9 Ca 

2 2 . 1 Ca 

22 .7 La 
20 .0 Y 
27 .3 La 
20 .3 Y 
25 .2 La 
21 .6 La 
2 0 . 6 Y 

24 .4 Y 

14.4 Ca 
17.2 CaC') 
19 .3 Ca 
17.6 Ca 
2 0 . 4 Ca 
16,0 Ca 
16,4 Ca 
19,8 Ca 

64 30 La 50 Th 21 .8 La 61.5 Th 22 .3 La 59 .4 Th 

93 

30 La 
30 La 

50 Th 

50 Th 

(a) The initial chemical analyses of Group I samples are probably in error due to difficulties in separating calcium from 
lanthanum by the techniques used. The composition of Sample 63 is similar to that of the Group II samples. 

(b) Apparently prepared as 20 Y2O3-20 CaO, 
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I00r™r 

I 
UOa L a A YjO, CaO 

FIGURE 1, COMPOSITIONAL CHANGES OF TERNARY CERAMIC OXIDE BODIES 
AFTER VACUUM SINTERING AT 1650 C AND AIR FIRING AT 1760 C 
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The l a t t i c e - p a r a m e t e r studies were used in the p r e s e n t ins tances to detect any 
disrupt ive phase changes that might occur upon oxidation as well as to de te rmine that 
solid solutions were obtained. P r e c i s i o n l a t t i c e - p a r a m e t e r de te rmina t ions were not 
undertaken in the p r e s e n t work since no g r e a t e r a ccu racy in the p a r a m e t e r d e t e r m i n a 
tion is war ran ted than the knowledge of chemical composi t ion , including var iable oxygen 
content , p e r m i t s . In addition, the observed X - r a y pa t t e rns of the oxides were somewhat 
diffuse, making p a r a m e t e r m e a s u r e m e n t s uncer ta in . This was a lso observed to be the 
case in the b inary s tudies . 

The solid solutions upon oxidation exhibited differing behavior depending upon c o m 
posi t ion. The U02-Y203-CaO m a t e r i a l s mainta ined the i r f luorite s t ruc tu re with the l a t 
t ice p a r a m e t e r dec reas ing with oxidation. This behavior a lso occur s for the b inary 
U 0 2 - L a 2 0 3 and UO2-Y2O3 s y s t e m s , and is believed to occur as the r e su l t of the d e 
c r e a s e in the uranixim-ion size with oxidation. 

The U 0 2 - L a 2 0 3 - C a O m a t e r i a l s t r ans fo rmed , upon oxidation, to a s t ruc tu re which 
is apparent ly rhombohedra l , and i s o s t r u c t u r a l to the Ca(U02)02 s t ruc tu re repor ted by 
Zacha r i a sen ' ^ ) . In the p r e s e n t ins t ance , however , La203 is in solid solution, producing 
shifts of the observed "d" values and uni t -ce l l constants dependent upon composi t ion. 
Although a t ransformat ion from a fluorite s t ruc tu re to a rhombohedra l s t ruc tu re occu r red 
for the U02-La203-CaO m a t e r i a l s , it did not appear to be disrupt ive to the compacts in 
any way, in cont ras t to the t rans format ion of UO2 to U3O3 upon oxidation. It is probable 
that the t ransformat ion from the fluorite s t ruc tu re to the rhombohedra l s t ruc tu re can 
occur without disrupt ing the body because of the s imi la r i ty between the two s t r u c t u r e s . 

The analyses of the weight l o s se s which occu r red upon a i r f ir ing (Table 2) at 
1760 C for per iods to 20 hr indicate that stable m a t e r i a l s can be produced when CaO is 
par t i a l ly substi tuted for L a 2 0 3 and Y2O3. The weight changes , which followed the same 
behavior previous ly observed with the b i n a r i e s , a r e an ini t ial weight gain due to oxida
t ion, followed by a loss due to t r ansp i ra t ion . 

