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ABSTRACT

This paper considers the recent published data on the phase equilibria and
thermodynamics of the appropriate oxide systems.
Firstly the binary systems, uranium-oxygen and plutonium-oxygen and the
ternary system uranium-plutonium-oxygen and secondly the systems of the major
fission products with uranium-oxygen and plutonium-oxygen are considered.
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2ART 1

The Phase Equilibria and Thermodynamics of the

Uranium-Plutonium-0xygen Systems



e The phase equilibria and thermodynamics of the uranium-

plutonium-oxygen systems

The systems U-0, Pu-0, and U-Pu-0 are firstly discussed.

1.7, The uranium-oxygen system

Several papers reporting measurements of oxygen potentials of
hypostoichiometric UOZ—X have appeared recently.

These studies cover the temperature ranges 1873—2173°K (1) using
a transpiration technique with HQO/H_2 mixtures, 1800-2000°K (2)
using a technique with control of the oxygen potential by means
of the reaction 2 C + 0, == 2C0, 2200 - 2400°K (3) using a static
system with contrelled HZO/H2 ratios, and finally in the range
2080 - 2705°K (4) using a transpiration technigue with H,0/H,
nixtures.

All the data for the oxygen potentials as a function of composition
and temverature are shown in Fig. 1.

Tetenbaum and Hunt (5) extended their measurements of oxygen
potential in the hypostoichiometric UOZ-X region to include mea-
surements of the total pressure of U bearing species in the same
temperature range as thelr previous oxygen potential measurements.
These pressures as a function of composition are shown in Fig. 2,
and the isotherms show a minimum in the total pressure in agree-
ment with the mass spectrometric data; the position of the mini-
mum is 0,01 - 0,02 atomic ratio units higher than the composition
calculated by Edwards et al (6)., The values of Pattoret et al (7)
of 0/U = 1.987 at 22500K, and Ackermann et al (8) of 0/U = 1.994
at ZOOOOK, are in good agreement with the data of Tetenbaum and
Hunt.

A knowledge of the gas phase pressures for oxide systems at
temperatures above the melting point is of importance in reactor
safety analysis, and Reedy and Chasanov (9) have recently measured
the total pressure of the uranium bearing species using a trans-
piration technique with tungsten as the containment material up



to a temperature of 3390 K., The data obtained,

+ Te373

log p (atm) = - 27%26
are in good agreement with the extrapolated data of Tetenbaun
and Hunt corrected for the liquid region using a recent value

of 17.7 Kcal/mole (10) for the heat of fusion of U0,, which is
in good agreement with an earlier value of 18.2 Kcal.mole-1 (i1).

A condensed phase diagram for the region, 0/U = 1.5 to 2.2, is
shown in Pig. 3 (12).

1.2. The plutonium-oxygen phase dilagren

A tentative phase diagrgm was published in 1966 as a result of the
I.A.E.A, assessment of the available data (13). This condensed
phase diagram is shown in Fig. 4. The main features which have
been further considered by Sari,Benedict and Blank (14) are

a) the continuous so0lid solution between PuO1 61 and PuO2_X
above 65000,

b) the stoichiometry of the "Pu0, ¢4" phase,
and

c) the maximum oxygen content of the Pqu_x phase in the pre-
sence pf PuO1'5.

The phase diagram which was suggested from this work in which
the samples of different O/Pu ratios were quenched from different
temperatures down to 5°C is shown in Fig. 5. The main features

of this diagram are

a) PuO1 61 and Pul, do not form a continuous solid solution,
at least up to ca. 1000°C,

b) the'PuO1 61'has a stoichiometry lower limit of 0/Pu = 1.625
and an upper limit of O/Pu = 1.609.

The b.c.c. structure of the Ciphase (Fig. 4) has been previously
discussed (13) and it was concluded that the 0/Pu ratio should

be 1.625 and not 1.61, and 4 extra oxygen atoms would be statist-
ically distributed on the 16 ordered oxygen vacancies of the



bixbite unit cell of the b.c.c. Pu01.5 low temperature -

C-type rare earth oxide., Sari et al stated that it was possible
to have a statistical distribution on the 16 vacancies of the
bixbite cell if one accomodates 2 more O atoms, giving 0/Pu =
1.6875, which is in good agreement wxth the experimental value
for the upper phase limit of the C-phase.

