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With the development of advanced types of reactors ,  plutonium and i t s  
compounds have gained importance as nuclear fuels. In view of this growing 
interest  and the need to collect and assess the fundamental data, the Inter-  
national Atomic Energy Agency convened a panel on Thermodynamics of 
Plutonium Oxides from 24 to 28 October, 1966. The purpose of the panel, 
which met at the Agency's headquarters in Vienna, was to evaluate critically 
the thermodynamic data at present available on plutonium oxides and mixed 
oxides from the viewpoint of nuclear technology. 

In the process  of this  assessment ,  the work of the panel revealed in  
what areas more  dependable information is needed and m o r e  work should 
be undertaken. The present report, which is the outcome of the panel meeting, 
presents a set of the most reliable data now available. 
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I. INTRODUCTION 

The favourable physical propert ies  of uranium dioxide ( fo r  example, 
high melting point, stability under irradiation) have led to i t s  use a s  a fuel 
in various types of nuclear  r eac to r s .  With the increasing installation of 
thermal reactors  fo r  the commercial  generation of electricity, large quan- 
t i t ies of plutonium will become available, and i t  will be very attractive to 
use this in f a s t  b reede r  reactors .  A s t rong candidate f o r  the fuel of such 
a reactor  is a mixed uranium-plutonium dioxide. 

A knowledge of the thermodynamic properties of fuel mater ia ls  is i m -  
portant in the control of the stoichiometry during fabrication so necessary 
in a nuclear  fuel element, and in predicting the possible behaviour under 
operating conditions (including compatibility, migration of fuel down a temper- 
ature gradient by vaporization, and valency state of fission products). 

The thermodynamic properties of the complex uranium dioxide phase 
were  discussed a t  a panel organized by the International Atomic Ene rgy  
Agency [ 1 ] in March 1964, and i t  was considered valuable to compile a 
s imilar  cri t ical  assessment of the thermochemical behaviour of plutonium- 
oxygen and uranium-plutonium-oxygen systems.  The present  r epor t  is a 
s u m m a r y  of the data available to the panel and the conclusions reached.  

The fluorite structure in which the dioxides crystall ize has a r emark -  
able capacity for  withstanding both the addition and removal of oxygen ions, 
so that wide homogeneity ranges of general  formula M O Z * ~  a r e  formed at 
high temperatures in both the binary systems (except for  P U O ~ + ~ )  and in the 
ternary U-Pu-0 system. These wide deviations from stoichiometry make 
the measurement of almost all physical properties unusually difficult, and 
also have wide repercussions on the use  of the oxides as fuel ma te r i a l s .  

In recent years, a s tar t  has been made on the correlation of the various 
physical properties of U O Z + ~  with a single defect model, and s imilar  calcu- 
lations on the substoichiometric phases would be most valuable. It is to be 
hoped that this review of the structural  and thermodynamic data for the P u - 0  
and P u - U - 0  systems wi l l  stimulate further research in this and other aspects 
of the behaviour of this fascinating class of compounds. 
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NOTATION 

Symbol 

a 

CP 

AG 

Ago, 

AH 

AH; 

Ai7 0, 

In 

1% 

P 
R 

s ;9* 

ASO, 

AS 

T 
< >  

{ I  
0 
[ I  

2 

Meaning 

Activity 

Molar heat capacity 

F r e e  energy of reaction 

P a r t i a l  mo la r - f r ee  energy of 
solution of 1 mole of 0, 

Heat of react ion 

Heat of format ion  a t  25OC 

P a r t i a l  mo la r  hea t  of solution 
of 1 mole of 0, 

Log, 

Log10 
P r e s s u r e  

Gas constant 

Standard entropy at 25°C 

Entropy of react ion 

P a r t i a l  mo la r  entropy of solution 
of 1 mole of 0, 

Absolute t empera tu re  

Solid s ta te  

Liquid s ta te  

Gaseous s ta te  

Common units 

Dissolved s ta te  (suffix denoting solvent) 

ca l  degK-' mole-1 

c a1 

ca l  mole- '  

c a1 

c a1 

ca l  mole-' 

a tm 

1.987 ca l  degK-' mole-' 

ca l  degK-l mole-'  (e.u.) 

ca l  degK-l 

ca l  degK-' mole-'  

OK 



11. PLUTONIUM OXIDES 

I .  PREPARATION 

I . I .  Plutonium monoxide -- 

Although plutonium monoxide, PuO, w a s  reported by Mooney and 
Zachariasen [2] a s  an impurity phase, and X-ray diffraction patterns 
attributed to  PuO have been described [3], pure bulk samples have not 
been prepared. PuO is generally seen as a surface film on plutonium 
metal.  The formation of PuO by reduction of pure samples of PuOCl and 
Pu02  by barium vapour has been reported by Westrum I41 , but chemical 
evidence for  its formation is meagre.  Metallographic and X-ray exami- 
nation [5] of heat-treated and quenched samples of P u 0 2 + P u  in the compo- 
sition range where PuO would be expected to be formed indicated the 
presence of mixtures only of hexagonal P u 2 0 3  and plutonium. 

Akimoto [6] reported the preparation of PuO by direct reaction be- 
tween molten plutonium and oxygen generated by the therm a1 decompo- 
sition of Ag,O. Powder patterns of the product indicated a face-centred 
cubic phase with a lattice parameter  that agreed with the value reported 
by Zachariasen. 
1800°C by carbon was reported by Skavdahl [7 ] .  However, more recent 
experiments of Forbes et al. [8] have indicated that the products always 
contained carbon. Other attempts to  prepare the monoxide [9] have 
failed and recent work on the Pu-C-0  ternary phase diagram [ lo ,  11,121 
has  shown conclusively that the oxygen- rich l imit  of the Pu (0, C) phase 
lies at  approximately PuC0.3 0 0 . 7 .  

t o  a mater ia l  stabilized by impurity o r  by surface energy. However, 
PuO (gas) is almost certainly the major  species over  plutonium oxides 
near  the sesquioxide composition (see Section 11.4). 

The preparation of PuO by the reduction of FuO, at 

The reported preparation of the solid monoxide thus apparently refers  

1 . 2 .  Hexagonal Pu 203 

Hexagonal plutonium sesquioxide, referred to in the previous literature 
as /3-Pu20,, is a definite phase with the type a r a r e  earth sesquioxide 
s t ructure .  
suggested [ 1 3 ] .  In general, plutonium dioxide may be reduced to hexagonal 
Pu203 by plutonium metal, very d ry  hydrogen o r  carbon. 

Holley et al .  [5] prepared hexagonal P u , ~  by reducing pure Pu02 
with approximately 2070 excess of plutonium turnings o r  chips in a closed 
tantalum crucible at 1500°C. The mixture was held at that temperature 
fo r  3 h, at the end of which the excess plutonium metal was removed by 

An upper oxygen content corresponding to Pu01.510 has been 
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evaporation from the opened crucible. The product was a black sintered 
m a s s .  At higher reduction temperatures,  large flat crystals of hexagonal 
P u a g  were produced. Gardner et al. [13] used a similar method of 
preparation by heating a mixture of pure PuO, powder and 20% excess 
plutonium metal (prepared by the decomposition of plutonium hydride) in 
a thoria crucible at 1500°C for  3 h in a s t ream of purified dry hydrogen 
gas .  Excess plutonium volatilized away from the oxide leaving pure 
hexagonal PuZO3. 
Pu s t a r t s  at 700°C. 

Appreciable reduction of plutonium dioxide to a lower oxide occurs 
on sintering Pu02  pellets in "dry" hydrogen gas at temperatures above 
1 500°C, the precise  composition reached being dependent on the sintering 
temperature  and water content in the hydrogen [14,15] .  Gardner et al. 
[13] reported complete reduction of PuO, pellets to hexagonal P u 2 0 3  in 
d r y  hydrogen (purified by passage over  heated titanium turnings at 600'C) 
a t  1550°C, i f  further titanium turnings were present in the reduction 
furnace.  

Roberts et a l .  [ 1 6 ]  found that plutonium dioxide is unstable in contact 
with carbon at  low ambient p re s su res  of carbon monoxide and at tempera- 
t u re s  above 1000°C. Detailed investigations of Skavdahl [7, 171 and Dean 
[9]  have shown that hexagonal P u z 0 3  prepared by reduction of PuOz with 
carbon may be contaminated with minor amounts of cubic P U O ~ . ~ , .  Es- 
sentially pure hexagonal Pu203  was obtained by heating stoichiometric 
proportions of Pu02 and carbon at 1800 * 50°C for  53 h in a pure helium 
atmosphere.  Similar preparation [81 with PuO, +C blended compacts at 
1800°C f o r  1 h showed essentially single-phase hexagonal P u 2 0 3  with an 
impurity carbon content of 0.05%. 

Skavdahl and Chikalla [ 18 ]  reported the preparation of hexagonal 
P u 2 0 3  on a l a rge  scale  (110 g Pu) by vacuum reduction sintering of Pu0,-  
carbon compacts followed by inert  gas a r c  melting. Reaction of PuOe 
with a slight excess of carbon at 1650°C in vacuum produced a mixture of 
hexagonal Pu203 and a small  amount of Pu (0, C) . The Pu (0, C) phase, 
being much more  volatile than hexagonal P u z 0 3 ,  could be removed by 
heating in vacuum. 
product also contributed to fur ther  vaporization of any Pu (0, C) impurity 
giving pure hexagonal P u 2 q 3 .  The product analysed O/Pu = 1.500 * 0.015, 
with 175 ppm carbon impurity and 9370 theoretical  density. 

Dean [9]  has shown that the reduction of the PuO, by 

Final  arc-melting of the product to form a dense 

1 . 3 .  Cubic PuO1.52 

Cubic plutonium sesquioxide, referred to in the previous literature 
a s  a-PuZO3, has not been prepared a s  a single-phase compound, since 
it is stable only below 300"C, and hexagonal Puz03 once formed is difficult 
to transform to cubic P U O ~ . ~ , .  Moreover, the exact composition of this 
phase is not yet known; ea r ly  reports [5] suggested compositions between 
PuOl.58 and PuO1.,,, but the recent phase diagram studies [13] indicate a 
lower oxygen composition limit of PuOl, 515. 

Cubic PuO 1-52 has been prepared in various two-phase mixtures. Thus 
heating PuO, at 1650 to  1800°C in vacuum o r  in inert o r  reducing atmo- 
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spheres  resul ts  in partial  reduction of the dioxide, and a mixture of cubic 
PuOl.,, and PuOla9, is formed on cooling to room temperature. The pro- 
portion of cubic PuO1.52 var ies  from 10 to 400/0, depending on the tempera- 
ture ,  duration of heating and the nature of the sintering atmosphere 1191 . 
It has been reported [20]  that when PuO, is heated in helium to 2280°C, 
dissociation and melting occur to  give Pu01.61, which would dispropor- 
tionate to give - 80% PuOla5, at room temperature.  However, reduction 
to this composition could not have occurred unless some strongly reducing 
constituent such a s  tantalum o r  carbon w e r e  also present. 

to obtain single-phase material ,  but possible methods of preparation a re  
controlled reduction of PuO, by carbon o r  controlled oxidation of hexagonal 
Pu,O, , 

doubtedly be necessary to remove the metastable, but enduring, hexagonal 
phase. 

Until the exact composition of this phase is known, it wi l l  be impossible 

In any case, very prolonged annealing below 300°C wi l l  un- 

1 .4 .  PuOl.sl and non-stoichiometric oxides 

Oxides between Pu01.61 and Pu02  a r e  mainly single-phase materials 
above 650°C; these may be prepared by reduction of Pu02 with carbon 
[21 ]  in vacuo, o r  less conveniently i f  a specified composition is required, 
hydrogen [22, 231, or  for  the highercompositions, by simply heating Pu02 
in vacuo to  high temperatures.  Oxidation of a lower oxide by oxygen 1131 
o r  Pu02 may also be used. Some annealing may be required, but it 
should be remembered that prolonged heating in vacuo of any of these 
compounds wi l l  cause a change in composition because of incongruent 
vaporization (see Section 11.4). 

1 . 5 .  Plutonium dioxide 

Plutonium dioxide is the  olive-to-brown product of the combustion of 
plutonium metal o r  practically any of its compounds (except those with 
phosphorus) in a i r  o r  oxygen. The O/Pu ratio of the product is, however, 
normally g rea t e r  than 2 124, 251, being a s  much a s  2.09 for  the oxide ob- 
tained from Pu(S04), in a i r .  Since ignition to PuO, is often used as a 
method of analysis for  the lower oxides, this is an important effect. As 
most  of the work on this phenomenon was carr ied out before the lower 
oxides were well characterized, there have been no detailed studies of 
the composition of the product f rom the lower oxides specifically. How- 
ever,  oxidation of the metal  in a i r  which probably goes through the lower 
oxides gives O/Pu ratios varying from 2.00 to  2.03 124,251. Gardner 
et al .  [13] claim that lower oxide pellets do not absorb oxygen above a 
composition of PuOz when heated in a i r .  Jackson and Rand [26] have 
shown that this  excess oxygen in plutonium dioxide is due entirely to sur-  
face adsorption rather  than to bulk oxidation a s  in UO,. They also found 
that the amount of oxygen adsorbed from a i r  was up to a factor of two 
g rea t e r  than that adsorbed from an equivalent pressure of pure oxygen 
at the same  temperature.  
r ized in Table I. 

The preparative routes for  Pu02  a re  summa- 
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The preparative route and process details have a significant influence 
which affect subsequent fabrication on the product PuO, characterist ics,  

and sintering properties of fuel materials containing PuO, . From the 
process point of view, precipitation of Pu(1V) oxalate appears particu- 
lar ly  attractive. Plutonium losses  in the fi l trate a r e  nominal, filtration 
Characteristics of Pu( C,O, ),. 6H,O a r e  excellent, and reproducibility 
of the product Pu02  powder characterist ics is good. The PuO, from this 
route has comparatively low bulk and tap density, i t s  surface area may 
be controlled by varying the calcination temperature, and a narrow par- 
ticle s ize  distribution is obtained. The mater ia l  has good pressing and 
sintering characterist ics,  final sintered densities a s  high as  96% theo- 
retical  being attainable. PuOz powder obtained through Pu(1V) oxalate 
is also suitable for  mechanical blending with UO, and further fabrication. 

Precipitation of plutonium peroxide is also a convenient route for the 
preparation of P u 0 2 .  However, solubility "losses" a r e  high and the 
process  involves handling large volumes of s lurry solutions. The 
powder characterist ics of this P u 4  are ,  in general, s imilar  to those 
of PuO, derived from Pu(1V) oxalate except that the tap densities a r e  
higher from the peroxide. 

point of view, Solubility "losses" a r e  low, but the filtration characteristics 
of the precipitate are particularly bad for  precipitations at room tempera- 
ture,  although high-temperature precipitation (95 to  100°C) with ammonium 
hydroxide o r  u r e a  facilitates quicker filtration. The PuO, characterist ics 
do not correlate  well with the precipitation and conversion details. 
powder calcined at temperatures  over  750°C has a high tap density (about 
5 g/cm3) and is suited for  further fabrication by vibration-compaction and 
Sintering (sintered densities vary from 83.5 to  93.570 of the theoretical 
density). 

PuO, may be prepared in highly crystalline [54] form from molten 
a lka l i  chloride solutions by sparging with an 0, -C1, gas s t ream. 
density of the mater ia l  is approximately 6 g/cm3 and this might find use 
a s  an excellent intermediate for  fabrication by vibration-compaction and 
sintering. 

Ammoniacal precipitation does not appear attractive from a process 

The 

The bulk 

1 . 6 .  Higher oxides of plutonium 

Brewer [55] has predicted from thermodynamic considerations that 
any solid anhydrous oxide of plutonium higher than PuOz wi l l  probably 
not be stable. In this  respect plutonium resembles  thorium rather than 
its immediate analogues, neptunium and uranium. 

Attempts were made to prepare a higher oxide by the controlled 
ignition of plutonyl nitrate, Pu0,(N03 ),. xH, 0, but the nitrate decomposed 
to  the dioxide at 275°C [4 ]  . Heating PuOa in oxygen at 400°C and under 
70 atm pressure,  in ozone at 600 to  1000°C, and in atomic oxygen failed 
to  produce a higher oxide [ 4 ] ,  Katz and Gruen [56]  have reported that 
PuO, was not oxidized by nitrogen dioxide at 500°C. Bagnall and Laidler 
(571, however, have reported the isolation of a plutonium trioxide hydrate 
by the action of ozonized oxygen on Pu(1V) hydroxide at 90°C. The reddish- 
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gold mater ia l  formed by vacuum drying at 130°C had the composition 
P u 0 3 .  0.8H2 0, but its X-ray pattern showed that it was not isostructural 
with any known uranium trioxide hydrate. 
best  to regard it a s  plutonyl hydroxide. 

Nevertheless, it is probably 

2 .  PHASE DIAGRAM 

2 . 1 ,  Crystal  s t ructures  

2 . 1 .  1. Established s t ructures  

2 . 1 . 1 . 1 .  Hexagonal P u f 1 3 .  This phase is the lowest oxide in the system 
and is stable in contact with P u  metal .  
La203 type, with a =  3.841+0.006 and c = 5.958kO.005A with one formula 
unit per  unit cell.  The space group is PTm1, the calculated density is 
11.47 g / cm3  [58]. The s t ructure  is that of the a-form r a r e  earth 
sesquioxide and is isotypic with Ac2O3 and hex-Am203. 

A variant of hexagonal P u 2 0 3  has  been found by Zachariasen in 
examining data obtained at  Los  Alamos. Several preparations showed 
some diffuse diffraction l ines,  indicating stacking disorder.  In a unique 
preparation made at high temperature the diffuse lines were consistent with 
the existence of a stacking fault every sixth c-period giving r i s e  to an 
ordered superstructure  with hezagonal axis, a = 3.842+0.001 and 
c =  1 0 8 . 4 1 ~ 0 . 0 1 ~  (=18X6.023 A ) .  

The structure i,s hexagonal, 

2 . 1 . 1 .  2 .  Cubic PuO1.52. This s t ructure  is body-centred cubic, bixbyite 
type with a = 11.047 - 11.07 A .  There a r e  32 metal atoms and 48 oxygen 
atoms per unit cell  (for the ideal composition PUol.5). The space group 
is Ia3, the calculated density is 10.2 g / c m 3 .  
which appears to  exist only below 300°C, is well established from X-ray 
powder diffraction data a s  that of the c-form rare-ear th  sesquioxides and 
is isotypic with cubic Am203 and CmzO3. Workers at Harwell [13] have 
suggested that i ts  composition is PuO1.52. Whether o r  not this phase is 
a low-temperature modification of hexagonal PuzO3 is at present an open 
question. 
P u 0 2  is discussed below. 