If the weight l o s se s for the 20-hr per iod in Table 2 a r e r e a r r a n g e d in o rde r of d e 
c reas ing stabili ty and cor re la t ed w^ith the additive content it can be shown that the m a t e 
r i a l s containing the mos t additive exhibited the m o s t sa t i s fac tory s tabi l i ty . This r e a r 
rangement is given in Table 2. In o rde r to a s s e s s the total additive content in which 
both CaO and L a 2 0 3 or Y2 O3 a r e p r e s e n t s imul taneously , an "average va lence" for the 
solid solutions may be calculated by use of the following re la t ion: 

A 
V " > Mole P e r Cent A- x Valence RA^ X Atoms p e r Molecule A-

_ ^Ki 
A^ 

y Mole P e r Cent A. x Atoms p e r Molecule A. 

H 
The average va lence , R, calculated on the bas i s of the analyzed composit ion of the 

m a t e r i a l s is given in Table 5 , which shows that the m o r e stable composi t ions a r e those 
associa ted with higher additive content. 

The intended composit ions and the composi t ional changes of cation content occu r 
ring before and after a i r oxidation a r e shown graphical ly in F igure 1. F r o m this i t m a y 
be seen that a t rend toward a p re fe ren t ia l loss of CaO is evident during s inter ing and 
upon a i r oxidation. Thus , the weight l o s se s given in Tables 1 and 2 in p a r t reflect this 
p re fe ren t i a l l o s s . 
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TABLE 5. COMPARISON OF RELATIVE STABILITY VERSUS ADDITIVE CONTENT OF THE 
TERNARY SOLID SOLUTIONS FIRED FOR 20 HR AT 1760 C 

Sample 
Observed Weight 

Change, per cent 

Analyzed Composition, 

R2O3 

22 La 

40 La 

25 La 
25 La 
27 La 

20 Y 

20 Y 
30 La 

20 La 
21 La 

30 La 

mole per cent 

RO 

22 Ca(a) 

5 Ca(a) 

20 Ca 
19 Ca 
19 Ca 

17 Ca 
17 Ca 
10 Ca(a) 
16 Ca 

16 Ca 
5 Ca(a) 

Total Additive, 

mole per cent 

44 ? 

45 ? 
45 
44 
46 

37 
37 

« 4 0 

36 
37 

« 3 5 

Average 

Valence, 

R 

? 
4 ,14 

4 .16 
4 .23 
4 .13 
4 .44 
4 .44 

» 4 . 3 0 
4.47 

4 ,38 
» 4 . 4 6 

63 
88 

154 

157 

136 

137 

135 

87 
156 
155 
86 

+1.71 
+1.50 
+0.59 
+0.10 
-0.26 
-3.37 
-3.41 
-3.90 
-3.95 
-5.90 
-9.30 

(a) These are Group I samples which were not analyzed. With the possible exception of Sample 63 they probably contain less 
additive than the composition indicates, 

T h e a t t e m p t t o p r o d u c e s o l i d s o l u t i o n s of s t a b i l i z e d U O 2 ( U O 2 - 6 O m o l e p e r c e n t 
L a 2 0 3 ) w i t h T h 0 2 i n d i c a t e d t h a t t h e T h 0 2 r e m a i n e d i n e r t w i t h r e s p e c t t o t h e U O 2 -
L a 2 0 3 s o l i d s o l u t i o n . A i r o x i d a t i o n of t h e s e m a t e r i a l s r e s u l t e d i n t h e U 0 2 - L a 2 0 3 o x i 
d i z i n g , r e s u l t i n g i n a l a t t i c e - p a r a m e t e r d e c r e a s e . I n m o s t i n s t a n c e s t h e c o m p a c t s d e 
c o m p o s e d t o p o w d e r , b u t t h e w e i g h t l o s s of t h e m a t e r i a l s w a s n o t e x c e s i v e . T h e l a t t i c e 
p a r a m e t e r of t h e T h 0 2 a s f i r e d i n v a c u u m o r u p o n a i r o x i d a t i o n r e m a i n e d e s s e n t i a l l y 
u n c h a n g e d . 

