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URANIUM OXIDE PHASE EQUILIBRIUM SYSTEMS: 
V, UO2 - NdjOa; VI, UjOg - MgO; VII, UjOg - TiO^ 

by 

W. A. Lamber t son and M. H. Mueller 

ABSTRACT 

In a study of the UO2 ~ NdOi 5 sys tem it was found that 
u ran ia will take m o r e than 60 mol percent neodymia into 
solid solution. The melt ing point of NdgOs was found to be 
2270°C ± 20°C. Two compounds of approximately the com
posi t ions MgU04 and MgUsOip were formed at 1000°C and 
below by reac t ion between UsOg and MgO with some add i 
t ional oxygen. At higher t e m p e r a t u r e s , an extensive solid 
solution phase which approaches the MgU207 composition 
was formed by these two oxides. No reac t ions were observed 
in the UsOg - Ti02 composi t ions studied. 

GENERAL INTRODUCTION 

A s e r i e s of phase equi l ibr ium studies between the uranixim oxide, 
UO2, and a number of o ther oxide.s: namely AI2O3, MgO, Zr02, and ThOj , 
have been repor ted previously.^ ^ In addition to these studies the follow
ing b inary phase equi l ibr ium s y s t e m s have been investigated and will be 
d i scussed in th is p resen t paper : UO2 - Nd203, U3O8 - MgO and U3O8 - Ti02. 
In some ca se s these l a t t e r s tudies were not as complete or as re l iable a s 
the f o r m e r s tud ies . Th i s will be d i scussed in m o r e detai l in each b inary 
sy s t em. 
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P a r t V; UOg - Ndz03 

Introduction 

A few p re l imina ry t e s t s had indicated that the neodymium oxide, 
NdgOs, might have a stabil izing influence on UO2 when heated in a i r and at 
leas t r e t a r d i t s oxidation to UsOg. The re fo re , it was of in te res t to inves t i 
gate the UO2 - NdaOs sy s t em fu r the r . 

Two fo rms of Nd203 have been repor ted ; the A o r hexagonal mod i 
fication,'^*^/ which is the high t empe ra tu r e phase , and the C o r cubic,^ ' 
which is the low t e m p e r a t u r e phase . This t rans format ion is repor ted to 
occur between 875°-940°C. Popov and Glockler concluded that t r i -va len t 
neodyinium was the highest oxidation s ta te possible . 

Exper imen ta l 

Mixtures of UO2 and Nd203, ranging in composition f rom 0 to 100% 
Nd203 in 10 mole percent i n t e rva l s , were p repared as pe l le ts , which were 
then calcined at 1600°C in a hydrogen-a tmosphere e lec t r ic furnace as d e 
sc r ibed previously .V/ The f i red pel lets were used to de te rmine the 
phase re la t ionships at the f i red t e m p e r a t u r e s and to provide solid f rag
ments for the quenching furnace . The quenching technique was s i m i l a r 
to that desc r ibed in the previous papers.v^/ 

Unfortunately, the Nd203 was impure , as shown in Table I; however, 
at a l a t e r date , a sma l l amount of an oxide which analyzed 99% Nd203 was 
obtained and was used for the melting point determinat ion. 

X - r a y diffraction pa t te rns were made of the powdered samples u s 
ing CxiKfx radiat ion and a 114,6 m m . d iamete r c a m e r a . 

Discuss ion of Resul ts 

The r e su l t s obtained af ter heating the va r ious UO2 - Nd203 mix tu res 
a r e given in Table II and shown in F igu re 1. Extensive solid solution of 
neodymia in urania is indicated, but solid solution of urania in neodymia 
could not be detected in s a m p l e s heated at the lower t e m p e r a t u r e s . How
eve r , t h e r e was some indication that l imited solid solution occur red in 
high neodymia samples heated above 2000°C. 