The structure of this phase, 

The similari ty of this structure with those of P U O ~ . ~ ~  and 

2 . 1 .  1. 3. Cubic PuOl,61 + y  . The t rue s t ructure  of this phase, which is 
stable only above 350°C, has not been established; above 650°C it may 
merely be the lower limit of the substoichiometric plutonia phase. The 
s t ructure  is, however, closely related to that of cubi: P U o 1 . 5 2  and hence 
may be tentatively described a s  cubic with a = 11.03 A at 350°C; there 
a r e  32 metal atoms and an assumed 51 or  52 oxygen atoms per unit cell 
for  the P U o 1 . 6 1  composition. In X-ray fi lms taken at temperatures 
above 300°C, only the strong pseudo face-centred cubic reflections have 
been seen. In fi lms of quenched samples at room temperature taken at 
Los Alamos the weak body-centred cubic reflections a r e  also seen, 
suggesting that the s t ructure  may be body-centred cubic above 300°C. 
At room temperature the X-ray powder pattern of P U 0 1 . 6 1  is distinguished 

8 



from that of Pu01.52 by the smaller  lattice parameter and also by the 
relative intensities of the reflections for which h2 t k 2 +  l2 = 190  and 192. 
For Pu01.52, 1190 : 1192- 10:3and fo r  PuO1.6, 1190:1192 = 7: lO.  The shift 
in intensity is a consequence of a chaege in the P u  atom position parameter, 
x, f rom -0.030 for  the bixbyite s t ructure  to  -0 .020  for  Pu01.61 ( see  
Section 11. 2. 1. 3). 

2 . 1 . 1 . 4 .  Plutonium dioxide. This is the highest oxide in the system. 
The s t ructure  [2], which is isotypic with dioxides of some of the r a re -  
earth,  and al l  other actinide elements up to  at least  c y i u m ,  is face- 
centred cubic, fluorite-type, with a = 5.3960+ 0.0003 A , space group 
Fm3m. With four formula units per unit cell,  the chlculated density is 
11.46 g cm-3. However, in common with all  a-active materials,  the 
latt ice parameter  increases  with time [59, 601 owing to the introduction 
of Frenkel  defects into the lattice a s  a result  of the a-decay process.  
The precise  r a t e  of increase depends on the isotopic composition, but fo r  
plutonium containing -95% 239Pu and -5% 240Pu, the parameter is 
given by 

a(& = 5.3960 t 0.0182 (1 - exp(-9.64X t ) )  

where t is the t ime in days that has elapsed since the oxide was prepared 
or  las t  annealed. The self-damage anneals out fairly uniformly a s  the 
temperature  is heated to 1000°C [60]. 

able oxygen deficiency, down to at least  PuO1.7 and perhaps a s  f a r  a s  
Pu01.61 . The effect of removing oxygen is to expand the lattice, and 
Atlas et al. [61]. have shown from density measurements at 750°C that 
this involves oxygen vacancies ra ther  than interstitial plutonium ions. 
Although pure PuO2-x 
ture,  it has  been observed at  Los Alamos that tantalum or  tungsten 
impurity will stabilize P U O Z - ~  with an enlarged lattice parameter at 
25°C [62].  

At temperatures  above about 650°C, PuOz can exist with a consider- 

can apparently not be quenched to room tempera- 

2 . 1 .  2.  X-ray powder patterns of the plutonium oxides 

The computed powder diffraction patterns of PuOz, cubic PuO1.52 
and hexagonal PuzO3 a r e  given in Tables 11-IV. 
include contributions from the oxygen atoms a s  well a s  the plutonium 
atoms.  For  hexagonal P u @ ~  (Table 11) the atomic positions a r e  2 P u  in 
(d), with z =  0.235, and 1 0 in (a)  and 2 0 in (d), with z =  0.63. 
values for z a r e  those for La@3. 

oxides a r e  given in Table V.  The positions of the oxygen atoms in P U o l . 5 2  
and PUOl.61 a r e  assumed to  be the same  a s  those in bixbyite. 

The patterns for cubic PuO 1-52 and PuO 1.6 a r e  quite similar to the 
pattern for  PuOz, a s  the strong reflections a r e  those of the face-centred 
cubic metal  lattice. The additional reflections that occur because of the 
body-centred cubic symmetry and l a rge r  unit cell a r e  weak, although 

The computed intensities 

The 

The atomic positions and parameters  for the other three cubic 
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TABLE 11. POWDER P A T T E R N  F O R  HEXAGONAL P u 2 0 3  

a. = 3 . 8 4 0  A Copper radiation X(Kol)  = 1. 54051 

c o  = 5.957 A 

28 sin' e d-spacing Intensity h k l  

26.81 

30.00 

30.79 

40.66 

47.35 

53.77 

55.24 

57.07 

57.55 

62.35 

64.14 

69.11 

74.42 

75.66 

77.63 

81.86 

83.47 

86.84 

88.12 

93.08 

95.81 

105.50 

0537 

0670 

0705 

1201 

1612 

2045 

2149 

2282 

2317 

2680 

2819 

3217 

3657 

3762 

3929 

4292 

443 1 

4724 

4836 

5269 

5506 

6336 

_ _ _ - _ _ _ _ _ _ _ _ _ _ - - - - -  

l o  

3.326 

2.979 

2.904 

3.213 

1.920 

1.705 

1.663 

1.614 

1.602 

1.489 

1.452 

1.359 

1.275 

1.257 

1.230 

1.177 

1.158 

1.122 

1.109 

I .  J i E  

1.933 

0.969 

27 

24 

100 

23 

26 

22 

3 

22 

16 

3 

5 

4 

8 

3 

12  

6 

4 

4 

4 

8 

5 

3 

0 1 0  

0 0 2  

0 1 1  

0 1 2  

1 1 0  

0 1 3  

0 2 0  

1 1 2  

0 2 1  

0 0 4  

0 2 2  

0 1 4  

0 2 3  

1 2 0  

1 2 1  

1 1 4  

1 2 2  

0 1 5  

0 3 0  

1 2 3  

0 3 2  

0 2 5  



0 
TABLE 11. (cont.  ) 

2Q sin2 e d-spacing Intensity h k l  

106.75 6441 0.961 3 1 2 4  

106.84 

115.07 

115.51 

120.21 

121.88 

122.08 

126.13 

134.32 

138.48 

138.86 

145.65 

148.60 

6448 

7118 

7153 

7516 

7641 

7656 

7948 

8493 

8743 

8765 

9128 

9268 

0.960 

0.914 

0.912 

0.889 

0.882 

0.881 

0.865 

0.837 

0.824 

0.823 

0.807 

0.801 

3 

4 

7 

4 

3 

3 

7 

8 

3 

2 2 0  

2 2 2  

1 3 1  

0 3 4  

1 1 6  

1 3 2  

1 2 5  

1 3 3  

0 1 7  

0 4 1  

2 2 4  

0 - 4  2 

158.92 9665 0.784 6 1 3 4  

163.36 9791 0.179 1 0  1 2 6  

164.50 9818 0.178 6 1 1 7  

many a r e  visible in fi lms of well-crystallized material .  A s  noted above, 
the extra body-centred cubic reflections for P u O 1 . 6 1  have not been ob- 
served i n  the poor quality fi lms obtained at  high temperatures.  

2 .1 .3 .  Comparison of the s t ructures  

To provide a c lear  view of the similari ty in structure,  Table V 
descr ibes  the detailed s t ructures  of the three c u b i c  oxides a s  based on 
space group Ia3. This requires  doubling of the correct  unit cell dimension 
for P u 0 2 .  In P U O ~ . ~ ~  there  must be either three o r  four extra oxygen 
atoms in the cell,  giving ideal formulae of PUO1.594 o r  PU01 .625 .  The 
la t ter  is more  probable, since this allows eight Pu(1V) atoms to occupy 
the 8-fold b-positions, and 24 Pu(II1) atoms to  occupy the 24-fold d- 
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TABLE 111. POWDER P A T T E R N  FOR CUBIC P u O 1 . 5 2  ( ref lect ions 
with a n  intensity of 2 or  less have been omit ted)  

a .  = 11.050 1 Copper  radiat ion X ( K u 1  ) = 1.54051 

Body-centred cubic 

28 sin' e d-spacing Intensity h k l  

19.66 

27.95 

32.38 

34.40 

38.17 

41.64 

46.45 

47.96 

50.90 

53.71 

55.08 

36.43 

57.76 

59.06 

61.63 

62.88 

66.58 

67. I 9  

68.98 

70.17 

0292 

0583 

0177 

0875 

1069 

1263 

1555 

1652 

1846 

2041 

2138 

2235 

2332 

2429 

2624 

2721 

3013 

3110 

3207 

3304 

4.511 

3.190 

2.763 

2.605 

2.356 

2.167 

1.953 

1.895 

1.793 

1.705 

1.666 

1.629 

1.595 

1.563 

1.504 

1.477 

1.403 

1.381 

1.360 

1.340 

5 

71 

32 

5 

5 

8 

51 

3 

6 

6 

55 

9 

13 

4 

5 

3 

6 

10  

10 

4 

1 1 2  

2 2 2  

0 0 4  

1 1 4  

2 3 3  

1 3 4  

0 4 4  

3 3 4  

1 1 6 . 2  3 5 

1 4 5  

2 2 6  

1 3 6  

4 4 4  

3 4 5  

1 2 7 , 3  3 6 , 2  5 5 

2 4 6  

1 5  6 , 2  3 7 . 

0 0 8  

1 1  8 , 4  5 5 . 1  4 7 

4 4 6 . 0  2 8 

71.35 3401 1.321 5 3 5 6  
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TABLE 111. (cont . )  

26 sin’ 6 d-spacing Intensity h k l  

73.69 

74.84 

77.14 

78.28 

79.42 

80.55 

82.80 

85.04 

86.15 

87.27 

88.38 

89.50 

90.61 

92.84 

93.96 

96.19 

97.31 

98.44 

99.56 

100.70 

102.97 

104.12 

106.43 

107.59 

3596 

3693 

3887 

3984 

40 82 

4179 

4373 

4567 

4665 

4762 

4859 

4956 

5053 

5248 

5345 

5539 

5636 

5734 

5831 

5928 

6122 

6219 

6414 

6511 

1.285 

1.268 

1.235 

1.220 

1.206 

1.192 

1.165 

1.140 

1.128 

1.116 

1.105 

1.094 

1.084 

1.063 

1.054 

1.035 

1.026 

1.017 

1.009 

1.000 

0.984 

0.917 

0.962 

0.955 

9 

23 

19 

3 

3 

7 

6 

6 

18 

7 

4 

3 

9 

19 

9 

8 

8 

6 

7 

6 

9 

6 

4 

9 

1 3  8 . 3  4 7 

2 6 6  

0 4 8  

3 3 8  

2 4 8  

1 2  9 . 1  6 7 . 5  5 6 

1 5  8 . 4  5 7 

3 6 7 . 2  3 9 

4 4 8  

1 4  9 . 3  5 8 

0 6 8 , O  0 10 

1 1  1 0 . 2  7 7 

2 6 8 , O  2 10 

6 6 6 . 2  2 1 0  

2 5 9 . 5  6 7 . 1  3 10 

1 7 8 . 5  5 8 , 4  7 7 

0 4 1 0 . 4  6 8 

1 6  9 . 3  3 10  

2 4 10 

4 5 9 , 3  7 8  

3 6 9, 1 5 10. 1 2 11 

0 8 8  

2 8 8 . 4  4 10 

6 7 7. 2 7 9. 3 5 10. 
2 3 11 



TABLE 111. (cont. ) 

20 sinZ 0 d-spacing Intensity h k l  

109.94 6705 0.941 7 1 4  1 1 , 5  7 8  

111.13 6803 0.934 20 2 6 10 

112.33 6900 0.927 4 5 6 9  

113.54 6997 0.921 10 0 0 1 2 . 4  8 8 

114.76 7094 0.915 11 1 1 12, 4 9 7. 3 4 11. 
1 8 9  

0 2 12 

c 
115.99 7191 0.908 7 

117.24 7288 0.902 8 2 5 11, 5 5 10. 1 7 10 

118.50 7386 0.896 10 4 6 10. 2 2 12 

119.77 7483 0.890 8 1 3  1 2 . 3  8 9 

122.37 7677 0.879 10 3 7 10, 1 6 11 

123.70 7774 0.874 15 0 4 12 

125.05 7872 0.868 6 3 3 12, 4 5 11, 7 7 8 

126.42 7969 0.863 20 2 4 12, 6 8 8, 0 8 10 

127.82 8066 0.858 I 3 6 1 1 . 6  7 9 , 2  9 9 

129.24 8163 0.853 16 2 8 10 

130. 70 8260 0.848 11 1 5  1 2 . 5  8 9 

132.18 8357 0.843 9 6 6 10 

133. 70 8455 0.838 8 1 2 13, 2 7 11, 5 7 10 

135.26 8552 0.833 11 4 4 12 

136.87 8649 0.828 6 3 5 1 2 . 4  9 9 

138.52 8746 0.824 30 0 6 12, 4 8 10 

140.23 8843 0.819 14 2 3 13, 1 9 10, 5 6 11 

142.01 8941 0.815 26 2 6 12 

143.86 9038 0.810 19 1 4 13. 1 8 11. 4 7 11 
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TABLE 111. (cont .  ) 

28 sin' e d-spacing Intensity h k l  

149.98 9329 0.798 3 8 8 8  

152.29 9426 0.793 3 4 13, 1 7 12. I 8 9. 
3 8 11 

4 6 12, 0 0 14 

2 5 13, 6 9 9, 
1 1 14, I I 10 

0 2 14, 6 8 10. 0 1 0  10 

43 t 

2o t 
154.79 9524 0.789 38 

151,54 9621 0.785 

160.66 9118 0.781 60 

164.31 9815 0. 118 14 3 I 12 

169.25 9912 0.114 100 2 10 10, 2 2 14 

positions. However, since there  a r e  no 4-fold positions in this space 
group, the four additional oxygen atoms a r e  presumably randomly distri-  
buted among the 1 6  vacant c-positions: i. e .  Pu01.625 (o r  Puol.~l) con- 
tains some oxygen disorder.  

s t ructure  of Pu01.61, which is body-centred cubic. It is not yet known 
whether the high-temperature s t ructure  is body-or face-centred cubic 
(see below). If i t  is the latter,  the plutonium atoms a r e  all on face- 
centred cubic positions (i. e. the 24 Pu  atoms in d-positions have x = 0) 
and the 5 2  ( o r  51) oxygen atoms a r e  randomly distributed among the 
64 ( c  + e) positions. 

It is a further possibility that the poor quality of the diffraction 
patterns of Pu01.61 at  high temperatures implies that the structure is 
slightly distorted from true cubic symmetry.  

at f i r s t  sight that a continuous transition could be achieved from the face- 
centred cubic Pu02 t o  the cubic PuO 1.61 . One can s tar t  with PuO2, 
produce PuO 
in random positions until a composition of F u 0 1 . 6 1  is reached. Now if 
Pu01.61 has a body- centred cubic structure,  the oxygen atoms and 
hence the anion vacancies a r e  ordered, and a continuous transition from 
PuOz to Pu01.61 is not possible because at some point ordering of the 
vacancies must occur.  The disorder-order transition would presumably 
produce a miscibility gap in the phase diagram. 

Some evidence indicating that PUo1.61 may be body-centred cubic 
has been obtained at  Los Alamos. X-ray fi lms from quenched samples 
of Pu01.61 show clearly the "extra" body- centred cubic reflections, the 
latt ice parameter  being 11. 02 1 and the 1 1 9 0 :  1192 ratio that for  x =  -0 .020 .  

The discussion, of course,  r e f e r s  to  the quenched room temperature 

Because the th ree  s t ructures  a r e  all  so similar,  it appears plausible 

by a random removal of oxygen to  create anion vacancies 
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TABLE IV. 

a o =  5 . 3 9 6 0  a Copper  radiat ion X ( K c u l )  = 1 .54051  A 
Face -cen t r ed  cubic 

POWDER PATTERN FOR P u 0 2  

20 sinz e d-spacing Intensity h k l  

28.62 0611 3.115 1 4  1 1 1  

33.18 0815 2.698 7 0 0 2  

47.62 1630 1.908 12 0 2 2  

56.51 2241 1.627 1 5  1 1 3  

59.22 2445 1.558 4 2 2 2  

69.64 3260 1.349 3 0 0 4  

76.96 3872 1.238 8 1 3 3  

79.34 4075 1.207 7 0 2 4  

88.74 4891 1.101 8 2 2 4  

95.76 5502 1.038 9 3 3 3 . 1  1 5  

107. 70 6520 0.954 4 0 4 4  

115.24 7132 0.912 14  1 3 5  

117.86 7336 0.899 8 0 0 6 . 2  4 4 

129.04 8150 0.853 9 0 2 6  

138.78 8761 0.823 10 3 3 5  

142.52 8966 0.813 1 0  2 2 6  

162.96 9780 0.779 6 4 4 4  

Upon heat treatment a t  temperatures  below 300°C, a change to the 
pattern for  P u O l . 5 2  is observed, and the PuO 2 - x  pattern becomes stronger, 
indicating that the disproportionation 

has  occurred. The implication is strong -that the high-temperature form, 
P u O 1 . 6 1 ,  has  been retained by the quench and that it is body-centred cubic 
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TABLE V.  RELATION BETWEEN OXIDE STRUCTURES BASED 
ON SPACE GROUP Ia3  

Lattice parameter - S, 

~ 

Pu atoms 

Type of position 

8 b  

24 d 

0 atoms 

Type of position 

16 c 

48 e 

pUol.52 

11.05 

8 

24 

X = -0.030 f 0.003 

0 

48 

x = 0.385a 

y = 0.145a 

z = 0.380a 

puo 1.61 

11.02 

8 

24 

X = -0.020 f 0.003 

4 

x = l / E a  

48 

x = 0.38ja 

y = 0.145a 

z = 0.380a 

PUOZ 

10.192 
(= 2X5.396) 

8 

24 

16 

x = 118 

48 

x = 3/8 

y = 1/8 
z = 118 

a Asumed values. 

a t  high temperatures.  The evidence is not conclusive, however, and the 
final decision can only be made from knowledge of the detailed structure 
of PuO 1.61 a t  temperatures  above 300°C.  Definite evidence showing 
whether or  not the weak "extra" body-centred cubic lines a r e  present in 
the high-temperature powder patterns of P U O ~ . ~ ~  is most desirable. 

2 . 2 .  Condensed phase diagram 

2 . 2 . 1 .  General 

The complete phase diagram of the plutonium-oxygen system is not 
well established. The evidence is not a s  detailed a s  might be desired, 
and it is possible that future work will  considerably modify any 
diagram chosen at  this t ime. 
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FIG. 1. Tentative plutonium-oxygen phase diagram, 

Th ree  aspects  may be considered separately: the phases known to 
exist, the melting behaviour, and the region between Puol.5 and PuOz 
below 1000°C. 

2 . 2 . 2 .  Phases .  

The four known oxide structures,  hexagonal Pu2O3, cubic PuO1.52, 
cubic Pu01.61 and Pu02  have been discussed in Section 11.2.1.1, 

Plutonium monoxide, which has been shown in one proposed phase 
diagram [ZO], is now generally believed not to  occur a s  an equilibrium 
phase (see Section 11. 1.1. ), although a thin PuO film stabilized by surface 
energy may possibly exist. However, it is noteworthy that positive 
evidence that such a film is really an oxide is lacking. 