The lattice parameters of the C-phase increase with decreasing
oxygen content and were in agreement with the approoriate values
extrapolated from 700 - 900°C (13,15); for O/M = 1.50, a = 11,08 &

Finally, Sari et al replotted the E,M.F. data of Markin and Rand
(16) which gave the vartial molal free energy of oxygen (il@o )
as a function of 0/Pu ratio. These curves are shown in Fig.6,
and show the possible existence of a plateau indicating a uni-
variant region (2 condensed phases in a 2-component system) -
¢+ Pu02_X . The lattice pearazeter measurements of Gardner et al
(15) also show irregularities at 700° and 900°C for 0/Pu raiios
of 1.69 to 1.72 = that is in the univariant region. The two-phese
region appears to become wider with increase in temperature.
The upper linit of the Pu02_X —-phase in the presence of C wes
found to be PuO1.995, and not PuO1.98 as previously given. Thae
lattice parameter of Pu0, is 5.3952 + 0.0005 2.

Some observations by Marcon, Poitreau, and Roullet (17) on the
carbothermic reduction of PuO2 in the region between Pu02 end
PuO1.5have erabled some information on the Pu-0 phase diagram
to0 be obiteined in the temperature range 1400 - 1800°C. The gas
pressures mainly CO, were measured as a function of the extent
of reaction., IT a-phase diagran of the form shown in Fig. 4
Were appropriate then the C + Pqu_x ( x=0 %>O.4) would be
bivariant and the pressure of CO would fall continuously during
the reduction, but two sharp breaks were observed in the curve
(Pig. 7) which suggests a moere complicated diagram of the type
considered by Sari et al,

The various phase fields which were assumed to be present during
the reduction process at 1400°C were:

1. Puoz_X (foc.c.,) = carbon with 0¥ x£0.28 bivariant



>, Puo1.72 (foecec.) - Puo1.69 (be.cec.) = carbon monovariant
5. Puoz_y—carbon with 0.31< vy £ 0.42 bivariant
4, PuO1.58(b.c.c.) - Puo1.5(hex)-carbon monovariant

The limits appear to vary strongly with temperature above 74OOOC
and the b.c.c. phase (C, Pig., 5 and c.c., PFig. 8) disavpears
above 1700°C (Fig. 8.

Dean, Boivineau, Chereau and Marcon (18) measured the partizl

heat of solution of oxygen (A H, ) in Pu0,_. using a Calvet
microcalorimeter at 1100°C, 4 very sharp change in curvature

was observed at 0/Pu = 1.70, a very narrow 2-phase region could be
assumed to exist. The oxygen pressure measurements of Riley (19)
in the region 1.6< 0/Pu < 2.0 at temperatures >700°C gave no
information on the presence of a univariant region.

1.3 U=Pu-0 system

The phase equilibria and thermodynamics of the system have been
the subject of a previous I.A.E.A., Vienna panel meeting in 1966
(13). It is however considered useful to survey briefly the ad-
ditional work on these systems which has been undertaken since

the Panel Report was written.

The studies can be divided into two sections, namely

1.3.1o Phase diagrams (including melting points)
Te3.2. Thermodynamic measurements (excluding vaporization
studies)

Due to the high temperature gradients in the oxide fuels thermo-
dynamic data are required in the temperature range between 600
and 3000 X.

It is essential that the thermodynamic functions of this system
are well defined in order that models developed to describe the
chemical behaviour of the complete multicomponent system during

"burn-up' are built on a sound basis.



1.5.17. The phase diasgrams

In any considerations of the phase relationships of this system
these must be consistent with the binary phase diagrams.

There have been two further phase diagram studies on the [~-Pu-0
system in the hypostoichiometric region of the diagram since

the Vienna oxide panel. Sari, Benedict and Blank (20) have
studied the system for Pu/U+Pu ratios of 0.05 = 0.97 from stoi-
chiometric to the fully reduced composition, i.e. until the
apprearance of a metal phase., Dean, Boivineau, Chereau, and

Marcon (18) have also studied the hypostoichiometric region of the
phase for Pu/U+Pu ratios between 0.40 and 0.76, and have suggested
the presence of a M O12 type phase with a rhombohedral structure

-
between Pu/U+Pu ratios of 0.60 and 0.90.

Additional studies have also been reported (14,21) for the hyper-
stoichiometric region of the diagram. The results of Sari et

al (20) are shown on the room temperature isothermal section
(Fig. 9). It can be seen that up to Puw/U+Pu ratios of ca. 0.20,
there will be a range of fluorite structure the amount of oxygen
vacancies depending on the Pu valency (from 4 to 3). The vre-
vious diagram (22) suggested that this single-phase fluorite re-
gion existed up to Pu/U+Pu ratios of ca. 0.30 at room temperature,
although this difference may simply be the result of different
cooling rates., The area of single-phase fluorite structure de-
pends on the temperature; increasing with temperature (22) (see
Fig. 10). The results shown in Fig. 9 were obtained with samples
slowly cooled to room temperature and annealed at QOOOC, and
thenslowly cooled. The hypostoichiometric mixed oxides were
obtained by partial reduction with hydrogen containing known
amounts of water. For complete reduction the exveriments were
carried out in pure hydrogen. For Pu/Pu+U ratios greater than
ca, 0.2, there are two f.c.c. cubic phases, one containing 4-
valent Pu and the second probably containing fully reduced
3-valent Pu. The work of Koizumi and Nakamura (35) confirmed

the room temperature observations of Sari et al (20) that the
two-phase are:extends to Pu/U+Pu ratios of ca. 0.20,