Many of the samples of 45% to 55% NdOi 5, heated at the lower t e m 
p e r a t u r e s , showed a few faint ext ra l ines in the X- ray diffraction pa t te rns 
s i m i l a r to ones obtained when heating comparable U30g - Nd203 compos i 
t ions . Because of the impure Nd203 s ta r t ing m a t e r i a l it is not ce r ta in 
whether these extra l ines a r e the resu l t of an impur i ty phase or whether 
they actually a r i s e f rom UO2 and Nd203 oxides . 
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Although the proposed phase equi l ibr ium d iag ram shown in F igu re 1 

is not exact because of the impure Nd203, the boundary l ines shown a r e p rob 
ably accu ra t e enough for mos t p rac t i ca l purposes and may also be used as 
a guide for m o r e exact work with pure m a t e r i a l s . 

In o r d e r to check the stabil izing effect of Nd203 on UO2, sma l l s a m 
ples of a l l the composi t ions heated at 1600°C in hydrogen were reheated in 
a i r at 1000°C. The X - r a y diffraction pa t te rns of the 0 - 45% NdOi^g showed 
the p resence of the or thorhombic UsOg phase plus a face-centered cubic 
phase whose lat t ice constant was soraewhat sma l l e r than before reheat ing. 
Th is change in p a r a m e t e r is probably due to an inc rease in the re la t ive 
amount of oxygen a n d / o r an oxidation of some of the U"*̂  to U"*"". Between 
45 - 80% NdOi 5 a f ace -cen te red cubic phase only was evident, and beyond 
80 % NdOi^g the hexagonal Nd203 phase was p resen t before and after heating. 
In view of the large amount of Nd203 n e c e s s a r y to naaintain a face-cen te red 
cubic UO2 phase , Nd203 would not be cons idered as a good s tab i l i ze r . 

Since mos t of the samples used for this study were heated and cooled 
rapidly , v e r y l i t t le of the previously r epor t ed cubic phase of Nd203 was 
found in the X - r a y pa t t e rn s . It was observed that the high Nd203 samples 
would d i s in tegra te s e v e r a l weeks after f ir ing; th is b reak-up could have 
been due to a hexagonal to cubic t rans format ion or to a reoxidation. 

Differential t h e r m a l ana lys is did not r evea l any change in the Nd203 
between room t e m p e r a t u r e and 1480°C. The raelting point of Nd203, which 
was 2270°C t 20°C, was not sha rp with e i ther the original Nd203 m a t e r i a l 
or the 99% oxide. 

The possibi l i ty of solid solution format ion between UO2 and Nd203 
should be considered oh the bas i s of ionic s ize and charge . If it is a s 
sumed that the lat t ice p a r a m e t e r of the C type Nd203 is 5.51 A. , as r e 
por ted recen t ly by Hund and Peetz^ ' in the i r study of the UO2 57 ~ NdO^ 5 
sys t em, and if it i s a s sumed that the ionic radius of 0~^ is 1.40 A., as 
ca lcula ted f rom UOg in the previous oxide studies,\^,/ then the ionic rad ius 
of Nd*̂ ^ is 0.98 A. The computed rad ius for U"*"* is 0.97 A. This near 
identity of ionic s ize would indicate that the lat t ice p a r a m e t e r in the 
UO2 - Nd203 sys t em would change ve ry l i t t le . The lattice paranaeters 
shown in Table HI showed only slight va r ia t ion f rom the UO2 p a r a m e t e r 
as a function of composit ion. These p a r a m e t e r s could not be de termined 
m o r e accura te ly s ince the diffraction l ines , especial ly in the back re f l ec 
tion region, became r a t h e r diffuse even af ter adding a relat ively s m a l l 
amount of neodynaia to u ran ia . 

As Nd"̂ ^ is subst i tuted for U"*̂  in the face-cen te red cubic la t t ice , 
an oxygen deficiency mus t be c r ea t ed o r some of the U"*̂  mus t be oxidized 
to U"*"̂  in o rde r to mainta in a balance of the c h a r g e s . Since the samples 
used in th is p re sen t study were fired in hydrogen o r an iner t a tmosphere 



the oxygen loss i s probable . F u r t h e r m o r e , the latt ice p a r a m e t e r of the 
cubic phase of the UO2 - NdOi 5 sys t em was l a rge r than the cubic phase as 
r epor t edw) for the U02^67 " NdOi 5 sy s t em, which would s eem to subs tan
t ia te the c rea t ion of an oxygen deficiency since UO^ 57 already contains a 
mix tu re of U+^ and U+^ ions which produces a s m a l l e r cubic phase than the 
U^* f rom UO2. 