L i m i t e d s t u d y of t h e e l e c t r i c a l c h a r a c t e r i s t i c s of t h e c o m p o s i t i o n s of S a m p l e s 154 

t h r o u g h 157 w a s m a d e f o r c o m p a r i s o n w i t h t h e r e s u l t s o b t a i n e d f r o m s t u d y of t h e U O 2 -

L a 2 0 3 s o l i d s o l u t i o n s . T h e e l e c t r i c a l p r o p e r t i e s w e r e q u i t e s i m i l a r t o t h o s e o b t a i n e d 

e a r l i e r . T h e r e s i s t a n c e of e a c h of t h e t e r n a r i e s w a s q u i t e h i g h ( s l i g h t l y l e s s t h a n 

1 0 " o h m - c m ) a s f a b r i c a t e d a f t e r s i n t e r i n g i n v a c u u m . B y h e a t i n g t h e s a m p l e s i n a i r 

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

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

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

10*^ o h m - c m , d e p e n d i n g u p o n o x i d a t i o n . T h u s , a s w a s r e p o r t e d e a r l i e r f o r t h e b i n a r y 

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

of o x i d a t i o n . S i n c e i t i s n o t k n o w n w h e t h e r c o m p l e t e o x i d a t i o n of t h e s o l i d s o l u t i o n s h a d 

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

T h e s t u d y of t h e t h e r m o e l e c t r i c p o w e r of t h e b i n a r y s o l i d s o l u t i o n s of U 0 2 - L a 2 0 3 

s h o w e d t h a t p ~ t y p e c o n d u c t i v i t y o c c u r r e d f o r a l l s a m p l e s w i t h L a 2 0 3 c o n t e n t of l e s s t h a n 

5 0 m o l e p e r c e n t . A t 5 0 m o l e p e r c e n t a n d b e y o n d a c h a n g e t o n - t y p e c o n d u c t i v i t y o c 

c u r r e d . T h e s a m e o b s e r v a t i o n h a s r e c e n t l y b e e n m a d e o n t h e " o x i d i z e d " s o l i d s o l u t i o n s 

p r e p a r e d b y d i r e c t s i n t e r i n g of U 3 0 g - L a 2 0 3 . T h a t i s , t h e s i g n of t h e t h e r m o e l e c t r i c 

p o w e r w a s p - t y p e f o r L a 2 0 3 c o n t e n t l e s s t h a n 5 0 m o l e p e r c e n t , a n d n - t y p e f o r L a 2 0 3 

c o n t e n t g r e a t e r t h a n 5 0 m o l e p e r c e n t . T h e i n t e r p r e t a t i o n h a s b e e n m a d e t h a t a t t h e 

5 0 m o l e p e r c e n t L a 2 0 3 c o n t e n t t h e F e r m i l e v e l i n t h e o x i d e r e m a i n s c o n s t a n t w i t h t h i s 

v a r i a b l e o x y g e n c o n t e n t i n a c c o r d w i t h t h e K r o g e r a n d V i n k h y p o t h e s i s . ' ^ 
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The solid solutions Samples 155 through 157, exhibited p- type conductivi ty, which 
became n-type at var iab le t e m p e r a t u r e s ranging from 100 to 400 C, It is believed for 
this r eason that all of the t e r n a r y solid solutions were under s tabi l ized because of the 
p re fe ren t ia l loss of CaO. This conclusion is based upon the cor responding studies of the 
b ina r i e s where additions in excess of 50 mole pe r cent were observed to be the mos t 
s tab le . Thus , by compar ison with the b ina r ies and a lso by considera t ion of the additive 
content in Table 5 m o r e stable t e r n a r y composi t ions m a y be poss ib le than a re desc r ibed 
h e r e , by increas ing the additive content sl ightly. 

DISCUSSION 

Recent studies of the b inary solid solution of UO2 containing L a 2 0 3 have at tempted 
to c o r r e l a t e the r e su l t s of the u ran ium oxide volat i l i ty , as de te rmined by 'weight-loss 
m e a s u r e m e n t s , with the r e su l t s obtained from v a p o r - p r e s s u r e s tud ies . That i s , it was 
of i n t e re s t to de te rmine if the weight l o s se s of compacts of U 0 2 - L a 2 0 3 , f i red in a i r at 
elevated t e m p e r a t u r e s , were comparable to p red ic ted behavior based upon studies of the 
uranium oxide vapor p r e s s u r e as de te rmined by t r ansp i r a t ion m e a s u r e m e n t s of finely 
subdivided (-325 mesh) powders . 