;



A region of transition from f.c.c. to b.c.c. exists between

45 and 50 % Pu0, (the shaded area in Fig. 9). There is a

large region of b.c.c. single-phase oxide for the region with
Pu/U+Pu ratios between 0.5 and 0.97. The mixed oxides reduced
in pﬁre hydrogen at 180000 contained a metallic phase when zl-
lowed to cool in vacuum, uncer these conditions it would bve ex-
pected that the'U4+ would be recuced, as in the binary systen.
The metallic phase is in equilibrium with a f.c.c. or a b.c.c.
phase and probably also with the hexagonal phase as in the Pu-0
system, The lattice parameters of all the phases are shown in
Fig. 11. The region in which metal and fully reduced oxide are
present will be discussed later,

The results reported by Dean at al (18) for the Pu/U+Pu ratios

of 0.4 to 0.7, indicate that up to 0.6 for this ratio there are
two f.c.c. phases present and above 0.6, the two phases vresent
are a f.c.c., phase and a rhombohedral phase in place of the
b.c.c. phase found by Sari et al. The lattice parameters for the
hypostoichiometric region of the U~Pu-0 system given by Dean

et al are shown in Fig, 12. A super-lattice was present with

a lattice parameter twice that shown on Fig.12; the lattice
parameter of this rhombohedral phase varied little between 80

and 90 at % Pu, and the angle cl remained fairly constant and close
to 89.50. For Pu/U+Pu ratios greater than 0.9 it was assumed
that a two-phase region exists containing a b.c.c. and a f.c.c.
phase, Fig.,42 again shows a deviation from Vegard's law for

the fully reduced oxide in the presence of a carbide phase -

the oxide was reduced with carbon., The carbide is probably a

dicarbide or sesquicarbide.

Some high temperature studies have been made using both D.T.A.

(20) and high temperature X-ray diffraction (18). The limits

of the mmiscdy &rility gapr as a function of temperature and Pu con-
centration were determined between 400 and 650°C (20), and similar
benaviour to that found earlier namely a decrease in critical
temperature with decrease of Pu content (Fig. 13)

A section for Puw/U+Pu = 0,97 obtained from the D.T.A. measurements



(20) is given in Fig. 14. However, the high temperature X-ray
dilatometry and electrical resistivity data (18) in the
temperature range 400 - 700°C, for Pu/Pu+U s 0.76 suggest a
rather more complicated section than that at Pu/Pu+¥ = 0.97.
(Fig. 15)

The fact that for two-phase systems the lattice parameters of the
more oxidised phase lie close to the Vegard!s law line between
UO2 and PuO2 indicates that the Pu concentrations in both

phases are little different.

The region of the U-Pu-0 system containing the two-phases U-Pu
metal + the fully reduced oxide, a solid solution between UO2
and PuO1.5,is now considered. The equilibria in this two-phase
field can be calculated by assuming that both the U-Pu liguid
alloy and the oxide solid solution are both ideal solutions.
{so0lid) the

Forthe region U Pu, (liquid) + U,_ Pu, 0,

oxygen potential for the two--reactions

U(dissolved in Pu) + Oz(gas) :#'Uoz(dissolved in Pu0, 5)
and ‘
Pu(dissolved in U) + % 02(gas) = PuO, 5(dissolved in U02)

must be the same.

The oxygen potentials are given by

RTlnP02 = 'AGUO2 dissolved - %y gissolved
and
4 4
Rflnp. = 4 AT - 4 AT
02 3 Pu01.5 dissolved 3 Ridissolved

where LS@UO dissolveq ©FCe are the partial molal free energies
of the compgnents, and for ideal solutions;

. _ )
-AGonz— BEf o (sorza * RIn(1-xp)

AT = AGY
Puo, o = OFr P (so11d) * FHIPN
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ATy RT1n(1-x )
,
AGPU. = RT1lnx,,
where AQG% are the standard free energies of formation,

and equating the two expressions for RTlnpO
2

1—x2 X

;
) + 4 RT1ln—.
1-x1 x2

o A O _
4AGf PuO.] ; -3 AGf UO2 = 3 RT1ln (

The results of some computer calculations (23) for 1600° and
2000°K are shown in Pig. 16, The metal phase will always be
richer in uranium than the oxide solid solution.