Conclusion 

Th i s study seemed to indicate that the UOj - NdOj 5 sys tem is a 
r a t h e r unusual solid solution example for c e r a m i c oxides. Of the two c a t 
ions which a r e approximately the same s i z e , the Nd"*"̂  can be substi tuted 
extensively for the U**̂  even though the two p r i m a r y oxide s t r u c t u r e s and 
the cat ion va lenc ies a r e different. 

• 
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P a r t VI: UgOg - MgO 

Exper imen ta l 

Mixtures of U30g and reagent g rade MgO were p repared with c o m 
posi t ions varying at 10 mol pe rcen t in terva ls over the ent i re range of 0 to 
100% UsOg. After weighing out the components they were inixed in a m e 
chanical m o r t a r for 5 minutes and then p r e s s e d into pe l le ts . These pel le ts 
were weighed, placed in a plat inum boat , heated to 1300°C, and slow cooled. 
After cooling, they w e r e reweighed and samples were taken for X - r a y dif
fract ion s tud ies . F r a g m e n t s of the initially heated pel lets were taken and 
rehea ted at 1000°C for 4 weeks and at 1400°C for 2 weeks . 

A 50-50 naolar mix tu re was a l so p repa red and suspended from an 
analyt ica l balance in a plat inum wire-wound re s i s t ance furnace. This 
sample was heated under control led conditions; weight changes were r e 
corded in o rde r to b e t t e r unders tand the changes that occur when U30g and 
MgO a r e heated together . 

Discuss ion of Resul ts 

The r e su l t s obtained after heating the var ious U30g - MgO compo
si t ions in a i r a r e given in Table IV and shown in F igure 2. The X - r a y 
diffraction pa t t e rns of conaposition up to 25% MgO heated at 1000°C showed 
the p re sence of two phase s : U20g and MgU30io. Th is l a t t e r phase is a p p a r 
ently obtained by oxidation according to the following equation: 

2U3O8 + 2MgO + O2 - 2MgU30io 

This naagnesium urana te was identified by comparing the X- ray diffraction 
pa t te rn obtained in th is study with the pa t t e rn obtained previously frora a 
sample which chemica l ana lys is showed to have this composition. Between 
25 and 50 m o l percent MgO, MgUsOio and MgU04 were found to be presen t . 
The MgU04 phase was identified in the same manne r as the MgU30io and 
may be fo rmed by oxidation according to the following equation: 

2U3O8 + 6MgO + O2 - 6MgU04 

Both of t he se magnes ium u r a n a t e s yield a complex diffraction pat tern and, 
to da te , the i r c ry s t a l s t r uc tu r e has not been deter inined. When composit ion 
beyond 50 m o l percent MgO w e r e heated to 1000°C the MgU04 and MgO 
phases appeared . 

Samples of varying composit ion which were heated to 1200°C or above 
no longer showed the p r e sence of the MgU04 and MgU30io phases . Instead, 
a f ace -cen te red solid solution cubic phase was obtained. This phase showed 
a cons iderab le var ia t ion in lat t ice p a r a m e t e r as a function of composit ion 
and t e m p e r a t u r e (Table V) however , the exact extent of this solid solution 
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a r e a was not de te rmined . It i s v e r y likely that t he re is a considerable v a r i 
ation in the oxygen content f rom a MgU207 conaposition as pointed out by 
Hoeks t ra and Katz.^ ' A compar i son of the la t t ice p a r a m e t e r of th i s cubic 
phase as found in the U3O8 - MgO sys t em with the cubic phase found in the 
UO2 - MgO binaryV^} showed that the latt ice constants in the U30g - MgO 
sys t em w e r e consis tent ly s m a l l e r . Th i s i s probably caused by a different 
va lence s ta te of the u r an ium in the UsOg as compared to UO2, s ince t h e r e 
a r e U"^ and U"̂ ^ ions in UjOg and only U"^ ions in UO2. 