2 . 2 . 3 .  Melting behaviour 

The melting points of the three high-temperature phases a r e  approxi- 
mately as shown in Fig.  1 but the liquid-solid relationships sketched must 
be regarded a s  hypothetical. The problem in determining the melting 
behaviour of the P u  oxides is that the temperatures a r e  high enough for 
vaporization to  become a dominant factor.  Both hexagonal PuzO3 and 
PUo1.61 vaporize incongruently a s  does stoichiometric PuOz. The 
congruently vaporizing composition near the melting point is ,  according 
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to Ackermann et a l .  [63], about PuO1.8. 
point of this composition only can be observed in vacuum. The only 
certain statement that can be made is that the liquidus curve for  the 
range between PuOl.5 and P u 0 2  l ies  between 2000" and 2300°C over 
most of the range and r i s e s  to  a maximum of about 240OOC o r  higher near 
stoichiometric P u 0 2 .  It is not possible to  make a f i rm  decision on details 
of melting behaviour from evidence at  present available, nor does it 
appear possible to  select reliable melting points from the l i terature.  

The high temperature part  of Fig.  1 follows that of Livey and 
Feschotte [64], which is based largely on the work of Riley [65], and is 
also like that suggested by Chikalla et a l .  [20]. 

Thus, in principle, the melting 

2 . 2 . 4 .  The PuOi.5 -Pu02 region 

The existing situation is that there  a r e  two major pieces of experi- 
mental evidence upon which to  base construction of the phase diagram in 
this region: the high-temperature X-ray study of Gardner et al .  [13] (Fig,  2) ,  
and the EMF study reported by Markin and Rand [66] .  In addition some 
l e s s  detailed high-temperature X-ray studies by Chikalla et a l .  [20], 
electrical  resist ivity measurements by McNeilly [67] and three sets  of 
thermal  expansion measurements [20, 68, 691 give useful evidence on the 
position of the phase boundaries. 

Several pieces of work have been derived from these primary data. 
Following the work of Gardner et a l .  [13], who constructed a phase 
diagram, and Markin and Rand [66], who derived f r ee  energy data from 
the EMF work, Rand [70]  has made a thermodynamic assessment which 
co-ordinates all  the independent but inter-related raw data. In this 
assessment,  a phase diagram (Fig.  l ) ,  very similar to but not identical with 
that proposed by Gardner et a l .  [13], was adopted a s  being the simplest 
consistent with all the known data. It is now clear ,  however, that the 
finer details of the phase diagram cannot be settled from the data at 
present available, F o r  consistency, therefore,  the phase diagram of Fig. 1 
and the co-related thermodynamic assessment a r e  adopted here.  Other 
possibilities for the phase diagram a r e  discussed in detail in the subse- 
quent paragraphs, and it must be emphasized that at present it is impossible 
to  endorse a single final version of the phase diagram in the PuOle5 - P u q  
region. 

When all  the evidence is considered critically, at least two possibili- 
t ies  for the phase diagram appear likely. One is the diagram presented 
in Fig.  1, showing that PuO1.61 is continuous with P U O Z - ~  above 650°C. 
This diagram implies either that PUo1.61 is face-centred cubic, o r  that 
an ordering of the oxygen sub-lattice occurs that does not give r i s e  to 
any feature in the phase diagram. 

Another possibility, equally likely, is that a narrow two-phase mis- 
cibility gap exists somewhere between PuO1.61 and P U O Z - ~  above 650°C. 
This alternative diagram would be required i f  Pu01.61 were body-centred 
cubic, a s  is quite likely, since a continuous transition between face- 
centred cubic P U O Z - ~  and body-centred cubic Pu01.61 is almost impos- 
sible to  accept for structural  reasons.  It should be noted that detailed 
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FIG. 2.  High-temperature lattice parameters. 

work on the Pr -0  and C e - 0  systems, which exhibit wide ranges of homo- 
geneity analogous to  those in the P u - 0  system, has shown that a con- 
tinuous transition from face-centred cubic MOz -x to body- centred cubic 
M 0 1 . 5 + ~  does not occur [71-741. 
or  more intermediate phases (at low temperatures) o r  by a miscibility gap 
(at high temperatures) .  
intermediate phases exist in the P u - 0  system, but a miscibility gap 
appears to  be quite possible. 

the data mentioned above, although these do, of course, impose some 
restrictions on i t s  possible position. Several possibilities remain, how- 
ever,  and these a r e  discussed in Section 11.3.4, together with the changes 
required in the f r e e  energy diagram. To accommodate a miscibility gap 
no adjustment is necessary in the X-ray data. 

In addition to  the above possibilities, it is evident that the region 
below 300°C also can have alternative constructions. Evidence from which 

The two phases a r e  separated by one 

It s eems  fairly well established that no ordered 

The existence of such a diphasic region is entirely consistent with all 
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the horizontal a t  300°C, corresponding to  the eutectoid reaction 
(Pu01.61) = 0.805 (PuO1.52 ) + 0.195 (PuO1.98) , is deduced might 
equally well be explained by postulating that PuO1.52 and Pu01.61  
the same  phase with a continuous change in oxygen content occurring over 
a small  temperature range around 300°C. 

Evidence for  the nature of the diagram around PuO1.5 is lacking. 
The present diagram has been drawn to obey the phase rule and to con- 
form to the suggestion that (PuO 1.52) contains slightly more oxygen 
than <PuzO3 > hex. An alternative possibility, suggested by the close 
resemblance of the plutonium oxide s t ructures  to  those of the rare-ear th  
oxides, is that <Pu01.5& is a low-temperature form of (Pu2O3 > hex. 
Although this is attractive, it seems unlikely that experimental evidence 
on which to  decide the point will be obtained, a s  the low temperature at 
which the transition must occur will  not permit equilibrium to be 
achieved; even in the lanthanide oxides the expected reversion of hexagonal 
to  cubic M2O3 at -800°C has never been observed [ 7 5 ] .  

region below 1000°C fi ts  all  the evidence available a t  present, and is 
consistent with the thermochemical calculations of Section 11.3.4. How- 
ever,  al ternative constructions to  Fig.  l ,  which seem equally likely, can 
be postulated. Chief among these is a diagram showing a narrow 
miscibility gap between P~01.61+~ and PuOz-X. 

is body-centred cubic, it is difficult to  s ee  how the diagram can be drawn 
without a miscibility gap. The position of such a gap will  be difficult 
to  locate exactly, since i t  is likely to  be rather  narrow. More detailed 
electrical  resistance measurements might be helpful. 

a r e  

To summarize,  the phase diagram of Fig.  1 in the PuO1.5 - P u 0 2  

Definite evidence for  the s t ructure  of Pu01.61 is needed. If P u 0 i . s i  

3. THERMOCHEMICAL DATA FOR SOLID PHASES 

3. 1. Heat capacities and entropies 

3. 1. 1. Low-temperature heat capacities and entropies: problems 
with cryogenic heat capacity measurements 

3.1.  1. 1. General .  
active mater ia ls  at low temperatures  is necessarily somewhat speculative 
a s  few data a r e  available. 
important a s  they bear  directly upon the feasibility of the determination 
of absolute entropies for plutonium compounds from low-temperature 
heat capacity measurements.  Two difficulties unique to  radioactive 
species, namely self-heat and self-irradiation damage, a r e  discussed 
below. We may f i rs t  mention, however, that since the entropies of 
( P U F 6 )  and (Pu) a r e  known accurately from spectroscopic data, absolute 
entropies of other plutonium compounds (including the oxides) can in 
principle be obtained from accurate equilibrium measurements. 
has discussed this aspect of the problem. 
since pract ical  calculations deal only with entropy and free energy dif- 
ferences,  absolute entropy values a r e  not essential  for this purpose. 

A discussion of the problems associated with radio- 

However, the problems encountered a re  

Rand [ 761 
It is also true, of course, that 
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3. 1. 1. 2.  Heat is generated in a radioactive material  a s  a 
consequence of self-absorption of the radiated particles. For the plu- 
tonium most commonly available, which is principally 239Pu, the heat 
generation r a t e  is about 7 cal/min g-a  [ 771, but a complete precise calcu- 
lation would need to  take into account the fraction of radiation leaving 
the sample and heating the heat sink. Applying this value to mixtures 
containing other isotopes of Pu requires correction for the mean half life. 
Normally, low-temperature heat capacities a r e  measured in an adiabatic 
calorimeter with the electrical  energy input controlled by the experimenter 

It is usually desirable for the temperature to r i s e  at a rate of 1 deg 
min-l  o r  less to permit attainment of thermal equilibrium between the 
sample and the calor imeter  proper.  With plutonium o r  i ts  compounds 
the internal energy generation rate  is constant, and at low temperatures 
where the system heat capacity is small, the temperature rise rate  is 
too fast to  allow accurate data to be obtained. The problem is princi- 
pally one of thermal  equilibration and will be worse with materials of 
low thermal  conductivity such a s  PuOz than with better conductors such 
as Pu metal. It is therefore suggested that PuOz be diluted with a good 
heat conductor to minimize the effect of temperature gradients both within 
the sample and to  the container, o r  plutonium isotopes with much longer 
half-life t imes (24zPu o r  preferably 2MPu) be used. Approximate figures 
for  the centre temperature of a pure PuOz sample can be obtained by 
applying the differential equation for heat flow. 
proximation comes mainly from insufficient knowledge of the thermal 
conductivity of the sample in the low-temperature range. 
the self-heat is thus to set  a temperature limit below which heat capacity 
data are difficult to obtain. 
limit appears to be about 10-15°K. 
other ordering effects a r e  found in the heat capacity below 10"K, and 
they contribute substantially to the absolute entropy. Such so-called 
anomalies in plutonium compounds a r e  very likely to be difficult to 
measure precisely. 

Self heat. 

Uncertainty in this ap- 

The effect of 

Up to now, with ordinary plutonium, this 
With many materials magnetic and 

3. 1. 1.3. Radiation self-damage. As a consequence of the production of 
highly energetic alpha particles and nuclear interactions created therefrom 
(e.g.  Q-n), a large number of defects is induced in the PuOz lattice. 
These defects may be present either a s  single point defects o r  a s  clusters 
of defects. 
given below. 

calculated in a simple way by using the following formula: 

An illustrative example of the effect of this phenomenon is 

The volume fraction affected by the passage of alpha particles can be 

where N is the number of alpha particles and v is the volume of an alpha- 
particle track. Reasonab!e values for  the t rack dimensions of an alpha 
particle in Pu02 a r e  100 A diam. and 1000 A length ( ~ ~ 8 x 1 0 - 1 7  cm3). 
Introducing these values in the above expression one finds that - 50% of 
the volume will be affected by the t racks after 9 X 1015 disintegrations 
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CP 
T(*K) (ca l / rnole  deg K) 

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

CP 
T(’K) ( ca l / rno le  deg K) 

TABLE V I .  LOW-TEMPERATURE HEAT CAPACITY OF PUOZ 

CP 
T(°K) ( ca l / rno le  dee K) 

13 0.24 

15 0.29 

20 0.48 

25 0.80 

30 1.13 

35 1.42 

40 1.80 

45 2.22 

50 2.62 

60 3.42 

70 4.20 

90 5.67 

100 6.4 

110 7.0 

120 7.6 

130 8.1 

140 8.7 

150 9.3 

160 9.8 

170 10.4 

180 10.9 

190 11.4 

200 12.0 

210 12.4 

220 12.9 

23 0 13.4 

240 13.9 

250 14.4 

260 14.9 

270 15.3 

280 15.7 

290 16.1 

300 16. 5 

298.15 16.4 

(4  d) and 90% after 3 X 1016 decays (14 d). 
formula of Kinchin and Pease [ 781 gives 40 defects per  alpha particle 
and about 1700 defects per  uranium recoil  atom. 
number of lattice defects wi l l  affect to  a certain extent the vibrational 
spectrum of the lattice and hence influence the heat capacity. 

and recoiling atom can be annealed at  relatively low temperatures [ 791. 
In most metal  oxides, however, the defects are more permanent and less  
easily removed by annealing processes .  
causes  the lattice parameter  of plutonium compounds to increase, even 
at room temperature, and measurements on damaged samples [60]  
indicate that this damage does not anneal out until about 1000°C. 
obviously important to make heat capacity measurements on radioactive 
samples a s  soon a s  possible after preparation or  annealing. 

Nevertheless, some damage will always be present at very low 
temperatures,  and this will affect the measured heat capacities in two 
ways, 
of the lattice vibrational spectrum arising from the defect concentration; 
quantitatively this effect is likely to be fairly small  in samples that a r e  
not too heavily damaged. Secondly, the energy stored in the defects will 
be evolved as they anneal on warming; this will give measured Cp values 
which a r e  lower than the t rue values. In addition, of course, the self- 
damage may interfere with any ordering processes  that would normally 
occur (see below). 

Calculation following the 

The presence of a high 

In metals such a s  Pu the lattice defects produced by the alpha particles 

Radiation self-damage also 

It is 

Firstly,  the heat capacity itself will be changed by the modification 

3. 1.  1.4. Heat capacity measurements.  Measurements of the heat 
capacity of P u 0 2  below 325°K have been reported by Sandenaw [80] .  The 
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FIG. 3. Experimental low-temperature heat capacities of Tho,, UO,, NpO, and PuO,. 

resul ts  showed some anomalous and irreproducible effects. In the first  
temperature  cycle two peaks appeared around 34 and 69°K in the heat 
capacity curve. 
and after the seventh cycle a heat capacity curve free from any peak was 
obtained. These data are tabulated in Table VI and represented in Fig. 3 
where the values for ThOz [81], UOz 11,821 and NpOz [83] a re  included for 
comparison, 
slightly substoichiometric PuOz, but it is now clear  that the increased 
lattice parameter  (5.403 A) of the mater ia l  was a consequence of self- 
damage, which causes  the latt ice parameter  of stoichiometric PuOz to 
increase f rom 5.396 to 5.414 A at saturation [60]. The above values 
therefore r e fe r  to  a substantially damaged Pu02 .  The effect of such 
damage on the heat capacities in general  wi l l  f i rs t  be discussed, followed 
by a consideration of a possible magnetic ordering phenomenon. 

These humps gradually disappeared on further cycling 

Sandenaw assumed this curve to be the correct  one for very 

TABLE VII .  DEBYE TEMPERATURE (OK) 

Substance Elastic moduli Intensity measurements Mean Reference 

Tho,  417 

UO 2 388 

PUO, 

3 93 

377 

415 
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Debye temperatures  measured from X-ray o r  neutron diffraction 
intensity measurements,  o r  calculated from elastic constants, can be 
used to estimate values of the heat capacity. Table VI1 shows that the 
calculated values for  the Debye temperatures of Tho2 and UO:! a r e  
reasonably consistent, although a value of 870°K for UO, has been 
deduced from thermal  conductivity measurements.  

Comparison of the C, values calculated from these mean Debye 
temperatures  with experimental C, values for UO, and Tho, (the fact 
that C, and C, have different values is unimportant) shows the same 
behaviour. The calculated values a r e  slightly lower than the experi- 
mental  at 50"K, but a r e  considerably higher (by up to 2.5 cal  deg K-1 
mole-1 ) above 50°K. 
PuOz (see Fig. 4), we may have confidence that Sandenawls values in 
general  a r e  not greatly in e r r o r .  
implies, however, that they a r e  likely to be slightly low, a s  Sandenaw 
recognized. 

In a more  recent interpretation of the UO, neutron diffraction 
data [l], W i l l i s  has analysed the lattice heat capacity in t e rms  of a 
Debye acoustical branch associated with the vibrations of the uranium 
sub-lattice (Debye temperature 182°K) and an Einstein optical branch 
associated with the oxygen sub-lattice (Einstein temperature = 542°K). 
This representation leads to excellent agreement with the experimental 
heat capacity values, and with the lattice entropy at 25°C (calculated 
= 17.3, experimental = 17.5 e. u. ). A similar neutron diffraction study 
of Pu@ is thus a possible method of deriving heat capacities and entropies 
for  Pu02 .  
type peak near 30"K, which has been shown, for U 0 2  at least [ l ] ,  to be 
caused by an antiferromagnetic ordering of the electron spins. 
the plutonium atom in PuOz has four 5f electrons, a similar,  indeed 
more  pronounced, peak could be expected in Pu02 .  

occurs  in the undamaged PuO2, since the several  "spikes" seen in the 
f i rs t  runs were also found in his heat capacity curve for plutonium 
metal,  where the la tes t  data [87,88] indicate a smooth curve free from 
anomalies. 
although it is tempting to attribute the peak near 34°K to a magnetic 
ordering. 
the absence of the peak in the self-damaged sample. 
possibility of destruction of the long-range order  by the self-damage, 
the lambda peak may have been below 12"K, the lowest temperature 
measured, which again may not have been the true temperature because 
of self-heat. 

A brief p rog res s  report  [89] claims that no magnetic ordering could 
be found by neutron diffraction in 242PuO,. It is obviously essential to 
confirm this somewhat surprising behaviour, and a convenient and 
relatively simple measurement would be the magnetic susceptibility of 
PuOz down to these temperatures,  since dXm/dT changes extremely 
rapidly near  an antiferromagnetic transition. 
the magnetic susceptibility of PuO,, but down to 90°K only. 

Since exactly the same behaviour is found for 

The discussion in Section 11.1.3. 

The heat capacity curves for UO, and NpO, contain a lambda- 

Since 

It is impossible to  infer from Sandenawls data whether such a peak 

It is thus possible that they were experimental artefacts, 

Conversely, there  a r e  a number of possible explanations for 
In addition to the 

Dawson [go]  has measured 
At room 
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temperature X M  for Pu02 is much smaller  than the value expected for a 
5f4 ion; this may be due to  magnetic interactions, however, since the 
value extrapolated from dilute Pu02  - T h o 2  solid solutions is much higher, 
and is close to the expected 5 f 4  value. 

3. 1. 1. 5. 
25°C canbe estimated from the Debye temperatures discussed in the 
previous section; like the heat capacity values, it is too high for Tho2 
and U 0 2  by 4.0 and 2.7 e .  u. respectively. Since the value for Pu02 
calculated from a Debye temperature of 415°K is 18.8 e. u . ,  the correct 
value is probably around 16.0 e. u . ,  in good agreement with Sandenawls 
measured value of 16.3 e.  u. If it is assumed that magnetic ordering 
must exist, one can add R In 5 = 3 .2  e. u. to Sandenawls value to give 
Sig8 
stored energy release on the measured heat capacities. 

of PuOz at 298°K. 
the measured entropies of Th02, U 0 2  and NpOz. 
argue that the magnetic contribution to  the entropy can be approximated 
by the spin-only contribution a s  computed from the number of unpaired 
5f electrons in Np+4 and U+4. Tht4 has no unpaired electrons and hence 
is diamagnetic and shows no magnetic ordering. The entropy of T h Q  
is thus purely lattice entropy. 
of UOz and NpOz over the lattice entropy (assumed to be the same a s  
ThO2) is equal to R In (2S+ 1) + 0.85 where S is the spin quantum number 
for the appropriate number of 5f electrons, and 0.85 is a constant presumed 
to  include any electronic entropy. 