The phase structure of the fully reduced UO2 - Pu01.5 solid
solution, and the lattice parameters of this phase have been pre-
vicusly discussed by the Vienna panel, there was a great difference
in the lattice parameters depending on the method of preparation
(Tig. 17). Three methods of preparation gave different lattice
parameters for solid solutions whose compositions were stated to
lie on the line joining UO2 and PuO1°5. The alloys prepared by
reduction in hydrogen were quite close to the values expected

for a pseudo-binary section, however, when the reduction was car-
ried out using metal or carbon the lattice parameters were con-
siderably higher than those of the hydrogen reduction. The data

of Sari et al (20) in the presence of metal and those of Dean et al
(18) in the presence of, probably, sesquicarbide show a similar
deviation.

In the presence of metal the oxide solid solution will contain
a greater amount of Pu than the nominal composition, and so

the lattice parameters will be closer to the Vegard's law line.
For the oxides reduced with carbon and described as 'in the
presence' of carbon, and if the second phase 1s sgesquicarbide,
the sesquicarbide will be richer in uranium than the oxide phase
and thus the same interpretation as given for the oxide in the
presence of metal would be applicable to explain the high lat-

tice parameters.



The equilibria for the region U P Os_ - (solid) +
1%, ux2 2-0.5%,

U1_X5Pux3c1.5(solid) is given by

-

0 0 ‘ 0
3 lf\Gf<Uc1.5>. AGf<UO2>J + 4 ['AGf<PuC1‘5>

262 ] 2 ()
- G = 4RT1n —= = 3RTIn (==
:t‘<PuO1 .5>J Xo 1—x2
Sone calculated equilibria for this region are shownin Fig. 18

for 1800°K.

Pinally, in considering the vhase diagram, results for the
hyperstoichiometric region revorted by Benedict and Sari (3) are
shown together with the results for the hypostoichiometric region

in Fig. 19,

T.3.7a. The ligquidus-solidus of the U-Pu-0 system

Because of the redistribution both of oxygen and uranium and
plutonium in a fast reactor fuel overating under conditions where
the centre temperatures are very close to the melting points of
the oxide or indeed sometimes exceed the melting temperature, it
is important to have information on the effect of stoichiometry
and plutonium-concentrations on the solidus-liguidus temperatures.
The ligquidus-solidus of the U-Pu-0 system reported to the pre-
vious Vienna Panel for stoichiometric solid solution (24) are re-
rroduced in Fig. 20. The addition of Pu lowers the liquidus and
solidus temperatures.

Some measurements ¢f the effect of stoichiometry on the liquidus-
solidus of the systelm have been reported by Aitken et al (25).
The liquidus temperature changes little and the difference in
solidus temperature when the 0/M ratio changes from 2.00 to 1.92
is ca. 80°C for Pu/U+Pu ratios of 0.2.

1.3.2., The Thermodynamic data for the U-Pu-0 system

Using the extrapolated oxygen potential data of Markin and

McIver (26), revorted in the oxide panel meeting togetrher with
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the thermodynamic data for the gas phase molecules UO3’ UOQ, vo,

U and Puoz, Pu0, Pu obtained from vapour pressure measurements

of the metal or the appropriate binary systems Markin and Rand
(27) have calculated the individual species gas pressures and the
total pressure above the U~Pu-0 system as a function of 0/U+Pu

for a given Pu/U+Pu ratio. Some results of the calcultions are
shown in Pig. 25 for 2000°K, and the total pressure passes through
a minimum at rvMO1.967; this, however, is not associated with a
congruently vaporizing composition, nor with a constant vavpour
composition.

These calculations and experimental measurements on this system
which will be discussed.are of great significance to the re-
distribution of U and Pu via the gas phase in a fuel element.

Experimental measurements on the vaporization of the U-Pu-0
system have been reported by Ohse and Olson (28), Battles et al
(29>7and Dean at al (18). Soéme earlier work at Fontenay—aux-
Roses oh the Yaporization was reported to the Vienna Panel (13).