The reac t ion between U3O8, MgO and additional oxygen can possibly 
be bes t explained by means of a t e r n a r y d i ag ram between UO - Oxygen -
MgO as shown in F igu re 3 , 

In o rde r to obtain a be t t e r understanding of these react ions a few 
of the composit ions were weighed continuously as they were heated a c c o r d 
ing to the method previously desc r ibed . The weight changes observed may 
be accounted for in s e v e r a l ways . Losses can be at t r ibuted to ignition loss 
from. MgO and possibly f rom the U3OB; to the loss of some uranium by vo la 
t i l izat ion, probably as UO3; and to loss of oxygen. Inc rease in weight can 
be accounted for by the convers ion of UO2, p resen t as an impur i ty in the 
or iginal U30g component, to U3O8 and the formation of the compounds 
MgU30io and MgU04 which r e q u i r e additional oxygen, 

A mix tu re of 1:1 MgO - UOg^^? was heated in a weighing furnace and 
the weights plotted as shown in F i g u r e 4 . The na ture of the weight change 
of th is sample which o c c u r r e d during heating may be explained a s follows 
(See F i g u r e 4) : 

Stage P robab le Cause 

1 Loss of adsorbed and absorbed mois tu re . 

2 Reaction of MgO - U30g and O2 to form, the 
low t e m p e r a t u r e composit ion MgU30xo. 

3 Loss of oxygen f rom MgU30io. 

4 Change of the low t e m p e r a t u r e composit ion 
of MgUsOio 'to •the high t empera tu re s table 
compound MgU207, 

5 Loss of oxygen and probably uran ium from 
MgUaOy, 

By heating composi t ions which consis ted of a mixture of U3O8 and 
MgU04 with a continually weighing ba lance , it has been possible to pick up 
an oxygen change of a few hundredths of a percen t and s t i l l re ta in the s ame 



8 

crys ta l l ine s t r u c t u r e . When the same mix tu re was heated in 1200°C in h e 
lium and quenched, it lost enough oxygen to change the color but not enough 
loss to detect by weight. Quenching this sample from 1200°C caused the 
re tent ion of the high t e m p e r a t u r e cubic phase . 

Conclusion 

Considerably m o r e work could be done on the U30g - MgO phase 
equi l ibr ium sys t em and the reac t ion of these oxides with oxygen in o r d e r 
to es tabl i sh the exact t e m p e r a t u r e and composit ion range at which the 
va r ious compounds exis t . Apparent ly in o rde r to c a r r y out such a study 
it would be n e c e s s a r y to obtain oxygen ana lyses , differential t h e r m a l 
ana lyses , and change in weight m e a s u r e m e n t s in addition to the ordinar i ly 
r equ i red data. 



P a r t VII; U3O8 - TiOg 

Introduction 

As par t of the p r o g r a m on the bas ic study of the react ions of u r a 
nium oxides with other oxides , it was thought that the react ion between 
U3O8 and Ti02 might be of i n t e r e s t , especial ly if the react ion product were 
s imi l a r to a luminum t i t ana te , Al203«Ti02, which has low the rma l expansion 
c h a r a c t e r i s t i c s . 

Exper imen ta l 

Pe l l e t s of the composi t ion U30g*Ti02, o r 8.7 weight percent Ti02, 
w e r e p repa red by p re s s ing . These pel lets were then placed in a furnace 
and samples withdrawn at in te rva l s of 100°C f rom 600°C to 1500°C. Ana l 
y se s of the UjOg and Ti02 a r e given in Tab les VI and VII. 

Discuss ion of Resul ts 

Upon heating the pel lets consolidation s ta r ted to occur at 1200°C 
and max imum shriiikage occur red at 1400°C. At 1500°C the g lassy phase 
s e e m s to have leached out of the pellet leaving U3O8; therefore the optiraum 
firing t e m p e r a t u r e for such a mix tu re f rom the c e r a m i c standpoint is a p 
proximate ly 1400°C as shown in F igu re 5. The bonding which was obtained 
apparent ly came from the Ti02 and impur i t ies r a the r than from a Ti02-U308 
react ion since the X - r a y diffraction r e su l t s did not show any react ion. 
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Table I 