Entropies. The lattice contribution to standard entropies at 

= 19.5 e.u.  This may be a little low because of the effects of 

Two other estimates a r e  available from the l i terature for the entropy 
The f i rs t  by Osborne and Westrum [Sl] is based on 

Osborne and Westrum 

They then observe that the excess entropy 

For  PuOz the estimated entropy is: 
= 19.7 e .u .  
In a la ter  paper Westrum and Gryhvold [91] provide another estimate 

based upon a study of the systematics of the transition metal chalcogenides. 
Here,  following Latimer,  they assume a constant contribution of 15.0 e. u .  
for any actinide cation, plus a contribution of 2.0 e. u. from the two oxygen 
atoms, plus the R In (2S+ 1) magnetic contribution a s  above. The result 
for Pu02 is Sig8 = 20.2 cal/degK gfw. 
Gr4nvold offer a useful procedure for estimating the entropies of oxides 
other than the dioxide, 

The close agreement between Osborne and Westrum's estimate 
(19.7.  e.  u.  ) and Sandenawls modified value (19.5 e. u. ), which is expected 
to  be slightly low, leads us to adopt a value of 1 9 . 7 f  1.0 e .  u. for the 
standard entropy of < Pu02) ,  and to modify Westrum and Gr4nvold's 
calculations for the other oxides a s  shown in Table VIII. 

The oxygen contributions a r e  taken from Westrum and Gr4nvoldIs 
table [91], which was derived from a consideration of many transition 
metal  oxides. The magnetic contributions a re  the spin-only term, 
R In (2S+ l), assuming that Puts has five 5f electrons and Pu+4 has 
four. 
8 Pu+4 ions. 

probably only accurate to f 10%. 

Also in this paper Westrum and 

In Pu01.61it is assumed that the unit cell  contains 24 Pu+3 and 

Despite the plausibility of this estimation scheme the results a r e  
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Phase 

hex-Pu 203 

cubic- PuO,.,, 

PUO, .6 1 

PUO, 

TABLE VIII. 
OXIDES 

ESTIMATION OF ENTROPIES OF PLUTONIUM 

S lattice s.,, 
S magnetic 

Pu 0 cal/deg K gfw 
contribution contribution 

29.0 0 2 X 3 . 6  36.2 

14.5 0 3.6 18.1 

14.5 0.9 3.5 18.9 

14.5 2 3.2 19. I 

3. 1. 2. High-temperature heat capacities 

3. 1. 2.  1. Plutonium dioxide, PuOz. 
degK-1 mole-1 at 300"K, as already discussed. 
of work done at  Brusse ls  [92], suggests the equation 

Sandenaw [80] finds Cp = 16.5 cal  
Rand [70], on the basis 

Cp = 19.34 + 1.56X 10-3 T-2.8X 105 T-2caldegK-1 mole-' 

for  the temperature range 300 to  1000"K, which also agrees  quite well 
with Sandenawls value at 300°K. 
with an estimated uncertainty of 5'3'0 which is assumed to  be in the f i rs t  
t e rm,  amounting to  1.0 cal deg K-1 mole-1. 

Here we shall use  Rand's equation 

3.1. 2. 2. Hexagonal PuzO3. 
we assume that 

To est imate  the heat capacity of this compound 

2 ~ ~ < P u O ~ ) - C ~ ( P u ~ 0 ~ ) h e x =  2 Cp<Ce02)-Cp<Ce203)hex  

The values for< CeOz ) a r e  taken f rom King and Christiansen [93], and 
those for  < Ce2O3) a r e  from Pankratz and Kelley [94]. 
that between 300 and 1000°K the difference 2 Cp< CeOa) - Cp< Cez03)hex 
is constant within a few tenths of a unit at approximately 2 . 1 .  
the value for  < PuzO3) hex is taken to  be 

It is noticed 

Therefore, 

Cp<PuZo3)hex = 2 C p < p u 0 , ) - ( 2 . 1 f  1.O)caldegK-1 mole-] 

where the ra ther  la rge  uncertainty is assumed because of the somewhat 
different resul ts  obtained by Kuznetsov and Rezukhina 1951. 
have 

Thus we 

Cp< Pu203)hex= (36.6k 2.3)+3.12X 10-3T-5.6X 10sT-2ca ldegK-~mole-~  

3. 1. 2.3. 
estimated by ignoring the deviation from stoichiometry and examining 
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TABLE IX. HEAT CAPACITIES O F  RARE-EARTH OXIDES 
(cal deg K-I mole-I) 

Mean 

Tb01.500 

1.119 

TbOl.*l2 

Pr01.500 

Pro 1.833 

a - hex 

300 500 1000 

25.8 

27.5 

28.2 

26.8 

29.0 31.7 

32.2 35.3 

31.2 35.0 

30.2 34.6 

27.1 30.7 34.2 

13.9 15.3 17.0 

14.1 16.1 18.5 

13.9 16.5 19.0 

14.1 15.6 17.5 

15.1 18.2 22.6 

c-cubic  

300 500 1000 

27.8 

29.8 

25.2 

27.7 

28.1 

27.1 

25.3 

27.4 

21.3 

23.4 

31.6 

32.9 

28.5 

30.5 

30.1 

29.3 

28.9 

30.0 

30.4 

27.9 

35.3 

36.0 

31.1 

33.9 

32.3 

31.3 

31.2 

31.5 

31.8 

30.5 

26.9 30.0 32.5 

Reference 
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the differences in the hexagonal and cubic rare-ear th  oxides a s  shown 
in Table IX. 
of oxide for the same metal. 
oxides have nearly the same heat capacity at room temperature, differ by 
about 0.7 degK at 500"K, and by about 2 degK at 1000"K, with the hexagonal 
form having the higher heat capacity. 

Unfortunately there a r e  no measuremehts on the two forms 
F rom the table it is seen that the two 

Accordingly, for the reaction 

2<  puol .5  )cubic = ( pu203 h e x  

the equation 

A C p  = -0.8+3.0X 10-3T cal degK-l 

is used. The uncertainty is estimated to be about 1 cal degK-' mole-'. 
This gives 

C ~ < P U O ~ . ~  >cubic = (18.7*1.2)-2.8X105T-2 caldegK-1 mole-1 

shows that the higher oxides have the higher heat capacities. 
noticed that the difference between < TbOl.500) and ( TbO 1.719) is 
about twice the difference between < Tb01.719) and ( TbOl.slz), which 
is thus assumed to be the difference between < PuO1.52) and ( PuO 1.61). 
It can be represented, with an uncertainty of about 0.3 cal  degK-1 mole-! 
by ACp = 8.0X 10-4T c a l  degK-1 mole-1. 

Cp<Pu01~61),,bi, = (18.7*1.3)+8.0X 10-4T-2.8X 105T-~caldegK-1mole- l  

It is 

F rom this 

3. 2. Heat of fusion 

No direct experimental data a r e  available for the heat of fusion of 
PuO,, but liquidus-solidus measurements in the UO, - R02 system a re  
consistent with a value of 16.8 f 1.3 kcal mole-1 (see Section 111. 2. 2).  

3. 3. Calorimetric heats of formation 

The only plutonium oxide for which there  a re  experimental heat of 
formation data is plutonium dioxide. 
calorimetry by Popov and Ivanov [ loo] ,  who obtained -252.1 f 1.1 kcal/mole, 
and by Holley et al. [ l o l l ,  who obtained -252.87 f 0.38 kcal/mole. The 
resul ts  a r e  thus in agreement and the weighted average is taken: AHv298 
( R O , )  = -252.8 f 0.8 kcal/mole. 

This was measured by oxygen bomb 

Experimental data for the other oxides a re  very desirable. 

3. 4. High-temperature equilibria 

This section deals with the oxygen p res su re  measurements over the 
PuzO3-PuOz region at high temperatures.  The main treatment is in  
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FIG.5. Partial molar free energy of single-phase PuO,-,. 
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t e r m s  of the phase diagram given in Fig. 1, but other possible phase 
diagrams consistent with the data a r e  also discussed. 

3.4. I .  < ~ ~ 0 1 . ~ ~ )  to < P U O ~ )  region 

Above 945°K this region is single phase with a fluorite-type structure.  
Below approximately 945"K, this phase disproportionates to < PuO1.clty > 
and < PuOz-, > at  a temperature depending on the O/Pu ratio. 

Markin et al .  [ l o 2 1  have measured the oxygen potentials over the 
single phase oxides between P U o 1 , 6 1  and PuOz.0(950 to 1350"K), using an 
EMF method (Fig. 5).  The extremely reducing conditions required the 
use of a ThO2-Y2 03 solid electrolyte which does not conduct oxygen below 
950°K. Therefore it was not possible to measure the oxidation potentials 
in the < PUO1.61ty ) and < PuOz-, > region. The f r ee  energyvalues from the 
corrected results of Atlas andSchleman [ 103](H2/H20equilibration, 1375 to 
1575°K) agree wel l  with the EMF data where the temperature ranges overlap but 
the ARoz a n d a s ,  values a r e  markedly different. Bairiot andvanhellemont I1041 
have made measurements on the Pu02-,-C-CO system at 1670  to 1870°K; 
the derived AGO, values for PuO1.75 to P U 0 1 . 8 5  agree very well with the 
extrapolations of the EMF data, ra ther  than the gas equilibration data. 
The compositional variations of ABoz and ATo, fo r  the ArnO2-, system, 
recently measured by gas  equilibration by Chikalla et al. [ 1051 and for 
the Ce02-, system by Bevan and Kordis [ 731, both again at temperatures 
below llOO°C, a r e  very s imilar  to those found by Markin et al. for Pu02-,. 
This difference in Ano and ATo, for the two rather  different temperature 
ranges may be real ,  since different defect types may predominate in 
the two cases.  More f r ee  energy data for temperatures above 1100°C 
a r e  clearly required. 
preferred,  note being taken that their  extrapolation to higher temperatures 
may be subjected to some uncertainty. 

a r e  given in Table X. 

data. 
at - 945"K, which is therefore the point at which the two-phase region 
begins. This is in agreement with the phase diagram (Fig. 1).  
of the 
combining the isopleths for  P U 0 1 . 6 5  to PuO1.75 with the phase diagram. 
A more accurate extrapolation to room temperature can be obtained 
by considering the integral  values A&, and A S ,  given in Section 11. 3. 5. 

present,  but do not conflict with the possibility of such a gap, The data 
presented in Fig. 5 show that in the range 1.648<0/Pu< 1.665 the partial 
molar  free energy is constant to within 400 cal, the estimated experimental 
e r r o r ,  so that a two-phase region may be present in this oxygen compo- 
sition range. 
the upper and lower l imits of this region a s  1.665 <O/Pu < 1.675 and 
1.633 < O/Pu < 1.648 respectively. 
the free energy curve representing the two-phase region,< PuO1.Gl+y) 

E 

F o r  the moment, however, the EMF values a re  

The values obtained by interpolation of smoothed curves from Fig. 5 

Figure 6 is a par t ia l  molar f ree  energy diagram derived from this 
It can be seen that the values of AGO, fo r  Pu01.75to Pu01.gOconverge 

The course 
PuO,., two-phase curve down to 800°K can be plotted by 

The data a r e  insufficient to determine whether a miscibility gap i s  

Consideration of the X-ray data of Gardner et al. [13] gives 

If this two-phase region exists then 
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TABLE X. 
SOLUTION OF OXYGEN IN <PuOz  - > PARTLAL MOLAR ENTROPIES AND ENTHALPIES OF 

( ( 0 2 )  = 2 ~ O I P u O 2 - , )  

- - 
Temperature 

range 0 2  
-AS -AH 

2-x in P U O ~ - ~  02 

(e. u . )  (kcal  mole-') ('K) 

1.63 

1.65 

1.10 

1.15 

1.80 

1.85 

1.90 

1.95 

1.98 

20.8 

20.0 

20.8 

26.8 

40.0 

54. I 

69.3 

85.8 

96.4 

179.5 

178.0 

176.0 

180.5 

192.5 

206.0 

219.8 

233.5 

241.0 

750 to 1500 

800 to 1500 

885 to 1500 

900 to 1500 

925 to 1500 

945 to 1500 

945 to 1500 

900 to 1500 

900 to 1500 

+ < P U O Z - ~ )  in Fig. 6, must be modified s o  that the : intersection with 
the postulated two-phase miscibility gap is at a higher temperature than 
the intersections with the single-phase l ines for  O/Pu > 1.670. 

1.665 < O/Pu < 1.740 but its precise  location would have to be ccnsistent 
with the X-ray data (Section 11. 2. 2.4). 

3. 4. 2. < 

It is also possible that a miscibility gap could occur in the region 

) + < Pu02-,) two-phase region 

The integrated data (Section 11. 3. 5) give the following values: 

- T"K Phase l imits ** 
Lower Upper kcal mole-1 

615 1.61 1.98 
7 00 1.62 1.98 
800 1.65 1.97 
900 1.75 1.95 

3 .  4. 3. < Pu2O3) hex to  < Pu01.61) region 

The oxygen potential measurements by 

170.4 
166.5 
161.7 
156.7 

~~ /larkin et al. [ 021 for 1 ie 
over-all  compositions Pu01.533, Pu01.551 and Pu01.588 with both Ni/NiO 
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FIG.6. Partial molar free energy diagram derived from thermodynamic data and P u - 0  phase diagram [102]. 

and Fe /FeO reference electrodes give consistent results (Fig. 5). 
discussed in the next section a positive ACp factor must be included and 
the final values obtained are:  

A s  

Temperature 
AZO2 range 
kcalmole-1 (OK) 

AB,, 
e. u. 

< P U 2 0 . 3 > h a  + < PUOl.61 > 70.8-16.1 log T 189 500-7.OT 725 to 1500 
< PU01.52>cub+ < p U o 2 - x  > 
3 .  5. 

46.0 198 700 298 to 610 

Integration of par t ia l  molar quantities 

The par t ia l  molar heats and entropies for the entire region from < Pu203 >hex to  < P u 0 2 >  can now be integrated according to the equation 

AZ = 2 AZo2dx d 
1.5 
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where x = O/Pu and Z = H o r  S. The values obtained a r e  

AHll5, = - 196.9 kcal; AS,,,,= -43.0 e .  u. 

In o rde r  to  extrapolate these values to other temperatures, the heat 
No experimental capacities of ( Pu203>hex and ( P u 0 2 )  must be used. 

data a r e  yet available but estimatedvalues have beengiven in Section 11.3.1.2. 
The present assessment  (taken from [ 701) was based on ear l ier  heat 
capacity data for the cerium oxides, and assumed ACp for the above 
reaction to  be zero, ra ther  than -3.6 e. u. a s  estimated in SectionII. 3.1.2. 
However, since much calorimetric data (including entropies, heats of 
formation and high-temperatures heat capacities) a r e  likely to appear 
in the near  future, it seemed appropriate to the Panel to leave a r e -  
integration of this region of the phase diagram until al l  these data a re  
available and until the presence o r  absence of a miscibility gap in the 
phase diagram has been established. 
section is therefore not quite consistent with other data used, but the 
uncertainty introduced in the free  energies is l e s s  than the precision 
with which they a r e  known. 

A preliminary extrapolation of the partial  molar free energies to 
lower temperatures  shows that the lines fo r  P U O ~ . ~ ,  and P u O , , ~ ~  must 
bend over considerably between 1000°K and room temperature, in order 
not to  intersect with the ( P U ~ O ~ ) ~ ~ ~ +  < Pu01.61) two-phase line above 
500°K. 
measurements that the phase in equilibrium with ( PuO1.61) and 
( PuO has less oxygen than Pu02 .  ) This curvature may be 
associated with the fact that Pu02 can adsorb relatively large amounts 
of oxygen on i t s  surface below 600°C [26] .  This absorption process 
would thus provide low-energy s i tes  on oxides close to P u 0 2  at room 
temperature but not at high temperatures.  Whatever the cause of this 
curvature,  however, i t  corresponds to  a rapid increase (numerical 
decrease)  in ARo, and AS,, for compositions between O/Pu = 1.98 and 2.00. 

A s imilar  phenomenon has been found for the partial  heats and 
entropies of the UO,,, phase near  the stoichiometric composition, and 
i t s  origin is fully discussed in 111. Briefly, this type of curve, having 
approximately the shape of an oblique S near  stoichiometric composition, 
is due to  the approach of atomic order  within a disordered solution. 
Until more detailed thermochemical data in the region near PuO2.0 a re  
available, the curvature may provisionally be taken into account by intro- 
ducing a corresponding ACp term,  but it must be borne in mind that such 
a procedure is purely formal. 

Since we have taken 
2 

ACp 2[Acp dx for  2( 

The assessment presented in this 

(There is evidence from both X-ray [13] and conductivity [ 6 7 ]  

(0,) = 4 <  PuOg> a s  zero 

1.5 
at 750"K, a positive value of ACp in some other part  of the region must 
be incorporated in o rde r  to compensate for the negative value near 
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O/Pu = 2.0. The following values a r e  suggested: 

O/Pu 1.50 to 1 .61  1.61 to 1.98 1.98 to 2.00 
A c p  (e. u. ) +7 0 -38.5 

We can calculate A S O ,  and  AB^, fo r  (i) the < P U 2 0 3 ) h e x  + < ~ ~ 0 1 . 6 1 )  
two-phase region; (ii) the < P U O ~ . ~ ~ + ~  ) single-phase region; and (iii) the < P ~ 0 1 . 9 8 . ~  > to < Pu02 > single-phase region, at 900"K, and these values 
can be combined with the integral values of AS900 and AH900 fo r  
2 <  Pu203)hex+ 0 2  --f 4< P U O ~ ) ~ , ~ ,  which, with ACp = 0, a r e  independent 
of temperature,  to  give A%, and A&, at 900°K for the two-phase region < P U o l . 6 l + y  ) + < Pu01.98-z ). Similar calculations were made for 
temperatures  of 800, 700, 615 and 500"K, the latter giving A& and 
A&J, for the ( P ~ O 1 . 5 2 ) ~ ~ b  + ( Pu01.98-z ) two-phase region. The entire 
par t ia l  molar free energy diagram can now be completed. It is very 
satisfactory to find that the intersections of the isopleths for  Pu01.65 
to PuO1.80 with the < PUO1.61ty )+ < P U O Z - ~  ) region reproduce with 
considerable accuracy the phase diagram obtained independently by 
Gardner e t  a1 [13]. 

3 .  5.1.  Heat of formation and standard entropy of < P u 2 0 3 h e x ,  < p U o 1 . 5 2  )cub and < pu01.61 > 
3 .  5. 1. 1. 
entropies give 

< P u 2 0 3 ) h e ~  . The integrated par t ia l  molar heats and 

2< P U 2 0 3  )hex + ( 0 2 )  * 4 < PuO2 ) 

AH1150 = -196.9 kcal, AS,,,, = 43.0 e.u. 

With the heat capacity values for the oxides estimated in Section 11.3.1.2 
(or  more conveniently, the thermal  data in Table XI) and the thermal 
data for oxygen [106], we find 

and finally, using the discussed values for  the heat of formation and 
standard entropy of Pu02, 

AH;,( P u 2 O 3 h e X =  -408.7f 3.0 kcal 

( Pu203)hex 34.0f 5.0 e.u.  

where the uncertainties include those of the Pu02  data, the partial  
molar  data and the heat capacity data. 
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3. 5. 1. 2. < P U o 1 . 6 1  >. 
region give 

The data for  the < Pu203 >hex + ( Pu01.61> 

< p U z o 3 >  + 0*11(02) --f < pu01.61 ) 

AH1150 = -20.0 kcal, AS1150 = -2.4 e.u.  