The ¢onditions of the various vaporization experiments are shown
in Table 1.

v }
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TABLE

1

Vaporization experiments on U-Pu oxides

Reference Composition Temperature Method
‘ R
(initial) e
("K)
28 U Pu 0 1800-2350 Knudsen effusion
0.85" "0.1572-x target collection
B and mass spectro-~
x = 0 to 0.06 metry
29 U Pu 0 1905-2411 Knudsen effusion
0.8770.272-x mass loss, and
x =0 to 0.008 mass spectro-
metry
18 U Pu 0. 18142220 Knudsen effusion
0.5 70.571=x and target
UO 76Puo 2402_X collection
13 U Pu, A0 1800-2500 Knudsen effusion
01" 70,97 2-x and target
collection
Uo.2%% ,8%x




Ohse and Olson (28) heated the samples of mixed oxides in tung-
sten effusion cells using ‘an electron beam furnace. The tech-
nique employed allows the determination of partial pressures of
the gas phase components by simultaneous application of the ef-
fusion collection technigque and mass spectrometric analysis. The
relative abundances of Pu0, PuO2, UO3 and UO2 in the vapour
above UO.85PUO.1502—X whose x ranged from O to 0.06 were de-
termined. These workers Took great care in avoiding the inherent
problems of fragmentation, particularly that of UO3 by using
electron energies below the fragmentation potentials, and by use of
direct calibration and obtained the relationship (e.g. for UOZ)

1t e 7

- C
U02

= pUo2 U0,

where € 1s a specific im sensitivity factor . All the specific
ion sensitivity factors for the various gas phase svecies were

determined, and thus all the partial pressures could be deter-

mined at any composition by measurement of the ion ceurrents.

Fig, 22 shows the isothermal rate of the composition change of
the solid solution UO.SSPuO°1502 + x as a function of time. 4
quasi-congruent evaporating composition close to 0/M = 1.97
is approached from both sides of the composition range. The

partial pressures of Pqu, Puo, UOB’ and U02 over UO.85PuO.1501.969

in the temperature range from 2000-2350°K are given in Fig, 23.
From these relationships the second law partial enthalpy and
entropy changes at this quasi-congruently evaporating composition
of 0/M = 1.969 assuming the change in Cp to be negligible in

the measured temperature range were obtained. Because of the
rapid change of composition at both extremities of the substoi-
chiometric single phase region (Fig, 21), log(I™,T)

or 1og.Pi versus % measurements camnot necessarily be interpreted
as the partial enthalpy values.

Finally using the modified date for ZSG%(Puoz)

namely. AGy = - 102,700 4 3.16 T cal/mole
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comvared with the previous deata
262 = - 113,100 + 4.35 T cal/mole

obtained from earlier assessment of Ackermann, Faircloth,

and Rand (30), whilst the new value was obtained from the more
recent measurements of Ohse and Ciani (31) of the Pu~0 system,
TFogether with the pressure data for the gas species, Ohse and
Olson obtained very good agreement for the oxygen potential

of thesystem at 21080K, namely --117 to' =118 Kcal.mole 02—1 from
both the reactions

2(Pu0) + (0,) == 2(Puoy,)
and
2(00,) + (05) == 2(U05)

The oxygen potential is also in good agreement with the pre-
dictions assuming ideal solid solution in the solid.

The investigations of Battles et al (29) are comparable altnough
the Pu concentration was slightly higher - the compositions

examined were Uy gPuy 50 with 1.92 < 0/M <« 2,00.

2-x
The Knudsen effusion cells used in the study were made of WV,

Re and Ir. Vapour speciles typical of the vaporization of

W or Re oxides were observed when the mixed oxide (0/M ~2.0) was
heated at ca. 1200°C or higher in W or Re effusion cells. Be-
cause of this incompatibility of the oxide with W and Re,
iridium cells were usedo

The ion intensities of UOT, U0,%, U03+, Pu0* and Pu0,* were
measured as in the experiments of Ohse and Olson, and these
were the only gas phase species detected.

A curious feature of these measurements is that the ion ex-
tensity of U03+ was determined using an ionising electron energy
of 15 eV, which 1s greater than the fragmentation potential

of U03+, which was given by Pattorgt et 2l (32) as 13,6 + 1 eV
The fact that U0T was also found €ould again have been formed

by the fragmentation of U02+, the fragmentation potential being



13.6 + 0.5 eV. The interpretation of the log(I*T) - % plots
can only be made providing the composition of the solia for a
series of measurements does not change markedly with time,
that is,one 1s close to a quasi congruent -vapori ation, and that
this point does not change much with temperature. The values
for the heat of sublimation from the two studies are shown in
Table 2, which clearly shows the discrepancy in the data for
UOB'
At 2241OK, the vapour pressure was calculated for the system by
determining the rate of effusion from the oxide, and from the
ion intensities which showed UO2+ t0 be the predominant species,
the pressure of the gas was calculated., The total pressure de-
creased significantly as the O/M ratio decreased from 2.0 1o
about 1.94. The partial pressure derived from the ilon in-
tensivities by assuming that the ionizatlon cross sections and
multiplier~ efficiencies are assumed equal. The estimated partial
pressures of the species are shown in Fig, 24. There anpears to
e no minimum as predicted in the calculations and found by Ohse
and Olson in the range of O/M from 1.92 to 2.00. There is a
discrepancy in the pressures of oxygen gas calculated from the two
equilibria

U,(g) + 0(g) = TU05(g)

Puo(g) + O(g & 'Puo,(g)

and the pressures are higher than predicted from the extrapdastion
of Markin and Rands data even for curve A (Fig. 25).