NEODYMIUM OXIDE COMPOSITION 
[ -

N d 2 0 3 

G d 2 0 3 

MgO 

P r 2 0 3 

S i 0 2 

S m 2 0 3 

Y2O3 

Weight % 

85.22 

0.92 

0,08 

2.34 

2.14 

9.29 

0.01 

100.00 

Mol % 

77.80 

0.8 

0.61 

2.18 

11.00 

8.18 

100.57 
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Table II 

HEATING RESULTS FROM UOz-NdOi.s MIXTURES 

Co 

UOa 

100 
82. 2 

67.4 
66.6 

59.5 
54.2 

49.7 

43.2 

42.8 
34.1 

26 

25 
25 
25 

18.5 
17.5 

11.7 

11.6 
11.9 
11 

12 

5.6 

mpos i tion 

NdO).5 

17.8 

32.6 
33.4 

40.5 
45.8 

50.3 

56.8 

57.2 
65.9 

74 
75 

75 
75 
81.5 

82.5 

88.3 

88.4 

88. 1 
89 

88 

94.4 
100 

100 

100 

(mol %) 

An a 1 y s i s 

a 

b 
b 
a 

b 

b 

b 
b 

a 

b 

b 
a 
a 
a 

b 

b 

b 

b 
b 
a 

b 

b 
a 

a 

a 

Temp. 

°C 

1600 
1600 

1600 

2392 
2136 

1500 

2148 
1600 

2453 

1600 

1600 

1981 

2135 
2241 
1600 
2210 

1600 
1927 

1978 
2033 

2241 

1600 

1600 

2266 

2278 

T 

24 
24 

24 
5 
1 

24 

5 

24 

5 

24 

24 
5 
5 
5 

24 
5 

24 

5 

5 
5 

1 

24 
24 

2>A 
3 

ime 

hrs 

hrs 

hrs 
min 
hr 

hrs 

min 

hrs 

min 

hrs 

hrs 
min 
min 
min 

hrs 
min 

hrs 

min 
min 

min 

min 

hrs 
hr s 

min 

min 

Resulting Phases 

F.C.C. 

F.C.C. S.S. 
F.C.C. S.S. 

F.C.C. S.S. 

F.C.C. S.S. 
F.C.C. S.S. 

F.C.C. S.S. 

F.C.C. S.S. and v. s. 
unknown 

F.C.C. S.S. and liquid 

F.C.C. S.S. 

F.C.C. S.S. 

F.C.C. S.S. 
F.C.C. S.S. 
F.C.C. S.S. and liquid 

F.C.C. S.S. and S. hex. 

F.C.C. S.S. and hex 
and liquid 
F.C.C. S.S. and S. hex. 

F.C.C. S.S. and hex. 

F.C.C. S.S. and hex. 

F.C.C. S.S. and hex. 

and S. liquid. 

Liquid and F.C.C. S.S. 
and hex. 

Hex. and F.C.C. S.S. 

Hex. and v.s. unknown 

and v.s. cubic NdzOa. 
Liquid and solid 

Liquid 

a - nominal composition b - chemical analysis 

F.C.C. - Face centered cubic S.S. - Solid solution 
v.s. - very slight S. - Slight 
hex. - hexagonal 
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Table III 

LATTICE PARAMETERS OF UO^-NdO, .5 
FACE CENTERED CUBIC SOLID SOLUTION 

Sample No. 

54 

271 

55 

56 

1076 

57 

276 

701 

Composit ion mol % 

UO2 

100 

84.9 

84.9 

71.4 

59.3 

49.7 

48.3 

29.4 

NdOi.5 

15.1* 

28,6* 

28.6* 

40.7* 

50.3** 

51.7* 

70.6* 

100 * 

A. 

5.4725 

5.47 

5.478 

Same as 
54 

Same as 
55 

5.4654 

5.45 

5.475 

5.52 

Heat Trea tment 

Melted in He. 

2 hr 1700°C in Hz. 

24 hr 1700'C in H2. 

2 hr 1700°C in H2. 

2 hr nOO^C in H2. 

5 min 2148*'C in He. 

2 hr nOO^C in Hz. 

72 hr 1700*0 in Hz. 

24 hr SOOX in a i r . 

*As p r e p a r e d . 