The thermal  data (Table XI) give 

AH298 = -19.0 kcal, A s z 9 , =  -1.0 e.U. 

so  that finally, 

AH:, < P U O ~ , ~ ~  > = -213.9f 1.5 kcal 

Sig8 <PuO, .~ ,  ) = 19.2f 2.5 e.u.  

3. 5. 1.3. < PuO . The standard entropy of this phase is assumed 
to  be slightly gre*han that of < Pu2O3)heX: 

S\98 17.2f 3.0 e. u. 

The fact that the free  energy of the reaction 

changes sign from negative below 650°K to positive above 650°K may be 
used to fix the heat of formation of ( P ~ O 1 . 5 2 ) ~ ~ b .  The free energy of 
formation of Pu01.98is calculated from that of < P u O B )  (Table XI) and 
AGO, values f o r  the P U O ~ - ~  phase. A heat of formation of -206.3 kcal 
fo r  < P ~ O 1 . 5 2 ) ~ ~ b  gives values of -420, -150 and t140 ca l  for the free  
energy of the above disproportionation reaction at 400, 600 and 800"K, 
and a zero  free energy at 704°K. 

the free  energy of the other disproportionation reaction 
A s  a check on this value for the heat of formation, we may calculate 

which changes sign from positive to negative as the temperature is 
increased through 700°K. 
at 400, 600 and 800"K, with a zero  f ree  energy at 740°K. 

The data give values of +130, +70 and -30 cal  
Thus with 

A? <Pu01.52>cub= -206.3f 2.5 kcal 

the inter-relationships of the three phases near  the sesquioxide composition 
are reproduced very accurately. 
temperature  of the disproportionations are removed by trivial  changes 
in the values for the heats of formation. 

The small  discrepancies in the 
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T A B L E  XI. THERMOCHEMICAL DATA FOR OXIDES 

<.I> AH:= 0; S';* = 13.2 f 0.4( f  1.0)  e.u. - 

298.15 
300 
395 
395 
400 
47 8 
478 
500 
591 
591 
600 
700 
749 
749 
800 
900 
913 
913 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 

7.67 
7.68 
8.12 
8.12 
8.14 
8.50 
8.50 
8.60 
9.02 
9.00 
9.00 
9.00 
9.00 
8.40 
8.40 
8.40 
8.40 
8.50 
8.50 
8.50 
8.50 
8.50 
8.50 
8.50 
6.50 
8.50 
8.50 
8.50 
8.50 

0 
14  

764 
1569 
1610 
2 259 
2 399 
2 587 
3 388 
3 518 
3 599 
4499 
4 940 
5403 
5831 
6 611 
6 780 
7 450 
8 190 
9 040 
9 890 

10 740 
11 590 
12 440 
13 290 
14 140 
14 990 
15840 
16 690 

0. 
0.05 
2.22 
4.26 
4.36 
5.84 
6.13 
6.52 
7.99 
8.21 
8.34 
9.73 

10.34 
10.96 
11.51 
12.50 
12.62 
13.36 
14.13 

15.68 
16.36 
16.99 
17.58 
18.12 
18.64 
19.13 
19.58 
20.02 

14.'94 

13.20 
13.20 
13.48 
13.48 
13.53 
14.31 
14.31 
14.54 
15.45 
15.45 
15.54 
16.50 
16.94 
16.94 
17.42 
18.29 
18.39 
18.39 
19.14 
19.92 
20.64 
21.30 
21.91 
22.48 
23.02 
23.52 
24.00 
24.45 
24.88 

< puzq> hex AH:=-408.7 f 3.0 kcal; & = 3 4 . 0 *  5.Oe.u. 

298.15 
30? 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 

31.23 
31.31 
34.35 
35.92 
36.92 
37.64 
38.22 
38.72 
39.16 
39.57 
39.96 
40.32 
40.66 
41.03 
41.37 
41.71 
42.04 
42.37 
42.10 

0 
57 

3 360 
6 880 

10525 
1425s 
18049 
21 89fi 
25790 
29727 
33703 
37717 
41 168 
45 854 
49974 
54 128 
58316 
62 531 
66790 

0 
0.19 
9.67 

17.52 
24.17 
29.91 
34.98 
39.51 
43.61 
47.36 
50.82 
54.04 
57.04 
59.86 
62.52 
65.03 
67.43 
69.71 
71.89 

34.00 
34.00 
35.27 
37.76 
40.62 
43.s5 
46.42 
49.18 
51.82 
54.34 
56.74 
59.02 
61.20 
63.29 
65.28 
67.19 
69.03 
70.79 
72.50 

389.0 

382.4 

369.0 

356.0 

343.1 

330.4 

318.0 

306.0 

294.2 

282.8 
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TABLE XI. ( C O n t . )  

AH:= -206.3 t 2 . 5  kcal: Sis  = 17.2+2.>e .u .  

298 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 

.15 15.57 
15.61 
16.91 
11.61 
17.96 
18.17 
18.31 
18.41 
18.48 
18.53 
18.58 
18.61 
18.64 
18.67 
18.69 
18.71 
18.72 
18.74 
18.75 

0 
28 

1667 
3 400 
5180 
6 987 
8812 

10648 
12 492 
14343 
16199 
38058 
19921 
21 786 
23 654 
25 524 
27 395 
29268 
31142 

0 
0.10 
4. 80 
8.67 

11.91 
14.70 
17.13 
19.29 
21.24 
23.00 
24.62 
26.10 
27.48 
28.77 
29. 98 
31.11 
32.18 
33.1!1 
34.15 

17.20 
17.20 
17.83 
19.06 
20.48 
21.91 
23.32 
24.66 
25.94 
21.16 
28.32 
29.41 
30.45 
31.45 
32.39 
33.30 
34.16 
34.99 
35.78 

1%.4 

1Y3.U 

186.3 

119.6 

173.u 

166.4 

160.U 

153.7 

141.4 

141.3 

&GY= -205160+32.49T cal 

Standard deviation = 300 cal 

(298 to 2000' K) 

< PUOl.61 > AH:= -213.9+1.5kcal;  s;= = 19.2 2.5 e.". 

296. 
300 
400 
500 
600 
100 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1100 
1800 
1900 
2000 

15 15.79 
15.83 
11.21 
11.98 
18.40 
18.69 
18.90 
19.01 
19.22 
19.35 
19.41 
19.51 
19.68 
19.18 
19.81 
19.96 
20.05 
20.14 
20.23 

0 
29 

1693 
3 459 
5280 
1135 
9015 

10915 
12 829 
14158 
16 699 
18651 
20 613 
22 586 
24 568 
26 560 
28 561 
30 511 
32 589 

0 
0.10 
4.88 
8.81 

12.13 
14.99 
11.50 
19.14 
21.16 
23.59 
25.28 
26.85 
28.30 
29.66 
30.94 
32.15 
33.29 
34.38 
35.41 

19.20 
19.20 
19.84 
21.09 
22.53 
24.00 
25.43 
26.81 
28.13 
29.38 
30.57 
31.10 
32.18 
33.80 
34.78 
35.12 
36.62 
31.49 
38.32 

203.9 

200.5 

193.7 

187.0 

180.4 

113.8 

161.4 

161.1 

154.9 

148.8 

A+= -213 240 i 32.51 T cal 

Standard deviation = 358 ca1 

(298 to 2000. K) 
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9 
TABLE XI. (cont. ) 

<m AH: = -252.8 0.8 kcal: S& = 1 9 . 7 i l . O  e." 

298 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
130C 
1400 
1500 
1606 
1700 
1800 
1900 
2000 

16.66 
16.70 
18.21 
19.00 
19.50 
19.86 
20.15 
20.40 
20.62 
20.82 
21.02 
21.20 
21.38 
21.56 
21.73 
21.90 
22.06 
22.23 
22.39 

0 
30 

1786 
3 650 
5 576 
7 545 
9 546 

11 514 
13625 
15697 
17 189 
19900 
22 030 
24 116 
26341 
28 522 
30 720 
32 934 
35165 

0 
0.10 
5.14 
9.30 

12.81 
15.84 
18.52 
20.90 
23.06 
25.04 
26.86 
28.55 
30.13 
31.61 
33.00 
34.33 
35.58 
36.78 
37.92 

19.70 
19.70 
20.38 
21.70 
23.22 
24.16 
26.28 
27.74 
29.14 
30.47 
31.13 
32.94 
34.09 
35.19 
36.24 
37.25 
38.22 
39.15 
40.04 

240.1 

235.8 

227.1 

218.6 

210.0 

201.5 

193.2 

185.0 

176.9 

168.8 

(298 to 2000' K )  AG:= - 2 5 2 3 4 0 + 4 2 . 0 2 ~ c a 1  

Standard deviation = 334 cal 

3. 5.  2. The instability of plutonium monoxide 

It is sometimes useful to  have an estimate of the instability of the 
plutonium monoxide phase. 
l imit  of the Pu(0 ,  C)  phase is approximately PuCo.300.~ 
Thus the free energy of the reaction 

It is known [ l l ,  10'71 that the oxygen-rich 
at about 1500°K. 

(PUO)  --t 1/3(PUa03)hex+ 1/3{PuI 

is negative when PuO is in i t s  standard state (pure solid), but is approxi- 
mately zero when the mole fraction of PuO dissolved in "PuC" is about 0.7 
Assuming ideal solution behaviour, AGO = RT In 0.7 = -1063 cal. The 
monoxide is thus unstable to disproportionation by about a kilocalorie. 

3. 6. Tabulation of thermochemical data 

The thermochemical data for  the oxides are presented in Table XI 
The more together with an equation for the free energy of formation. 

convenient two-term equations a r e  given, since these always fit the data 
to within their  precision. 
the precision of the data is retained to avoid rounding e r r o r s .  At 
temperatures  above 1000°K the e r r o r  in the values given may increase, 
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since the equations relating Cp to  temperature,  given in Sections 11.3.1.2.1 - 
11.3.1.2.4, and ensuring precision in the range 300-1000"K, were used in 
calculating C,, HT -H298 and ST - S298 up to a temperature of 2000'K. 

the specific heat and transformation data given by Rand [ 701; data for 
oxygen were taken from Stull and Sinke [106]. 

11.4. VAPORIZATION BEHAVIOUR 

The data in Table X for condensed plutonium were calculated from 

4.1. Introduction 

The vaporization behaviour of almost all  refractory binary materials 
is significantly influenced by the composition variable. Wide deviations 
from ideal stoichiometry a r e  frequently encountered at the temperatures 
necessary to cause measurable vaporization. 
in the sense of the Phase Rule and the vapour pressures  a re ,  therefore, 
a function of both the temperature and composition variables. 
previously published measurements of the vapour pressure of plutonium 
oxide systems a r e  summarized in Table XII. Inspection of these measure- 
ments reveals that in the case of Refs [ 631 and [ 1091 only, the vapour 
pressure has  been correlated with a condensed phase(s) of known compo- 
sition. 
Refs [ 1091 and [ 1101 were obtained in three different atmospheres. In 
general  appearance the values obtained in oxygen a r e  lowest, and those 
in a i r  and argon a r e  somewhat higher. However, the pronounced lack 
of precision of the data a s  indicated by the large random e r r o r s  
associated with the least-squares equations in Table XII, and also the 
relatively small  temperature dependence of the pressure,  severely 
l imits  the credibility of the accuracy of these measurements. 
ment among the results (cell  No. 1) of Mulford and Lamar [62]  and 
Ackermann et  al. [63]  obtained with tungsten effusion cells is within a 
factor of 1.5 and, in the case of tantalum cells,  the results of Ackermann 
et  al. [ 631 a r e  virtually identical with the much ear l ier  measurements 
of Phipps et al .  [108] .  The vapour p re s su res  obtained with tantalum 
cells,  corresponding to a g rea t e r  degree of reduction of the dioxide 
phase, a r e  approximately a factor of ten greater  than those corresponding 
to the l e s s  reducing tungsten cells.  Ackermann et  al. [63] have 
accounted for this increase in vapour pressure,  and have described 
thermodynamically the vaporization behaviour of the bivariant P U O ~ - ~  phase 
(- 1 . 6  < 2-x < 2.00) based on their  effusion data given in Table XI1 and 
the thermodynamic data for  the solid phase(s) reported by Markin and 
Rand [66]. We shall be concerned primarily with the published results 
of Ackermann et  al. [63] and with the data of Pascard [21] and Ohse [22] 
submitted to this Panel since they represent the most successful attempts 
at the present t ime in correlating the pressure and composition variables. 

These systems a re  bivariant 

The 

The resul ts  of the transpiration measurements described in 

The agree- 

4.2. R6sum6 of experimental data and thermodynamic analysis 

The pattern of vaporization behaviour for  the P U O ~ - ~  phase 
(-1.6 <O/Pu < 2.0) observed by Ackermann et  al. [63] for tungsten, 
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TABLE XII. VAPOUR PRESSURES OF PLUTONIUM OXIDES 

Solid 
phase(s) a 

Log pe (atm) = A + B / T  

A 

b 
8.13 

7.82 i 0.23 

3.70 i 1.64 

-0.13 i 1.42 

-1.91 f 1.00 

7.50 f 0:15 

b 
8.09 i 0.27 

B 

-27 910 

-29700 i 500 

-23300 f 3100 

-15000 f 2700 

-11 800 f 1900 

-29260 f 280 

-27800 f 500 

Temperature 
range ('K) 

1790-2075 

990-2380 

770-2060 

730-2060 

1730-2060 

1640-2070 

1645-2105 

Method of measurement 

Ta-effusion cell 

W-effusion cell (No. 1) 

Transpiration-1 a t m  4 

Transpiration-1 a t m  air 

Transpiration-1 a t m  argon 

W-and R-effusion cells 

Ta-effusion cell 

Reference 

aThe parentheses indicate uncertainty in  the identification and composition of the solid phase(s) . 
b 

Calculated by assuming that the vapour is entirely PuO(g) ; in a l l  other cases the vapour is assumed to  be PUO,(g). 
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FIG. 7. 
stoichiometric plutonium oxides. 

Vapour pressure of plutonium- bearing species versus composition and temperature for sub- 

rhenium and tantalum effusion cells, and by Pascard [21] and Ohse [ 2 2 ]  
for  tungsten cells, demonstrates two important aspects: the pressure- 
composition bivariancy of the dioxide phase and the existence of a t  least  
two principal modes of vaporization involving plutonium-bearing species. 
The effusion r a t e s  were measured by the radiochemical analysis of 
collections corrected for americium content and correspond to systems 
whose compositions were obtained from chemical and X-ray analysis 
before and after the measurements.  The combined results of the three 
investigations a r e  shown in Fig. 7 .  Curve A represents  the nearly 
identical resul ts  of Phipps et  al. [lo81 and Ackermann et  al. [63]  obtained 
from tantalum effusion cells and given by Eqs 1 and 7 in Table XII. 
Curve B represents  the dependence of log p versus  1 / T  for o/Pu = 1 .77  
calculated from the thermodynamic data given by Ackermann et al. [ 6 3 ] .  
Curve C represents  a composite least-squares treatment of various 

43 



n 

sets  of experimental data corresponding to the compositions, O/Pu = 1.82, 
1.85 and 1.93. Within the precision of the data the measured pressures  
appear to be insensitive to the composition variable and, therefore, a r e  
represented by a single curve.  Curve D gives the plot of Eq. 2 in Table XI1 
obtained by Mulford and Lamar  [62] for  their  principal set  of data 
(tungsten cell  No. 1). The composition of P u O ~ . ~ ~  has been assigned 
via the value of the latt ice parameter  of the quenched residue, 5.44 A, 
and the resul ts  of Gardner e t  al. [13] extrapolated to room temperature. 
Curve E represents  the data of Ackermann et  al. [63] given by Eq. 6 in 
Table XI1 and corresponding to the composition PuO,,~, .  Ackermann et al. 
[ 6 3 ] ,  Pasca rd  [21] and Ohse [22,111] have observed a gradual decrease 
in the pressure of plutonium- bearing species a t  constant temperature 
during the incongruent vaporization of initially PuO,.,,. 
case the extent of decrease was approximately 3070, whereas in the 
la t ter  case the decrease was a factor of three a s  shown by the vertically 
arrayed solid points in Fig. 7 .  

The examination by X-ray diffraction of the vaporization residues, 
having compositions between O/Pu = 1.66-1.93 in the investigations by 
Ackermann et  al .  [63], Pasca rd  [21] and Ohse [22] invariably indicated 
the presence of the two phases P u O , . ~ ,  (face-centred cubic) and Pu01.52 
(body-centred cubic) in varying proportions. Quite clearly both phases 
could not have been present a t  the temperatures of the effusion measure- 
ments since their  presence would have defined a univariant system, so  
that constant r a the r  than varying effusion r a t e s  would have been observed, 
This evidence suggests the disproportionation of the P u q . ,  phase upon 
cooling, and confirms the findings of many previous investigators [66]. 
Only Mulford and Lamar  [ 62 J have succeeded in quenching the PuO,-, 
phase to room temperature and this singular success  is believed to have 
resulted from the stabilization of the phase by a small  tungsten impurity. 

Apart f rom minor discrepancies, a s  indicated by curves C, D, and 
E ,  the data in Fig. 7 clearly show that the effect of changing composition 
on the total p re s su re  of plutonium-bearing species is relatively small  
for compositions in the range O/Pu 1.93 - 1.82, but becomes more 
important a t  lower compositions. 
pressure observed from initially stoichiometric oxide demonstrate the 
existence of a congruently vaporizing composition in the PuO,., phase 
region, When the condensed phase contains more oxygen than this, 
the vapour is r icher  in oxygen than the solid, which is thus chemically 
reduced; conversely, when the condensed phase contains l e s s  oxygen than 
the congruently vaporizing composition, i t  is oxidized by loss  of a vapour 
r icher  in plutonium. In both cases ,  the total effusion rate decreases and 
the composition of the solid moves towards the congruently vaporizing 
composition. Ohse [ 1111 has observed this decrease in the pressure of 
plutonium-bearing species a t  2000'K from both sides of the high- 
temperature single-phase region start ing at  O/Pu = 1 . 6 2  and 2.00 towards 
a minimum at  the congruently vaporizing composition near 1.85. 
extrapolation OT the vapour p re s su re  towards P U O , . ~ ~  confirms the results 
of Pasca rd  [213. 

least  two modes of vaporization. 
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In the former 

This behaviour and the decrease in the 

An 

The existence of a congruently vaporizing composition requires at 
The atomic and molecular vapour 



TABLE XIII. STANDARD F R E E  ENERGIES O F  FORMATION 

Species 

Pu(g) 

puo(g) 

p u 4  (g) 

o(g) 

PUO,(S) a 

0 
ASf (e. u.) 

A G ~  = AH:- TASO f 

~q (caVrno1e) 

EO 500 

-29 000 

-113 100 

61 250 

-249 500 

23.0 

12.1 

-4.35 

16.07 

40.3 

Temperature range ( O K )  

1500-2500 

1600 -21 50 

1600-2150 

1500-2500 

1600-2150 

Reference 

aThis equation is derived for the relatively short temperature range indicated, and yields 
values of AG; that a r e  virtually identical  with those given in Table  XI. 

species in equilibrium with the solid plutonium oxides have not been 
directly observed in any of the previous measurements. They can be 
deduced, however, with reasonable certainty from the following con- 
sideration [ 6 3 ] .  
free energy of oxygen for  the P U O ~ - ~  phase [ 6 6 ] ,  the vapour pressure 
of liquid plutonium [ 1121 , the previous studies of the vaporization be- 
haviour of the thorium-[ 1131, uranium-[ 114- 1161 and neptunium-oxygen 
[117] systems,  and the trends in chemical bonding observed in actinide- 
metal  oxides [ 1181 , i t  is concluded that both atomic and molecular oxygen 
a r e  overwhelmingly predominant near  the stoichiometric composition 
and that the principal plutonium-containing species is PuOz(g). At the 
lower phase boundary PuO(g) is predominant and the principal mode of 
vaporization that occurs is 

On the basis of the measurements of the partial molar 

From the known free energies of formation of the two solid phases 
[63,70]  and the vapour pressure given by Eq. 7 in Table XII, the standard 
f r e e  energy of formation of PuO(g) is calculated and given in Table XIII. 
The known contribution of PuO(g) to the measured vapour pressures of 
PuOlag2(Eq. 6 in Table XII) via the mode of vaporization, 
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O / P u  (SOLID PHASE) 

FIG. 8. 
at 1970°K. (Courtesy of the Journal of Physical Chemistry [63].) 