It is appropriate here to mention the earlier work revorted by
Pascard (13), for U-Pu oxides conmtaining 10, 20, and 25% Pu

the datii for which were reported only in terms of U and Pu bear-
ing species indicating that the pressures of U hearing svecies are
greater than those of Pu bearing species for 0/M ratios between
1.95 and 2,00,

The study of Deen et 2l (18) extends the composition of Pu up to
Pu/U+Pu ratios .of 0.50 and 0.,76. Free enegy of formation data
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TALBLE 2

Eﬁthalnies of vaporization of the gas-phase species

above U-~Pu oxides.

Composition Gas Temperature | Enthalpy of vaporiz-
of specles Range ation
solid (0K) Kcals/mole
Ref.29 Ref .28
UO.SPuO.2O2.OO—192 UO3 1905-2411 158.5+2.0 | 115.8+4.2
(Ref. 29) (Ref.29)
UO.859u0.1501.969 UO2 2000-2350 146.3+1.7 | 148.4+2.3
(Ref.28) (Ref928)
Pu02 139.4+1.8 | 141.945.0
Pul 123.4+1.7 | 124.5+1.3
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for Pud(g) and Puoz(g) were determined from the evaporation of
the binary system Pu-0 and from the ternary system with Pu/U+Pu
= 0.,76. PuO2 gas was fcund to be more stable than previously
reported by Ohse and Ciani

.0 _
‘:Gf(Puoz) =

and this value of PuO2 suggests that the values for

-117.700 + 3.05 cal.mole™

glﬁb should
be corrected slightly from those given by the extrapolat%on of
the data of Markin and Rand (27). Some specific heat data (Cp)
have been reported in the temperature range between 1600°¢C

and the melting points by Affortit’ and Marcon (33).

Experiments on the thermal diffusion of oxygen in hyperstoi-
chiometric urania - 15% plutonia solid solutions (34) also sug-
gest that there may be a non-linear dependence of AG
temperature when T > 1200°C.

on
05

Some data on the vaporization of UO.S?uO.502.1O at 1814°¢ (18)
are - also available; and on the basis of the experimental results
suggested that the oxyge: potentials should be modified, the
presence of UO3 was found to be less than that calculated, but
some difficulty would be encountered in defining the composition
of the solid for a given pressure measurement.,

“easurements of the partial molal heat of solution ( zsﬁb )

for the mixed oxides with Puw/U+Pu = 0.70 and 0.715 have al%o

been reported, and are in sexmi-guantitative agreement with those
of Markin and Rand.
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vresence of Sr0 at 1500°C in the presence of oxygen at a po-
tential of -110 Kcal.mole 102. The variation in parameter was
given by a, = 5.4700 - 0,0046 x & where x is the mole% of Sr0
(maximum ca. 12 mole%).

There are again a series of uranates (with 6 velent TU) SrU4013,
Sr2U3 11 SrUO4, Sr2U05, Sr3U06. SrU0, has an ¢l -rhombohedral

form isomorphous with CalO,, and a B-orthorhombic form isomorphous
with BalO,. Cordfunke and Loopstra (7) have measured the heat of
solution of these compounds in nitric acid and have calculated the
values for the heat of formation (’I&Hf298> as SrU4O3 ~ 1424¥cal-
mole” (estlmated), 8r,U5044 — 1242 Keal. mole ', : A -SrU0, - 469.6
Kcal.mole™ ', 8-SrU0, - 469.9 Keal.mole™ ', Sr,U0; - 617.2 Kcal.
mole-1, Sr3U06 - 760.2 Kcal.mole-1.

2¢1.4. The Sr-Pu-0 system

A cubic perovskite SrPuO3 exists as well as compounds containing
6-valent Pu (5,6).

2.17.5., The Ba-Zr-0 and Sr-Zr-0 systens.

Zr being a2 major fission product as well as Sr and Ba, the pos-
sibility of the formation of Ba and Sr zirconates in irradiated
Fuels must be considered, so0lid solutions of the form Ba1_XSrXZrO3
with a perovskite structure may be formed under certain conditions.

The formation of the Ba and Sr uranates, plutonates and zirconates

or solid solutions of all components, namely Ba1_xSrX(U1_y_ZPuyZ%)O 3
and Eh: equilibria with Ba0 and Sr0 and also with the mixed U,Pu
oxides with some solubility of Zr in the oxide matrix are very
complex problems but it would be interesting to obtain correlations
between the oxygen potential of the fuel matrix and the chemical

form of the grey inclusions containing Ba., In some calculations

of the chemical state of an irradiated fuel (8) the formation of
BaZrO3 has been assumed, and there has been some evidence for this
compound from studies by Bradbury et al (9) on irradiated U0, .