**Chemical ana lys i s . 
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Table IV 

HEATING RESULTS FROM U,Og-MgO MIXTURES 

Composit ion 

U02.67 

96.5 

96.5 

92.3 

90 

81.8 

81.4 

67.1 

58.6 

50 

50 

48.5 

50 

13.1 

MgO 

3.5 

3.5 

7.7 

10 

18.2 

17.6 

32.9 

41.4 

50 

50 

51.5 

50 

86.9 

[mol %) 

Analysis 

a 

a 

a 

b 

a 

b 

b 

b 

a 

a 

b 

a 

b 

T e m p . 
°C 

1000 

1400 

1400 

1400 

850 

1400 

1400 

1400 

850 

1200 

1400 

1400 

1400 

Time 

4 wks 

15 h r s 

16 h r s 

15 h r s 

2 h r s 

15 h r s 

15 h r s 

15 h r s 

2 h r s 

1 hr 

15 h r s 

2 wks 

16 h r s 

Resulting Phases 

U3O8 and MgUsOio 

U3O8 and cubic 

U3O8 and cubic 

U3O8 and cubic 

MgUjOio and U3O8 

Cubic and U3O8 

Cubic 

Cubic and MgU04 

MgU04 and MgO 

Cubic and MgO 

Cubic and MgO 

Cubic and MgO 

MgO, MgU04, and cubic 

a = or iginal composit ion 

b = chemical analys is 
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IS 
Table V 

LATTICE PARAMETERS OF THE CUBIC PHASE 
IN THE UyOg-MgO SYSTEM 

C o m p o s i t i o n m o l % 

50% UO2.67, 50% MgO 

50% UO2.67, 50% MgO 

66»6% 002.67, 33.4% MgO 

T r e a t m e n t 

1400°C f u r n a c e coo led 

1200°C and q u e n c h e d 

1400°C f u r n a c e coo led 

ao 

5.24 A . 

5.34 A . 

5.28 A . 

Table VI Table VII 

U^Oa SPECTROCHEMICAL Ti02 SPECTROCHEMICAL 
ANALYSIS ANALYSIS 

Oxide 

AI2O3 
BaO 
CaO 
Cb205 
Cr203 
CuO 
Fe203 
MgO 
Mn02 
NazO 
Si02 
ZrOz 

A m o u n t , 
w / o 

0.03 
0.005 
0.02 
0.03 
0 .0005 
0.0002 
0.003 
0.002 
0.001 
0 .005 
0 .05 
0.02 

E l e m e n t 

A g 
A l 
C a 

C u 
F e 
M g 
M n 
N a 
N i 
P b 
S i 
S n 

A m o u n t , 
p p m 

5 
500 

> 1 0 0 0 
20 

> 1 0 0 0 
100 

70 

500 
50 

7 

iooo 
10 
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FIG. I PROBABLE U O ^ - N d O i g 

PHASE EQUILIBRIUM DIAGRAM 
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1600 
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oc 
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< 
OC 
LU 

I IOOO 
UJ 
I -
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S.S. 
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+ OXYGEN 
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MOLE % MgO 

80 100 

MgO 

FIG. 2 SUGGESTED (UgOg + OXYGEN)-

MgO PHASE EQUILIBRIUM DIAGRAM 
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Oxygen 

Volume under consideration A. MgUgOg^og- MgUgOg.gS.s. 

(from Hoekstra and Katz) 

UO 

UO, 

UO; 

2.67/ MgUjOjo 

MgUgO-

MgUO^ 

UO MgO 

FIG. 3 UO-O-MgO PHASE RELATIONSHIPS 
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+ 0.01 
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< 
OC 

o -0.01 

- - 0 .02 
UJ 
o 
z - 0 . 0 3 
< 

0 -0.04 

1 -0.05 

g -0.06 

-0 .07 

FIG. 4 WEIGHT CHANGES IN A EQUIMOLAR MIXTURE 

OF U 3 O 8 - MgO 

(10 gram sample of 5 0 % U 3 0 Q - 5 0 % MgO heated 

slowly in air. Heating curve only.) 

200 400 600 800 IOOO 1200 

TEMPERATURE ' C 
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Fig . 5 Pe l le t s of U30g'Ti02 heated to various t empe ra tu r e s 