Partial pressures of vapour species versus composition of substoichiometric plutonium dioxide 

can be calculated from the thermodynamic quantities cited above and sub- 
tracted from the measured vapour pressure to yield the partial pressure 
of PuOz(g) via the mode of vaporization, 

(Pu0, .9 , ) t  0.08(0) -+ (PuOz) 

f rom which the standard free energy of formation of P u q ( g )  given i n  
Table XI11 is obtained. 

This thermodynamic analysis was carr ied out using the data from 
Markin and Rand [ 6 6 ] ,  with slightly different values fo r  the free energies 
of formation of (PuzOx)hex and ( P ~ O , . ~ ~ > f r o m  those given in Table XI. 
The differences, however, a r e  quite tr ivial  ( l e s s  than 100 cal, except 
a t  2000°K for  AG: f (PuZO3>where the difference is 300 cal) and well 
within experimental e r r o r .  

f rom the lack of knowledge concerning the composition of the ( P U O , . ~ ~ >  
phase at  high temperatures.  
[21] suggest that the lower boundary of this phase may shift to - P U O ~ . ~ ~  
above 2000°K, which would change AG: of PuO(g) by 1 to 2 kcal [ 6 3 ] .  

The detailed vaporization behaviour of the P U O ~ - ~  phase at  a 
temperature of 1970°K is summarized in Fig. 8 in which the partial 
p re s su res  of the various vapour species a r e  given a s  a function of the 
composition of the solid phase. 
can be calculated from the thermodynamic data given in [ 6 3 ] .  The 
quantity ptot includes the partial  pressure of oxygen a s  well a s  those 
of plutonium-bearing species.  Quite clearly the partial pressures  of 
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There is a small  uncertainty in this thermodynamic analysis arising 

Preliminary experiments by Pascard 

This isotherm is typical of many which 
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TABLE XIV. CALCULATED CONGRUENTLY VAPORIZING 
COMPOSITION OF THE P u Q - ,  PHASE A S  A FUNCTION O F  
TEMPERATURE 

01 Pu 

1600 

1800 

2000 

2200 

2400 

1.92 

1.89 

1.86 

1.85 

1.84 

PuO(g), Pu(g),  O(g) and 02(g) depend markedly on the composition 
variable in sha rp  contrast  to the rather  insensitive dependence of the 
partial  p re s su re  of Pu02(g). The values of the pressure of plutonium- 
bearing species at 1970°K given in Fig. 7 agree within a factor of two 
with the calculated values in Fig. 8 over the entire range of composition. 
The minimum total p re s su re  in the system occurs for the congruently 
vaporizing composition O/Pu = 1.87. The relatively insensitive dependence 
of the p re s su re  p, on the composition is immediately recognized, 
dependence of the congruently vaporizing composition on temperature 
has been calculated [ 63 ]  and is shown in Table XIV. At present, one 
value at  2000°K has been confirmed experimentally by Ohse [ 11 11 by 
extrapolating both par ts  of the isotherm. 

The agreement of the various se t s  of data within a consistent 
thermodynamic framework is generally encouraging. The nearly 
identical agreement shown by Curve B in Fig. 7 between the pressures  
measured by Pascard [ 2 1 ]  and Ohse [22 ]  for  the composition PuO,. ,~ 
and PuOl. 77 respectively, and that calculated for the composition PuO,.,, 
f rom the thermodynamic data of Ackermann et  al. [ 6 3 ] ,  is certainly 
noteworthy. 

between the least-squares resul ts  of the univariant system Pu2o~-Puo1.6~ 
vapour, and the data of Pasca rd  [21]. Since in the former system the 
measured pressure corresponds to the lower phase boundary of the 
plutonia phase, the values obtained for more oxidized compositions cannot, 
in principle, be l a rge r .  It should be noted also that the thermodynamic 
description of the plutonia phase does not account for  the decrease of 
a factor of three in the total plutonium pressure in the composition 
range between the stoichiometric and congruently vaporizing compositions 
observed by Pascard [ 21 ]  but ra ther  predicts a decrease of approximately 
30% only. In fact the large decrease observed by Pascard may indicate 
the existence of another vapour species (at  the quite large pressures  

The 

However, there is evidence in Curve A of a small  discrepancy 
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of oxygen near  the stoichiometric composition), which may be Pu03(g),  
o r  perhaps a ternary species involving tungsten, plutonium and oxygen. 

Pardue and Keller [ l o g ]  within the framework of the analysis of the 
effusion studies. The vapour pressures  measured under one atmosphere 
of oxygen, which corresponds to the stoichiometric dioxide, a r e  in- 
consistent with the present analysis and a r e  nearly an order  of magnitude 
smaller  than those calculated by means of the equations given in TableXIII 
for the process PuO,(s)- PuO,(g). An apparent increase in vapour 
pressure was observed when the transpiring gas was changed to a i r  and 
argon. This increase is attributed to the vaporization of PuO(g). It is . 
possible, of course,  to reduce PuO,( s) beyond the congruently vaporizing 
composition in an inert  atmosphere such a s  argon to an extent limited 
by the value of the partial  pressure of oxygen in the argon, and thereby 
increase the total vapour pressure through the vaporization of PuO(g). 
But i t  is difficult to s ee  how this species can make a significant contri- 
bution to the vapour pressure via the process <PuOZ>+PuO(g) t O[g) 
when the oxygen p res su re  is reduced from one atm to 0.2 atm; both of 
these high oxygen p res su res  will overwhelmingly suppress the evaporation 

It is difficult to accommodate the transpiration measurements of 

of PuO(g). 

4.3. Intercomparison of the plutonium- and uranium-oxygen systems 

In the intercomparison of the vaporization behaviour of the plutonium 
* and uranium oxides there exists a broad spectrum of similar a s  well 

a s  diss imilar  aspects.  The vapour p re s su res  of both dioxides for the 
stoichiometric a s  well a s  the congruently vaporizing compositions a re  
nearly equal with respect  to the gaseous dioxide, which is the predominant 
metal-bearing species. It is the relatively insensitive dependence of the 
gaseous dioxide on the composition of the solid phase that allows the l e s s  
rigorous identification of its partial  pressure with a precisely known 
composition as has been described in Ref. [ 1171 . 

In the case  of plutonium dioxide, however, the preferential loss  
of atomic and molecular oxygen (see Fig. 8) is considerably greater  than 
for  uranium dioxide, and hence the congruently vaporizing composition 
of uranium dioxide is much nea re r  the stoichiometric value. It is the 
relatively l a rge  partial  p re s su re  of oxygen that explains the observed 
reaction between plutonium dioxide and the refractory metals tungsten 
and rhenium [ 63,1111 . 
is the major  vapour component in both the uranium and plutonium systems. 
Since there  is no stable sesquioxide phase in the uranium system, this 
is also the case a t  the oxygen-rich boundary of the metal  phase; for plu- 
tonium, however, the principal species over the {Pu} t (Pu203) phase 
region is the gaseous metal  and not the monoxide, a t  least  up to -2750'K. 
Whereas uranium dioxide can dissolve oxygen and extend i t s  upper 
phase boundary to superstoichiometric values thereby causing the predomi- 
nant vaporization of U03(g) a t  high temperatures,  plutonium dioxide does 
not show any evidence either for  dissolving oxygen [ 26 ]  or  for stable 
higher solid oxides. 

At the lower phase boundary of the M02-x  p,hase the gaseous monoxide 
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It is possible to examine the consistency and, to some extent, the 
reliability of the thermodynamic properties of the gaseous plutonium 
oxides via the homogeneous equilibrium 

F r o m  the values given in Table XIII one calculates 

A G o ( M = P u ) = - 2 5 4 0 0 - 5 . 6 T  

F r o m  the measurements of the equilibrium constant by Ackermann et al. 
[116] one calculates 

AGO ( M  = U) = - 9600 - 5.8T 

Quite evidently the equilibrium is displaced to the right for the case of 
plutonium, which indicates the relatively greater  thermodynamic 
stability of PuO(g) compared with UO(g). The consistency between the 
two systems appears to be borne out by the nearly constant entropy 
change (AS0 z 5.7  e . u . ) ,  which is to be expected for such closely related 
equilibria . 

11.5. CONCLUSIONS AND FUTURE WORK 

The plutonium oxygen system is known to contain at least  four solid 
phases, some of which have wide homogeneity ranges, and although there 
is agreement about the general  shape of the phase diagram, the finer 
details a r e  st i l l  f a r  from clear .  
of the ( P U O ~ . ~ ~ )  phase is not known, nor is the interrelationship of the 
cubic (PuO 
to an uncertainty in the phase diagram. 

presence of a miscibility gap between i t  and the substoichiometric 
fluorite-type P U O ~ - ~  phase, whereas no such gap is required i f  PuOl.Bl 
has face- centred cubic symmetry. The existing lattice parameter and 
oxygen potential measurements,  from which the phase diagram is mainly 
inferred,  a r e  consistent with either representation, and impose only a 
few restrictions on the possible position of the miscibility gap. The a rea  
between 1100°C and theliquidus has received little study and the liquidus 
l ines themselves a r e  not well defined. 

A further high-temperature X-ray study, using well-crystalline 
samples,  is most necessary,  but detailed knowledge of the position of the 
oxygen atoms in Puq., ,  must await a neutron diffraction study of this 
phase, which will of course necessitate the use of an oxide containing 
24OPu o r  242Pu isotopes rather  than 239Pu. Useful information on the 
existence of a miscibility gap in the phase diagram could come from a 

In particular the detailed crystal  structure 

phase with hexagonal <Pu,O,>; these uncertainties lead 

Body-centred cubic symmetry for the PUO,.,~ phase requires the 
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more detailed study of the electrical  resist ivity of oxides between Pu2O3 
and P u 0 2 ,  since there  is a suggestion that the face-centred cubic oxides 
a r e  n-type semiconductors, whereas the body-centred cubic phase is 
p-type. A valuable contribution to the phase diagram near P U o 1 . 6 ,  at 
temperatures between 1200 and 2200°C could come from a study of the 
vaporization behaviour, since there is some evidence that the lower 
phase boundary of PuO,. 61 moves to lower compositions at  temperatures 
around 1600°C. 
the use of a z38Pu doped oxide to obtain sufficient sensitivity. 

techniques to the lanthanide oxide systems has brought out a great deal 
of the fine s t ructure  of these diagrams, and a s imilar  study of the 
plutonium-oxygen system, though experimentally much more difficult 
because of the very low oxygen potentials involved, might well be worth 
undertaking. In addition, such a study might throw some light on the 
existence of a miscibility gap. 

The lower part  of the temperature range would require 

It must also be remembered that the application of thermobalance 

Reliable and accurate heat capacity data for the oxides a r e  lacking, 
so  that absolute values of all  the entropies a r e  based on estimates. Some 
entropy differences, however, a r e  known with fair  precision from 
equilibrium data. However, both low- and high-temperature heat 
capacity values a r e  likely to be available within the next two years ,  and 
i t  will be interesting to observe whether PuO, is found to have a magnetic 
ordering effect s imilar  to that in UO, and NpO,; there is a little evidence 
that such an effect is lacking even down to 2°K. 

Magnetic susceptibility measurements of all  the oxides down to 
liquid helium temperatures  a r e  urgently required to provide supple- 
mentary evidence to elucidate their  electronic s t ructure  a t  low tempera- 
tures .  The success  of the attempt to reproduce experimental heat 
capacities up to room temperature f rom a relatively simple lattice 
dynamical calculation derived from the intensities of neutron diffraction 
reflections for  UOz suggests that a s imilar  calculation should be made 
for  PuOz, particularly in view of the difficulties associated with accurate 
heat capacity measurements of radioactive materials at low temperatures. 

Calorimetric determinations of the heat of formation of hexagonal 
Pu,03 and cubic PuO,.,, a r e  desirable. Since the la t ter  material  is 
difficult to prepare a s  a pure single phase material ,  i t  may be necessary 
to burn a number of oxides of varying composition between P U O , . ~ ~  and 
PuOl.g8, which would consist of these two phases a t  room temperature, 
Such a method would provide a bonus in the shape of the heat of formation 
of the ( PUO,.~,) phase. 

The oxygen potential measurements a t  high temperatures agree 
reasonably well over  the temperature range at  which they overlap, though 
the partial  molar  enthalpies and entropies derived therefrom show a 
markedly different compositional variation. 
due to different types of defect predominating in the relevant temperature 
ranges. However, the good agreement of the experimental and calculated 
vapour p re s su res  for the PU$-~ phase suggests that the free energy values 
obtained by extrapolation of the EMF data cannot be seriously in e r ro r .  
Further  equilibrium data a t  temperatures above 1100°C a r e  clearly 
required; in addition to the %/H,O reaction already employed, C-CO 
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equilibrations may be very useful for  certain temperature ranges. 
However, the good agreement of the experimental and calculated vapour 
p re s su res  for the P U O ~ - ~  phase suggests that the values obtained by 
extrapolation of the EMF data cannot be seriously in e r ro r .  Further 
work by gas equilibration is planned, but the possibility of C-CO 
equilibration should not be overlooked. 

It must also be remembered that the use of the Calvet microcalori- 
me te r  now makes possible the direct  measurement of the partial molar 
heat of solution of oxygen in non-stoichiometric phases, and such 
measurements on PuO,-, , particularly near  the stoichiometric composition, 
would provide a rigorous tes t  for  the statist ical  thermodynamical treat-  
ment of this defect structure,  which is being developed. 

The partial  molar enthalpies and entropies derived from the E M F  
work have been integrated to give enthalpy and entropy differences between 
hexagonal Puz03 and PuOz. Recent work on the cerium oxide heat 
capacities suggests that the heat capacity values assumed in the original 
integration may not now be the best  values, but since accurate data for 
the oxides a r e  likely to be available shortly the Panel did not feel 
justified in attempting the re-integration involved, particularly in view 
of the uncertainty in the phase diagram. 
involved a r e  well within the precision with which the data a r e  known. 

the plutonium oxides between five sets  of workers,  using the effusion 
technique, and the free energies of formation calculated from the results 
(and the extrapolated oxygen potential data) can in turn be used to calculate 
the vapour pressure and composition over any plutonium oxide. The 
agreement between these calculated and experimental values is most 
encouraging, and indicates that the free  energies of the gaseous species 
cannot be greatly in e r r o r .  However, a mass-spectrometric study 
of the vapour species,  particularly near  the stoichiometric composition, 
would be most welcome. In addition, some further experimental veri- 
fication of the congruently vaporizing composition is required. 

The differences in free energies 

There is generally excellent agreement on the vaporization data for 
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111. THE URANIUM-PLUTONIUM-OXYGEN SYSTEM 

1. PREPARATION 

1.1. Preparation of closely stoichiometric solid solutions with 0 to 30% Pu 

Homogeneous solid solutions can be prepared by sintering various 
co-precipitated materials.  Mechanical mixtures of fine grained powders 
of UO, and PuO, can be used if prolonged heat treatment at 1500 to 
1600°C is used. The degree of homogeneity can be estimated in this 
case from the line profiles of diffractometer t r aces ,  preferably using 
monochromatic X-rays [ 1191 . 

In the range from pure UOzup to 30% PuO,, the sintering conditions 
required to produce near  stoichiometric solid solutions a r e  not critical. 
It is sufficient to s inter  in an atmosphere of wet hydrogen with 1 to 10% 
water o r  wet hydrogen-inert gas  mixtures a t  temperatures around 1500°C. 
Non- stoichiometric compositions may be brought to stoichiometry by 
equilibrating the specimen with a gas  mixture of CO/COz 
700-850°C o r  again wet hydrogen. 
composition is due to the fact  that the oxygen potential changes by many 
o r d e r s  of magnitude over a very narrow range of composition near MO,,,, 
( s ee  Section 111.3). 
region have been collected in Fig. 9. 

Pu has  not yet been studied. Studies in the U-Ce-0 system in the high 
cerium region show that one should be cautious in extrapolating the results 
a t  30% Pu to higher plutonium contents in the U-Pu-0 system [120] ( see  
Section 111.3). 

10 a t  
The ease of obtaining the stoichiometric 

The oxygen partial  p re s su res  for  this near-stoichiometric 

The thermochemical behaviour for  oxides containing more than 30% 

1 . 2 .  Preparation of other compositions 

Superstoichiometric and substoichiometric mixed oxides of any 
plutonium content may be prepared from the near  stoichiometric composi- 
tion MO, by equilibration with a gas  o r  gas mixture of determined oxygen 
partial  p re s su re  between 750 and 1600°C. 
fully dried hydrogen at  1600°C for  very reduced oxides, H,O/H, o r  
C q / C O  mixtures for  slightly oxidized compositions, and a i r  o r  pure 
oxygen at  750°C for complete oxidation. 

O/M-ratio is the reaction sintering of mechanically mixed powders. 
In the case of mixtures of P u 0 2  o r  MO, with carbon, the blended powder 
compacts a r e  sintered at  1500 to 1600°C under a vacuum of 3 X 
1 X 10-5 T o r r .  
The reaction products have densities of about 95% for Pu contents in 
the vicinity of 2070. 
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Convenient gases a r e  care- 

Another way of preparing mixed oxides of any desired Pu/(U+ Pu)- and 

to 
The CO gas evolved during the reaction is pumped off. 

F o r  compositions higher in Pu the density is lower. 
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The desired O/M ratio can be adjusted by varying the amount of carbon 
used [.121]. In this way the limiting oxygen deficient O/M ratio can be 
produced corresponding ,to the equilibrium of the mixed oxide with the 
carbon stabilized monoxide M (0, C).  The other method of reaching the 
lower l imit  in the O/M ratio is reaction sintering of a powder compact 
of MO, and the corresponding alloy, o r  U t  PuO, o r  UO, + P u  with an 
excess of metal  under hydrogen [9 ] .  