Ba and Zr were found together with some Sr by microprobe analysis.
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Schmitz (10) sinmulated a UO 8 O 5 oxide fuel with 25 fission
product elements with a burn—un of 2%; +the O/M ratio was 1.978,
A grey phase was found in the s1mulated oxide which was a

Ly
(U~Pu) Ba-0 phase. Howevery,a simulation exveriment reported by

Schmitz et al (11) in which 16% burn-up was simulated in a Uy . e,
oxide fuel, a grey phase containing Ba and Zr but with no U and Pu
was found. Oi and Tanabe (12) found that Ba was segregated on

the surface of slightly irradiated single crystals of U02. 0'Boyle
et al (13) examined a U02—20wt% Pu0, with 0/M = 2,00 irradiated in
a fast neutron flux to a burn-up of 2.7%. Microprobe analysis re-
vealed a grey phase which contained Ba, Sr and Ce. The Ce was be=-

14055 that originated from the

lieved to be a daughter product of
decay chain:

140

16 sec Xe —» 66 sec Cs—> 12.8 day Ba - 40,2 h La

—> stable Ce.

140Ba is probably stable for a sufficient time to nucleate before

decaying to Ce.,

Clearly the conditions under which ﬁhese various phases containing
Ba, Sr, Zr and sometimes U and Pu require further assessment.

N
The eutectic temperature for Ba0 and BaZrO3 and for Sr0 and SrZrO3
are given as (14) 2OOOO and 2200° C at ca. 50 mole% Ba0 and ca.
20 mole% Sr0.

2.17.6, The U-Zr-O-system

Cohen and Schaner (15) investigated the phase relationships in this
systen and presented data for temperatures greater than 1000°¢C.

The phase diagram presented by these authors is shown in Fig. 2.

A continuous solid solution was established in the temperature

range 2300 to 255000 This so0lid solution has the fluorite structure.
Pure ZrO2 undergoes two transitions monoclinic - tetragonal (1170 +
20°¢) and tetragonal-cubic (2285 + 15 °C) before the melting point

is reached (2710 + 30°C). A two-phase region was found above 1660°C
and extends to ca. 230000 on the ZrO2-rich composition side. The
phases in this region are f.c.cubic and f.c.tetragonal. The tem-



— 40 —

perature at which the,ZrOQ-rich phase in the two-phase region
transforms to the monoclinic structure was given as A/100°C,

and the solubility of Zr0, in U0, was given as ~ 12 mole%.

Romberger et al (16) extended these phase equilibria studies to
lower temperatures by the use of a molten fluoride 'flux' which
provided a means of readily obtaining the equilibrium phases at
temperatures less than 1200°C., The revised phase diagram is

shown in Fig. 3, and when compared with Fig, 2 it is seen that the
later study indicates a more rapid decrease in the mutual solubil-
ity of the cubic and tetragonal phases below 1600°C. The eutectoid
temperature is given as 111000, this 1is a much higher temperature
than the pevious estimate. The eutectold composition.was at 2.8
mole% U0,

2.17.7. The Pu-Zr-0 system

The earlier work on this system (17) has been recently extended
by Mardon et al (18). These studies on samples with 0/M ratios
1.617 to 2.00. showed that the stabilization of cubic ZrO2 by
PuO2 to room vemperature as previously observed is related to the
presence of reduced oxides,the compositions of which lie on the
Pu0y 617205
ZrO2 is stabilised over a wide range of PuO2 contents at high
temperatures whilst at lower ftemperatures the solubility of PuO2

tie line. In the fully oxidised state tetragonal

in the tetragonal phase appears to pass through a maximum at ca.
1OOOOC and then decreases rapidly, leaving a wide two-phase
region of Pu02—rich cubic (Pu,Zr)O2 plus Zr02-rich tetragonal
(Pu,Zr)O2.

in PuOQ-rich samples there is evidence of the existence of fluorite,
C-type rare-—-earth oxide.and pyrochlore structures at different oxy-
gen potentials. The pyrochlore structure is based on the compo-
sition Pu2Zr207. A possible room temperature isothermal section
for‘Pqu-PuO1.5-ZrO2 is shown in Fig. 4

The lattice parameters for the fluorite Pu02—2r02 solution do not
deviate from Vegard's law.
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A comparison of the U-Zr-0 and Pu-Zr-0 phdse relationship

The phase relationshipsshow a number of regions of similarity but
also marked differences.