The ea r ly r e su l t s suggested that the weight l o s s e s exhibited by compac ts of UO2-
50 mole p e r cent La203 were marked ly l e s s than expected on the bas i s of v a p o r - p r e s 
sure m e a s u r e m e n t s from the powdered spec imens . F r o m this it was tentat ively pos tu
lated that the loss of uran ium oxide from the solid solution was par t i a l ly diffusion 
control led , such that the surface of the compact became depleted of u r a n i u m , thus l im i t 
ing fur ther uranium loss to the ra te at which the uran ium diffused to the sur face . The 
same conclusion, re la t ive to diffusion as the ra te -con t ro l l ing fac to r , has been noted by 
Iida(6) for the NiO-Li20 s y s t e m , in which the L i 2 0 is the volati le oxide that is p r e f e r e n 
tial ly los t . 

Since the diffusion of uranium would appear to be marked ly dependent on the s to i 
chiometry of the solid solut ions , it was of i n t e r e s t to de te rmine whether the unusual s t a 
bi l i ty , which occurs near the 50 mole pe r cent La203 (or Y2O3) was re la ted to the 
s to ichiometry . 

(2) 
La te r r e su l t s have shown^ ' , however , that both the v a p o r - p r e s s u r e m e a s u r e m e n t s 

and the m e a s u r e m e n t of volati l i ty by weight loss of compacts a r e in genera l a g r e e m e n t , 
showing that diffusion and /o r "surface pass iva t ion" a r e not n e c e s s a r i l y requ i red to ex
plain the stabil i ty of the m a t e r i a l . They r e m a i n , however , a s fac tors which may be in
volved to an undetermined extent. 

Chemical ana lyses of the 1760 C a i r - f i r ed b inary solid solutions have shown that 
the uranium exhibits var iable oxidation as a function of L a 2 0 3 content , showing for in
s t ance , an ul t imate composit ion of UO2 43 at the 50 mole pe r cent L a 2 0 3 content. Thus , 
these m a t e r i a l s a r e not s to ich iomet r i c , in con t ras t to an e a r l i e r hypo thes i s , and the 
s to ich iometry does not appear to contribute to the lowering of the vapor p r e s s u r e of the 
uranium oxide which occurs at 50 mole p e r cent La203 or Y2O3. 

In the p r e s e n t feasibil i ty study of the t e r n a r y oxides an a t tempt was made to 
achieve nea r s to ichiometry by employing appropr ia te amounts of t r r v a l e n t and divalent 
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addi t ives , as indicated by the following reac t ion , wr i t ten a s fully oxidized: 

UO3 + I-<a203 -* 3RO2 (fluorite) 

UO3 + CaO -* 2RO2 (fluorite). 

In view of the r e su l t s obtained from study of the b i n a r i e s , it is probable that the equiva
lent of the above reac t ions is not actual ly obtained, and the solid solutions a r e a lmos t 
cer ta in ly pa r t i a l ly d issocia ted at ve ry high t e m p e r a t u r e s to a lower oxygen/uran ium 
r a t i o , equivalent to that obtained with the b i n a r i e s . 

There apparent ly exis ts at the p r e s e n t t ime no sa t i s fac tory explanation for the 
anomalous lowering of the vapor p r e s s u r e of the u ran ium oxide which occur s at the 
50 mole pe r cent composi t ion for addi t ives such as Y2O3 and La^Oo. The only physical 
p a r a m e t e r re la table to such composi t ions is the p - t o - n t rans i t ion observed during work 
with the b i n a r i e s . It is in te res t ing to note that the same t rans i t ion was observed to occur 
for the t e r n a r i e s by employing the va lence-compensa t ion hypo thes i s , and in gene ra l , the 
weight l o s s e s from these composi t ions were suggestive of the same lowering of the u r a 
nium oxide vapor p r e s s u r e as was observed to occur with the b i n a r i e s . 

CONCLUSION 

The p r e s e n t work was conducted as a feasibi l i ty study to de te rmine whether the 
additive content requi red to obtain a stable h igh - t empera tu re nuclear fuel could be r e 
duced and also to de te rmine whether addit ives having c r o s s sect ions lower than that of 
Y2O3 could be substi tuted. The r e su l t s appear sufficiently p romis ing to suggest that a 
U02~Y203-CaO m a t e r i a l may be competi t ively stable to UO2 containing 60 mole p e r cent 
Y2O3. 
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