Mixed oxides with a desired plutonium content not too far  from 
stoichiometric MO, can be produced by blending the appropriate amounts 
of U, 0, and P u 0 2 ,  and sintering under inert  gas/wet hydrogen mixtures 
a t  about 1600°C [ 9 ] .  

N 
0 

10 a 

500 1000 1500 
TEMPERATURE ( O C )  

AGO, for (U,Pu)O,, solid solutions for various values of U and Pu valence. Oxygen potentials 
- 

FIG. 9. 
of H,O/H, and CO/CO, mixtures and stainless steel are included. 

1 . 3 .  Analvsis 

The U / P u  ratio in the mixed oxides is usually taken to be that in the 
initial mixture; analytical checks, in which the uranium content is 
measured by fluorescence and the plutonium usually by alpha counting, 
have shown that this assumption is justified for  homogeneous materials 
for the normal method of preparation. 

stoichiometric MO 2.00compositions by equilibration in CO/ CO , mixtures 
a s  discussed above, with measurement of the weight change or the 
volume of oxygen taken up by o r  removed from the gas phase. 

O/M ratios a r e  obtained by bringing the sample back to the 
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2. PHASE DIAGRAM 

2 . 1 .  Below 1400°C 

2.1.1. General 

The details of the U-Pu-0 phase diagram up to 1000°C have been 
obtained mainly by latt ice parameter  measurements,  both at  tempera- 
ture  (up to lO0O'C) and on quenched samples;  metallographic examination 
has provided useful information on samples quenched from rather higher 
temperatures.  

percentage of the cations, i. e. 100 X P u / ( U +  Pu).  
In the following sections percentages of plutonium refer  to the 

2.1.2. Stoichiometric compositions 

It is now well established that the mixed (U,Pu)  oxides with the 
stoichiometric composition form a continuous solid solution from UO, 
to PuO,, and the lattice parameters  of the stoichiometric composition 
obey Vggard' s Law a s  long a s  the stoichiometry is carefully controlled 
[ 122-1251 . 
2.1.3. Oxidation to MO, t x  

Oxidation in a i r  a t  750- 1000°C of ( U ,  Pu) oxides results in the forma- 
tion of cubic and/or orthorhombic phases when the oxide is allowed to 
cool to room temperature [9,123,124]. Oxides containing more than 
39% Pu can be oxidized until the valency of all  the uranium has changed 
from 4 to 5, and a single face-centred cubic phase results.  The lattice 
parameter  versus  Pu  concentration plot for  more than 3970 Pu is consistent 
with oxidation of uranium to U(V). For a 1 : 1 ratio of ( U ,  Pu),  when all 
the U is U(V), the over-all  composition is M409. Oxides containing between 
5 and at  least  30. 7% Pu undergo a disproportionation reaction when 
oxidized in a i r  to form an orthorhombic phase, rich in uranium, and a 
face-centred cubic phase, r ich in plutonium. Oxides containing l e s s  
than 5% Pu oxidize in a i r  to a single orthorhombic phase. 

Oxidation of samples containing 10% Pu at  750-800°C to compositions 
between MO,.,, and MO,.,,results in two cubic phases, one MO,,, and 
the other an M40g-type phase [ 1261 , whereas partial oxidation of material 
containing 11% Pu gives a single face-centred cubic phase up to M02.11, 
and two phases, M%.,, plus M 4 0 9  at  higher O/M ratios [127] . The room 
temperature phase-boundary at  M02 .  
a s  the temperature is increased. 
beyond M409 resul ts  in an orthorhombic M,08-y phase in equilibrium with 
M409. Lattice parameter  measurements indicate no appreciable range 
of homogeneity for the M409 phase between room temperature and 800°C 
when the Pu concentration is 11%. The O/M ratio of the face-centred 
cubic phase in equilibrium with the M,09 phase for oxides with 15% Pu 
is 2.19,virtually independent of temperature up to 800°C; a small  range 

moves to higher O/M ratios 
Oxidation of samples with 11% Pu 
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FIG. 10. U - P u - 0  ternary section at 20'C. 

of homogeneity, increasing slightly with temperature,  has been observed 
for the M,Og phase a t  this Pu concentration; further partial oxidation 
resul ts  in two phases, M 4 0 9  plus M 3 0 8  [ 1271 . For  oxides containing 
3070 Pu, M,O,-y is in equilibrium with d02+x(or  M409) for oxides of 
composition M02.30(at most) and above. 

O / M  rat ios  a t  600°C and quenched to 20°C [23,119],  
phase, face-centred cubic + tetragonal, for 2,OO < O / M  < 2.2 and 
two-phase, tetragonal t orthorhombic for O/M 2 2.39. 
O / M  ratios obtained s o  f a r  a r e  2.64 with 1570 Pu and 2.58 with 3570 Pu. 
These two values l ie sensibly beyond the line connecting UzOs and PuOz 
(Fig.  10). 

The composition of the tetragonal phase has been determined 
approximately a s  2.28 < O/M 5 2.35 (-M307) by correlating X-ray line 
intensities of the two-phase mixtures with the oxygen content of the 
specimens. The lattice parameters  a r e  a = 5.38, and c = 5.54 
( c / a  = 1.028) and do not vary with plutonium content in the range 15 to 
357',,. Specimens oxidized at  1200 and 1400°C and annealed for 3 h 
at  600°C do not give the tetragonal phase. Thus i t  is not yet clear 
whether this phase is stable only below 600°C o r  is a metastable product 
of low-temperature oxidation of M 0 2 .  
phase, which can clearly contain a considerable proportion of plutonium, 
is close to that of the ~ ~ - U O ~ . ~ ~ p h a s e  [ l ]  , which is not stable above 460°C. 

2 . 1 . 4 .  Reduction to MO,-, 

Oxides containing 15, 20 and 3570 Pu have been oxidized to various 
They a r e  two- 

The highest 

The c / a  ratio of the ternary 

In this region oxides containing l e s s  than 3070 Pu behave rather 
differently from those with more than 300/, and it  is convenient to t reat  
these regions separately.  
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FIG. 11. Lattice parameters of "fully-reduced" uranium-plutonium oxides. 

2.1.4.1.  Below 30% Pu. F o r  these oxides the single-phase fluorite 
type M q - ,  extends down to the alloy in equilibrium with ( U ,  Pu) alloy 
[9,121] ; at  this lower phase boundary all the plutonium is reduced to 
Pu(I I I ) ,  but the uranium seems  to remain at U(1V). Nevertheless, there 
a r e  considerable discrepancies in the lattice parameters found for oxides 
comparing the pseudo-binary U 0 2 - P u q . ,  oxides in this region. 
shows that the three methods of preparation (sintering of UQ, with 
hexagonal Puz03[  91 and reduction of U0,-PuO, by dry hydrogen 
[23,119,127] and by carbon [121] give oxides with very different 
latt ice parameters ,  although chemical analysis shows they a r e  all 
on the UO,-PuO,., join. 

2.1.4.2. Above 30% Pu. Pa r t i a l  reduction of oxides containing more 
than 30-40q0 Pu to a substoichiometric composition results in two cubic 
phases when the oxide is cooled to room temperature ; one phase is 
the MO,.,, phase and the other is the MO,-, phase in which all the Pu is 
trivalent; t h i s  phase is face-centred cubic when the P u  concentration is 
l e s s  than -45% but body-centred cubic above this. 
perimental evidence fo r  a miscibility gap between these two structures,  
although a narrow gap cannot be excluded. At a temperature depending 
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The reason fo r  this behaviour is unknown. 

There is no ex- 
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FIG. 12. Solid-liquid phase diagram for the UO,-PuO, system. 

on the Pu concentration, the two cubic phases become a single fluorite- 
type phase. 
temperature is not certain; X-ray [ 1271 and metallographic and X-ray 
[23] resul ts  differ for the 30% Pu  composition. 

equilibrium with ( U ,  Pu) alloy has a large parameter and presumably 
l e s s  oxygen than the UO,. PuO,., pseudo-binary compositions. 
obvious inference is that some reduction of U (IV) to U (111) has occurred. 
Thus the M02.zphase can exist with a range of O/M ratios;  the composition 
at  the lower phase boundary has not been determined, but extrapolation 
of line B on Fig. 11 to the uranium axis suggests that the uranium valency 
may be about 3.8 in the oxides in equilibrium with metal; these thus lie 
on the UO,,, . PuO,., join. 

2 .2 .  Melting behaviour 

The limiting concentration for two phases to appear at room 

However, in contrast  to the region below 30% Pu, the phase in 

The 

The ear ly  determinations [ 128- 1301 of melting points in the UO, . P u 0 2  
system, which indicated a maximum in the liquidus curve near 5-1070 P u q ,  
were carr ied out under conditions which must have resulted in some 
reduction of the plutonium. 
have studied mater ia l  encapsulated in tungsten. 
( to give the equilibrium p res su re  of gaseous tungsten oxides, see 
Section 11.4) will have occurred at  the plutonium-rich end, but the simple 
liquidus-solidus curve obtained ( see  Fig. 12) must be closely representative 
of the stoichiometric system. 
solution theory if  the heats of fusion of UO, and PuO, a r e  taken to be 
2 1 . 2  

Recently, however, Lyon and Baily [ 13 11 
Some slight reduction 

These curves a r e  consistent with ideal 

1 . 3  and 16.8 2 1.3 kcal mole-] respectively [ 1 3 2 ] .  
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FIG. 13. U - P u - 0  ternary section at 400. 600 and 800'C. 

2 . 3 .  The U- P u - 0  phase diagram 

Isothermal sections of the phase diagram at  25, 400, 600 and 800°C 
(Figs 10 and 13) for  the U-Pu-0 system have been constructed between 
the l imits  U0,e,8-U308and P u ~ - P u O , ~ ~  for all  concentrations of P u  from 
the results reviewed in the preceding paragraphs and the U - 0  [ 1331 and Pu-0 
(Section 11.2) phase diagrams. 

metal  has  been drawn between PuO 
more than 40% Pu, since extrapolation of the lattice parameter versus 
P u / ( U t  Pu)  plot for M02-, in equilibrium with ( U ,  Pu) metal alloy to 
Pu = 0 resul ts  in a = 3.500 8. 
U Q .  88by analogy with the change in lattice parameter in going from 
Pu02  to P U O ~ . ~ ~ .  The phase boundary for  oxides in equilibrium with 
(U ,  Pu)  metal  alloy has been drawn between U 0 2  and PuO for oxides 
containing less than 30% Pu. 

The lower phase boundary of the orthorhombic plus MO,, two- 
phase region above - 45%Pu must l ie  slightlyabove the P u q  . UO,., join, 
the single-phase compositions attained in a i r  a t  850°C. Oxidation of oxides 
containing 5 to 3070 Pu in a i r  resul ts  in the formation of some U(VI), 
and cation disproportionation occurs;  the l ines have been drawn on the 
ternary phase diagram from the experimental results.  
orthorhombic phase has been drawn when the Pu content is l e s s  than 57'0. 

At room temperature,  the substoichiometric dioxide has been drawn 
to begin when the Pu content is 300/, from the metallographic and X-ray 
examinations of Blank et  al. [ 1191 ; other X-ray lattice parameter data 
place this point between 30 and 40% Pu [127]. 

The high-temperature latt ice parameter  data of Markin and Street 
[127] have been used to construct the ternary phase diagram at  400, 
600 and 800°C. 

No detailed work has been reported for  high concentrations of Pu, 
above 9070, but the t e rna ry  phase diagram for the condition that nearly 
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and UO,. ,, for oxides containing 

This lattice parameter corresponds to 
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all the Pu has been reduced to Pu(II1) must be complex since reduction 
of pure PuO, to PuO,,, resul ts  in a structural  rearrangement to form 
hexagonal Pu203. Dashed l ines have been drawn on the ternary phase 
diagram to be consistent with the P u - 0  phase diagram and the suggestion 
[9]  that the hexagonal phase is suppressed when the U content is greater  
than 57". 

The phase diagram between MO, and M30Ey has been constructed for 
Pu concentrations below 30% from the resul ts  of Dean [9 ]  and Markin 
and Street  [ 1271 , A narrow single-phase region has been drawn at 
M40g for  oxides with more than 15% Pu. 
M409 phase in equilibrium with M308-y has been drawn between U 4 0 g  and 
(Uo.5Puo.,) O,,,,, the M40g composition when the U valency is five. This 
composition has  been taken to be the l imit  of the order-disorder transi- 
tion for M409-M02+r The upper and lower phase boundaries of the 
M409 + MOztx two-phase region have been drawn a s  dashed lines from 
1570 Pu to the order-disorder transition at  (Uo.5Puo.5) 0 2 . 2 5 .  

A narrow single-phase M308- region has been drawn on the phase 
diagram to a Pu content of about i5qo0. Tie l ines for  11, 15 and 30% Pu 
in the two-phase M 4 0 9  + M308 region have been drawn along l ines of 
constant U/Pu ratio because d e  lattice parameter of the M 4 0 9  phase in 
equilibrium with M308-y is independent of the oxygen content. Lattice 
parameter  measurements have been made for  partially oxidized samples 
of UOTThO2 [ 1341 and the authors interpreted their  data a s  a cation 
disproportionation reaction occurring between U308 and the M409 phase 
( r e fe r r ed  to a s  face-centred cubic in their  paper) below 50% Th, although 
the latt ice parameter data show that the U 3 0 8  contains several  per cent 
of Th. 
below 30% Pu,  although the phase diagrams for  U-Pu-0 and U-Th-0 a r e  
s jmilar  when the uranium content is less than 500/. Oxides with O/M 
vatios between 2.18 and 2.25 were two phase when the Th content was 
between 10 and i(Jf;o if the oxide was allowed to cool slowly to room 
temperature af ter  oxidation; this result  is in agreement with the 
postulated U-Pu-0 phase diagram f o r  Pu contents between 15 and 500/0. 

The phase boundary for the 

A similar  interpretation does not fit the data for the U-Pu-0 system 

3. THERMODYNAMIC PROPERTIES 

Only one group of workers have obtained thermodynamic data for 
the mixed (U, Pu) oxides. 
temperature EMF cell, reversible to oxygen ions for UO. 89Pu 0.11 a,, and 
Uo.,o Pu o. 3o02*x close to the stoichiometric composition at  temperatures 
between 750 and 1100°C. There a r e  no other data for  the ( U ,  Pu) oxides 
with which to compare these resul ts  but the EMF cell used by Markin 
and McIver has been shown to give meaningful and reproducible results 
when thermodynamic data for  the systems UOzt, [135], CeOz-x and 
PuO,-, ( a t  1050') [135, 1361 obtained from cell  measurements,  have been 
compared with data for  these systems employing other methods. The 
EMF cell  used to obtain data for the mixed oxides was identical with 
the cell  used to obtain the Pus-, and CeOz-, data. Pellets were analysed 
a s  for the U-Pu-0 ternary phase diagram experiments. 

Markin and McIver [122] have used the high 
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FIG. 14. aEOz versus oxygedmeta l  ratio for u,,, PU,~,, oZix. 

Figures  14 and 15 show plots of ACo2 isotherms versus O / M  ratio 
for  oxides containing 11 and 30% Pu. A very large change in AEoz 
occurs when M01.9g is oxidized to MO,.,, and the obvious inference is 
that the stoichiometric composition occurs a t  the steepest part  of the 
curve, close to neo2 = - 100 kcal, thus justifying the original definition 
of the stoichiometric composition a s  the oxide resulting after equilibration 
with a l O / l ,  CO/C02 gas  mixture at 850°C. 

for substoichiometric oxides and U valency for superstoichiometric 
oxides respectively. It can be seen that AGO, values for  Uo.89 P u ~ . ~ ~ O ~ ~ ~ ,  
U,.,, Puo.1502-x, U,.,, Pu , ,~ ,  OZtx and U02+,  fall on the same curves 
when plotted versus  valency. This is extremely fortunate because i t  
allows the AGo2 values for a l l  single-phase (U, Pu) oxides containing 
between 10 and 30% Pu to be predicted; presumably Fig. 17 may be 
extended to solid solutions outside this range, a s  long a s  the oxide 
remains single phase. However, for  reasons discussed below, the 
AGo2 values for  P U O , - ~  do not, in general, fall on the curve in Fig. 16 

Figures  16 and 17 show plots of AGO, isotherms versus Pu valency 
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FIG. 18. Azozversus oxygen/metal ratio for U,.,, Pu,~,, O,,,. 

(by chance, the values a r e  not f a r  different a t  1173"K, the temperature 
for which Fig. 16  is drawn; this is not so  a t  other temperatures). 
The figure should therefore not be used much outside the range 10 to 30% P u  
without corroboration, particularly - a s  resul ts  on the similar U-Ce-0 
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system [137]  show that AS;,, is not the same function of Ce valency 
between 35  and 75% Ce a s  between 10 and 1570 Ce. 

ratio for  Uo. Pu o. 02+x. Similar plots have been obtained for 
Uo.8g Pu o.1102+x. 
U 0 2 + x  but for  x < 0, A&, and AS,, show no similari ty to the corresponding 
values for P U O ~ - ~ .  The variation of AHo2 with composition for  ( U ,  P u )  
oxides was small ,  no more than 10 kcal a s  the Pu valency was reduced 
from 4 . 0  to 3 . 1 ,  in sha rp  contrast  to the change of 80 kcal in going from 
P u 0 2  to PUO,. ,~ (i. e .  a change of valency from 4 . 0  to 3 . 5 ) .  

difference between ( U ,  P U ) O ~ - ~  and P U O ~ . ~ .  The oxygen vacancies in 
PuO,-, were assumed to agglomerate locally to form regions having 
the s t ructure  of a stable oxide; this can only occur i f  a large fraction 
of the cations can take part  in this co-operative mechanism leading 
to local ordering. The U(IV) ions cannot take part  in this process 
unless,  of course,  they a r e  reduced to U(II1). The behaviour of solid 
solutions of ( U ,  Pu) 0, suggests that oxygen is removed from the same 
environment a t  a l l  compositions. This may be oxygen sites between 
two Pu atoms, with localization of the charge. Even at 11% Pu, 80% 
of the Pu atoms have a Pu atom a s  one nearest  neighbour. 
pointed out in the same paper that measurements on a wider range of Pu 
content would be instructive because the Pu concentration at  which a 
significant change in behaviour occurred might indicate the number of 
Pu atoms involved in co-operative local ordering. 

Figures  18 and 19  show the variation of ASo2 and AEo2 with O/M 

The values for x > 0 a r e  very s imilar  to those for  

Markin and Roberts [ 1361 have considered the reason for the 

It was 
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4. VAPORIZATION BEHAVIOUR 

The partial  vapour p re s su res  of UO, and PuO, in equilibrium with 
solid ( U ,  Pu)  0, have been measured [21]  recently for three compositions: 
10, 20 and 25% Pu, in the temperature range of 1800-2500°K. The use 
of 23%J for  the composition 207'0 Pu  permitted the direct  measurement by 
alpha counting of U deposited on the target.  In the other two cases,  where 
the samples were made with natural uranium, uranium on the target was 
determined by X-ray fluorescence. 

- 4  

- 5  

& -6  
a 

-7 

- 8  

4.0 4: 5 5.0 5.5 

1 0 4 / ~  
FIG.20. 
Initial oxygen/metal ratio = 1.983. 

Total pressures of uranium- (pew)) and plutonium- (pJPu)) bearing species over Uo.9 Pu o., 02-x. 

J, 0 pe (u) experimental 
0 pe(U) calculated 

t 0 pe p u )  experimental 
E p,(Pu) calculated 

The resul ts  a r e  represented on Figs  , 2 0  and 2 1  for two compositions, 
10 and 2070 Pu. A s  for pure PuO,, the partial  vapour pressures  a r e  time 
dependent. Consequently, targets  were exposed at  successive times up 
to apparent steady-state conditions. The arrows on the figures indicate 
the extent of this p re s su re  change at  fixed temperature.  Figures near 
the experimental points give the final O/NI ratio of the solid corresponding 
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FIG.21. 
Initial oxygen/metal ratio = 2.00. 

Total  pressures of uranium- (pe(U)) and plutonium- (p,(Pu)) bearing species over UOe8 Pu o.2 02-x. 

10 pe(u) experimental 
e p e w )  calculated 

4 0 pe(Pu) experimental 
E pe(Pu) calculated 

to the apparent equilibrium. These O / M  values have been deduced from 
the increase of the lattice parameter  with respect to that of the stoichio- 
metr ic  product, Sufficient thermodynamic data a r e  now available 
([63,116]and Section 11.4) to  calculate the total pressure and composition 
of the vapour over substoichiometric mixed oxides. With the known 
free energies of formation of the gaseous species (UO, UO,, UO,, PuO 
and PuO,) and known oxygen p res su res  (Section 111.3) the only assumption 
required is that UO, and PuO,., form ideal solid solutions. 
sumption is likely to be valid when x is close to zero,  since Aitken et al. 
[138,139] have shown that UO, and Tho, do form ideal solid solutions, 
but UO, and Y,O, do not. 
uranium- and plutonium-bearing species a r e  shown in Figs 20 and 21. 
The agreement is indeed excellent. 

over stoichiometric Uo. Pu0,, O,.oo a r e  remarkably high in the lower 

This as- 

The calculated points [140] for the total 

It will be seen from Fig. 21  that the initial uranium-bearing pressures 
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temperature range, around 2000°K. Initially the pressure is about ten 
t imes that of pure UOz and even at the end of the run, when apparent 
equilibrium had been reached, i t  is significantly higher than for UO,. 
This phenomenon is due to the relatively high oxygen potentials over 
the mixed oxides (Section III.3), these being several  orders  of magnitude 
higher than that over UO,. Under these conditions the (UO,) t (0) --f (UO,) 
equilibrium l i e s  f a r  to the right, and thus (UO,) is the principal uranium- 
bearing species over stoichiometric mixed oxides, which in this 
respect  behave a s  would solutions of UO,,, and PuO,-,. 
initial p re s su re  would correspond to UO,.,, , 
the principal plutonium- bearing species over  highly substoichiometric 
mixed oxides is (PuO); calculation shows that over Uo,8 Pu,,, O,.,, the 
(PuO) partial  p re s su re  is ten t imes that of ( P u q ) .  

The observed 
Conversely, of course, 

5. CONCLUSIONS AND FUTURE WORK 

The phase diagram for  low concentrations of Pu (below 3070) is fairly 
well established for  both the super- and substoichiometric compositions, 
since these a r e  the Pu concentrations of interest  to the reactor chemist. 
More work is required to fix the MO, t MO,-, phase boundary at a precise 
Pu composition; a t  present the boundary can only be placed near 30% Pu. 
The M409 t M&-y two-phase region for oxides containing 35 to 50% Pu 
must be investigated to determine whether cation disproportionation 
does occur in accordance with the postulated phase diagram. Some very 
careful work is needed to define the homogeneity range and Pu concentration 
l imit  of the single-phase M,O,-y region. Superstructure lines in the 
X-ray pattern of the M,O,phase should be looked for. The evidence to 
date suggests that superstructure l ines appear only after the oxide has 
been heated to 1000 to 1400°C when the cation mobility becomes sufficiently 
high to allow the cations to order .  
containing more than 90% Pu needs very careful examination and this 
may throw more light on the P u - 0  phase diagram for the pure plutonium 
system. 

The cause of the differences in lattice parameter of the fully reduced 
oxides containing l e s s  than 30% Pu is not known (Fig. 11). Analyses 
showed that a l l  the Pu had been reduced to Pu(II1) in all cases. Measure- 
ment of the lattice parameter  of the fully reduced oxide, prepared by H, 
reduction of co-precipitated and physically mixed oxide at  the same 
temperature and under the same conditions, may help to explain the large 
differences in latt ice parameter.  The Panel did not believe that the 
differences were due to lack of homogeneity but could offer no alternative 
explanation. 

It is very gratifying to note that the thermodynamic data for the solid 
(U,  Pu) oxides obtained from the E M F  cell, extrapolated to higher tempera- 
tures ,  together with the vaporization data for uranium and plutonium 
oxides, a r e  consistent with the vaporization data of Pascard.  However, 
vaporization data for  only three compositions a r e  available, and although 
these agree well with the calculated values some more results for 
different compositions a r e  desirable.  

The phase diagram for oxides 
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IV. OTHER PuO, -Me%OXIDE SYSTEMS 

Very few thermochemical properties of the binary plutonium oxide- 
metal  oxide systems a r e  described in the l i terature.  Some phase diagrams 
and relevant basic data (melting points, X-ray analysis, ceramographic 
studies) a r e  available, but practically no thermochemical data a re  given. 
The same situation is found with the ternary plutonium-metal-oxides. 

valency of the plutonium. The simple eutectic systems o r  the systems of 
continuous solid solutions contain Pu (IV), Pu (111) o r  usually both, depending 
on the experimental conditions, 
clature of Keller [ 1411, i .e.  those in which compound formation is possible, 
contain the plutonium in various valency states up to six. Unfortunately 
this problem is very r a re ly  discussed explicitly in the published papers, 
Most investigators used sintering at 1500 - 1600°C in inert  atmospheres, 
which will usually result  in reduction of the plutonium, so  that the results 
a r e  not fully representative of the Pu(1V) system. 

In nearly all  the reported systems there is grave doubt about the actual 

The ternary oxides (using the nomen- 

1. BINARY SYSTEMS Pu02  - M e Q  

1.1. Simple eutectic systems 

Eutectic composition, temperature and terminal solubility limits have 
been reported for the systems B e O - P u a  (by Hough and Marples [ 1421 and 
Dayton and Paprocki [ 143-1471), MgO-PuOz (by Car ro l l  [ 148]), A1203-PuO2 
(by Hough and Marples [ 142l)and Si% -Pu@ (by Carroll  [ 1491) (see 
Table XV). Hough and Marples [ 1421 used the most oxidizing conditions 
(oxygen atmosphere inside a thoria tube) and their  data a re  to be preferred 
at present. 

must be regarded a s  preliminary only because of the large impurity content 
(PuOl.52, MgW04, W03 and W) found by X-ray diffraction. 

The surprisingly high terminal solubility of MgO in PuO2 
(3.2 k 1 .5  mole%) found by Hough and Marples [ 1421 could be explained 
by the small  counting rate  obtained on the microprobe and by a large 
"atomic number" correction [ 142 1. 

and McEwen [ 1521 was prepared in reducing atmospheres and contains 
only Pu(II1). Runnalls [ 1531 has shown that i t s  structure is [ 151 1 ortho- 
rhombic andnot rhombohedral a s  f i r s t  reported [ 151 ] ,  

reported by Dayton and Paprocki [ 1471 and by Hough and Marples [ 1421, 
who have drawn part  of the ternary phase system (Fig. 23) showing the 

The phase diagram of MgO-PuG described by Carrol l  [ 148 1 (Fig. 22) 

The perovskite type compound PuA103 described by Russell e t  al. [ 151 1 

The t e rna ry  system BeO-Tho2 -Pu02 was studied by Pardue et al., 
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Q, 
w TABLE XV. EUTECTIC AND TERMINAL SOLID SOLUBILITY DATA FOR BeO-PuO2, MgO-PuOz, 

A b  0 3  -PuO, SYSTEMS 

System 

BeO-PuO, 

MgO-PuO, 

(PU0.5Th0.5) 

0, -Be0 

Terminal solid solubility 

value (mole 70) of in 

Be0 0.016 f 0.007 fiO2 

0.02 

Be0 PUO, Not determined 

PUO, MgO 0.032 f 0.006 

MgO PuO, 3.2 f 1.5 

PUO, A1203 0.28 f 0.02 

A 1 2 0 3  fro, 0.14 f 0.14 

(fi0.5 '2 

Be0 0.02 

Eutectic 
composition 

(mole 70 PuO,) 

34 

'32.8 

Not determined 

40 

43 

57 

42 

Eutectic 
temperature 

c C) 

2135 f 70 

2150 f 20 

2260 f 30 

2100 

1985 I35 

1910 I15 
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FIG.24. Melting points of Pu0,-BeO-Tho, specimens along the eutectic valley in oxygen and in argon. 

position of the eutectic valley. The experimental conditions used (oxy- 
acetylene flame melting) probably exclude the possibility of the loss of 
oxygen from the plutonia. 

shows the difference in melting points along the eutectic 
valley between the specimens treated in an oxygen and argon atmosphere 
[ 1421, and includes one melting point (in a i r )  determined by Pardue et a1 
(reported in [ 1471). 

Figure 24 
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1.2.  Continuous solid solutions 

1 .2 .1 .  CeO, -Pu02 

Mulford and Ellinger [ 1541 have published the lattice parameters for 
various compositions of CeO2 -Pu02 ; V6gard's Law is followed to within 
the accuracy of the measurements.  

/ 

/' 
/ 

/ 
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1.2.2. Z r 0 2  -Pu02  

The phase diagram was published by Carrol l  [ 156 1 (Fig. 25). A con- 
tinuous range of fluorite-type solid solutions is evident from pure PuO2 to 
77  mole 70 ZrO2. The region from 77 to 9 9 . 8  mole 70 ZrO2 contains two 
phases in equilibrium at room temperature, monoclinic ZrO, and a face- 
centred cubic PuO2-77 mole % Z r 0 2  solid solution. 
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FIG. 26. The liquidus curve for the PuO, - Tho, system. 

FIG.25. The system PuO,-ZrOL. 

Z r 0 2  l % I  



TABLE XVI. LATTICE PARAMETER OF THE Eu01.5-PuO2 
SYSTEM 

Lattice parameter Percentage of body-centred 
%, cubic phase present 

PuO, (mole 70) 

100.0 

90.0 

85.0 

80.0 

70.0 

60.0 

55.0 

5d. 0 

40.0 

20.0 

5.3938 f 0.0005 

5.3935 f 0.0005 

5.3934 f 0.0005 

5.3974 t 0.0005 

5.4055 f 0.0005 

5.4138 f 0.0005 

5.417 IO.001 

5.419 f 0.002 

5.420 f 0.003 

5.424 f 0.005 

5 

20 

5440 

5 430 

5 420 

5 410 - 
04 - 
2 5400 

5.390 

5 380 

I 

I 
FLUORITE PHASE lf .c.c. l  I I.c.c. DISTORTED PHASE 

0'. 
I/ 

I 
I //W/ 

TRANSITION TO C-TYPE CEL L 

/- I 
./' I 

I 
/ 

I 
20 40 60 80 0 

FIG.27. Lattice parameter versus mole % PuO, (EuO1.,-PuO, system). 

1.2 .3 .  Tho,-PuO, 

Mulford and Ellinger [ 1541 have shown from lattice parameter 
measurements that a continuous range of solid solutions, obeying V6gard's 
Law, is formed. 
e t  al. in argon near  1700°C, which showed slight positive deviations from 

It s eems  likely that the materials prepared by Pardue 
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T A B L E  XVII. PHYSICO-CHEMICAL P R O P E R T I E S  OF THE TERNARY-QUATERNARY PLUTONIUM-METAL OXIDES 
N 

Formula 
valency state 
of metal ions 

a-Na ,Puv lg  

The condition of preparatim and thermal stability 

Temperature of Thermal 
Dwell stability 
time limita 

atm. 
crystal 

formation 
('C) ('C) 

400-500 O* 6 h > 900 Pure 
(up to 900) dec.  

Lis p u V 4  

400-500 0 2  800 Pure 

dec.  

Li, PUVO, 

600 0 2  8 h 600 Pure 

vacuum 

dec. 

Li,Puvo, 

1100 
dec. 

PuO* 

600 Vacuum 

Sealed bulb 

Impure 

~ ~~~ 

400 0, 500 Pure 
trans. 
B-NarPuV'Q 
900 
dec.  
Na, P U v 4  

Structural data 

Symmetry. Unit cell 
apace group, dimensions 
structure type (A) 

Teuagonal a s 6 . 6 7 7  i0.002 

c = 4.421 i 0.003 14/m 

Hexagonal a = 5 . 1 8 4  

c = 14.59 

Tetragonal a = 4.464 t 0.002 

c = 8.367 i 0.005 

? 

Li,BiO, 

type 

Cubic a - 4 . 7 1 8 t 0 . 0 0 5  

Fm3m 

References Notes 
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2 TABLE XVII. ( C o n t . )  

The condition of preparatim and thermal stability Structural data 

Formula 
valency state 

of metal ions 
Temperature of Thermal 

Dwell stability 
time limit 

Purity a m .  
crystal 

formation 

rc) ('C) 

Symmetry, Unit cell 
space group, dimensions 

structure type ( h )  

Referencer Notes 

1200 Hz 1300 Ethanol 

ox. extract 

Cubic Pm3m a = 4.39 

Perovskite a = 4.357 i0.007 

aI = 4.322 f 0.003 

aII = 3.730 i 0.003 

2.3 

2 

Orthorhombic a =  5.795 i 0.004 

( b=5.861 i0 .004  

c = 5.983 i 0.004 

800-1300 OZ 4 

800-1300 a =  8.780 i 0.002 

1100-1500 HZ 2 h  m.p. Impure 

1810 

Orthorhombic a = 3.750 

Amm 2 b = 5.314 

Perovskite c = 5.350 

Pu'lVO, 1100-1500 HZ 2 h  Pure Onhorhombic a = 5.48 

Amm 2 b =  5.61 

Perovrkite c 7. 1.78 

11511 

pUU~cro, Orthorhombic a = 5.46 

Amm 2 b =  5.51 

Perovrkite c = 7 . 7 6  

1100-1500 H! 2 h  Pure 



c 
1100-1500 HZ 2 h  Impure Pseudocubic a = 3.86 

Per ovskite 

PulUMnOl 

or-PulVGeO4 2 x 12 h 1150'trans. Pure 1100 0 2  

0 -PulVGe 0, 

230-240 H2O 5-6 d 1150' trans. Pure 

B -PuIVGe 0, 

Terragonal a = 5.040 0.002 

141/a c = 11.11 * 0.01 

Tetragonal a = 5.043 0.009 

14 l /a  c=11.13*0.103 

Scheelite 

Tetragonal a=7.073*0.004 

l4/amd c = 6.499 I 0.003 

Zircon 

Tetragonal 

I4/amd 

Zircon 

a = 6.906 f 0.006 

c = 6.221 f 0.006 

5 

O-PulVGeO. 1150 4 6 

230-240 HzO 5 - 6 d  I mpure 

230-240 H* 5-6 d a = 6.995 f 0.005 

c = 6.364 I 0.015 

Tetragonal 

l4/amd 

Zircon 

(1411 

1200 

~ 

Ar 2x12 h Impure 

PUO, + 
PuO,.ONb,O, 

Monoclinic P = 5.46 + 0.002 

b = 1 1 . 2 4 * 0 . 0 2  

c = 5.;7 * 0.02 
= 94 35' * 20' 

1350-1450 0, 1 0  h 1400' 

air dec. 

P = 7.654 f 0.005 

c = 1.131 * 0.005 

Tetragonal 



-1 o) TABLI.: XVII.  (cont . )  

The condition of preparation and thermal stability 

Formula 
valency state 

of metal ions 

Structural data 

PuO, . 2Nb, 0, 

Temperature a i  Thermal 
Dwell stability 
time limit 

Purity arm. 
crystal 

formation 

('C) C O  

Pu0,'NbO 

Unit cell Symmetry. 
space group. dimensions 
structure type (t 

Ba, Pul' 

TaVO, 

1200-1250 0 2  > I O  h 

air 

1050-1150 0, Very 
short 

1200-1300 8 

900 HI 

H2 1350-1400 

I 

~~ ~_____ 

Tetragonal a = 7.760 t 0.002 

c = 7.792 t 0.006 

Unknown structure 

Cubic 

Perowkite 

a = 8.59 t 0.07 

a = 5.443 t 0.002 Cubic 

Fm3m 

Fluorite 

Cubic ' a = 8.748 t 0.006 

Perovskite 

aThermal stability abbreviations: 
ox. = oxidation 
trans. = phase transition 
m.p. = melting pomt 
dec. = decomposition (product given) 

Notes: 
1. Possibly distorted NaCl structure. 
2. a1 refers to a product prepared at 9OO'C. "11 to a product prepared a t  IlOo'C. 
3. Chackraburtty e t  al. [I651 noted the possibility of the existence of BaxPuVIOt. where x, is very small. 
4. The lattice parameter is dependent upon the 8 a 6 r  ratio [I641 and obeys Vggard's Law upto 2.25 mole ratio of the Sr ion 
S. Preparation by annealing of correspondlng oxides at 11OO'C in flowing oxygen or by means oi hydrothermal method. 
6. This compound is formed during hydrothermal preparation of a-PuGeO,. 
7. The formula is limited by conditlon 0 < y < 0.7. 
8. The value of the lattice parameter shows that redox rquilibrlum Ba,Pu111PaV06 s Ba,PulVPalVO, occurs. 

References Nota 

7 
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VCgard's Law, were slightly substoichiometric (reported in [ 143,1441). 
The somewhat unexpected shape of the liquidus curve found by Freshley 
and Mattys [ 157 ] (Fig. 26) may also be due to reduction. 

1.2.4. U02-Pu02 

This system is treated in detail in Section I11 of this report. 

1. 3. More complicated systems 

1.3.1. Eu203  -Pu02 

Haug and Weigel [ 1581 have studied the lattice parameters of the 
EUOi.5 -PuO2 binary system (Table XVI, Fig. 27) .  The complicated vari-  
ation with concentration is very s imilar  to that in the U 0 2  - r a re  earth oxide 
systems published by Rundle e t  al. [ 159 1 .  There was some evidence that 
Pu(1V) was oxidized to a higher valency between 15 and 42% E u 0 ~ 5 ,  but 
this suggestion remains to be confirmed. 

appeared to be considerably distorted, while above 60 mole 70 EuOla5 t ran-  
sition to the body-centred cubic structure was indicated. 

The fluorite-type latt ice of the solution above 42 mole 70 Eu01.s 

2. TERNARY AND QUATERNARY PLUTONIUM-METAL-OXIDES 

The thermochemical properties of this group of the plutonium com- 
pounds have not been generally studied. In Table XVII the available basic 
physico-chemical properties a r e  shown. It will be appreciated that many 
of these mixed oxides involve quinque- o r  sexavalent plutonium. 

7 7  
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