Both systems have complete solubility in the cubic phase field

at high temperatures, extensive solubility in tetragonal ZrO2

and only limited solubility in monoclinic ZrOZ. In the case of
the Pu system, stabilisation of tetragonal ZrO2 occurs ovii a nmuch
wider composition and temperature than in the U-system and does not
appear to be any eutectoidal decomposition of the tetragonal phease
into cubic plus monoclinic structures as observed in the UO2--ZrO2
system.

The solubility 1limit of ZrO2 in the fluorite cell of PuO2 is
significantly higher at low temperatures than is the solubility

of 2r0, in U0, (14); +this may reflect the slightly more favourable
size difference between the PuO2 and ZrO2 cells than between UO2

and Zr0, cells, 5% and 7% respectively.

Romberger et al (15), however, obtained very low figures for the
mutual solubilities of UO2 and ZrO2 at temperatures below 1200°¢.
For the low and high temperature data to be consistent large
deviations from ideality for the solid solutions must occur.

The Zr formed in fission will be dissolved in the fluorite solid
solution of the fuel matrix, this has, indeed, been found in the
examination of irradiated oxides (13) as well as Y and the rare
earths., There is an extensive reégion of fluorite solid solution
at the actinide-rich end of these systems.

2,1.8. The U-Y-0 system

Bartram et al (19) have describedthe phase relationships in the
region UOB—UOZ—YZOB of this ternary system. A phase diagram for
the temperature range 1000 ©_1700°C is shown in Fig, 5. 1In the
diagram the sol®d lines represent established phase boundaries and
the long-dash lines represent probable boundaries which are not
well established. The short-dash lines denote the approximate
composition line for three experimental conditions (a) hydrogen

- 40°C dew point, 1700°¢; (b) air 1000°C, and (c¢) 10 coz/co
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at 150000. The phase diagram shows a U308 phase, a f.c.c. fluorite
cubic solid solution phase, a b.c.c. phase (rare earth C-type
oxide) and two rhombohedral phases, The rhombohedral phases 60—
cur over a range of yttria compositions but at a constant oxygen
to metal ratio of 1.71 and 1.87. The solubility of YZOB in
the f.c.c. fluorite SOlld solution ranges from O to 50 mole% Y O3
in dcy hydrogen at 1700°C, and from 33 to 60 mole% Y O3 in air at
1000°C. As the yttria concentration is increased above 18 mole%
the fluorjite—U3
position line. The b.c.c. solid solution extends from 80 to 100

O8 phase boundary follows close to the MO2 com-

mole%.Y203 in hydrogen; however, in air above 1000°C there is litt-
le or no solubility of UO3° Low temperature oxidation gives a
maximum ratio for 0/M of sa. 1.56 for the b.c.c. solid solution.

2.1.9, The U-La-0 system
Diehl and Keller (20) have recently published data on the UOZ-UOB-
La 1 5 system. A section of the phase diagram at 1250°C is shown
in Flg. 6. At 1250°C the following features were observed:

a) No La solubility in B-U308.
b) The fluorite (U,La)O2+X exists over a considerable range of
composition. -

¢) A rhombohedral phase 1, an ordered phase which occurs at the
limiting compositions UO3 6La01 5(M7012) with U6+, and
00, 6La.O,I 5(17 11) with U4+, and with a phase width correspond-

ing to the compositions UO2 55LaO1 5 and UO2 5 ’7LaO1 5

d) 4 rhombohedral phase II, this phase extends from 71.5 to 76,5
mole% La0, 5 for U(VI) and shows only 1little phase width with
respect to 0/M ratio. Above 131000 this ordered phase trans-
forms reversibly to a disordered phase having a fluorite
structure. |

2.1.170., The U-Nd~-0 system

The system UO2 UO3 Nd01 .5 has recently been described by Borou-
jerdi (21). At 1250°C this system was found to consist of four
single-phase régions and three two-phase reglons, a section of the

system 1is shown in Fig. 7., The single-phase regions are, B_UBOS



— 43 —

and no solubility of I\TdO,].5 could be detected; the f.c.c. fluo-
rite phase (U,Nd)o2+X which covers a large area of the system. The
limiting metal:oxygen compositions in this phase are MO, o &nd
M02.25. A rhombohedral phase occurs with limiting compositions

UO2 6NdO,].5 and UO3 6Nd0135. No variation in the U and Nd con-
centrations was found; this is a different behavior to the La system.
There is no solubility of U in the hexagonal A-type Ndo,]_5 lattice.

In the quasi-binary section U0, ~Nd0, 5(p(02) = 1 atm) the phase
width of the fluorite phase (U,Nd)O2+X increases with rising

temperature,

2.17.71, The U-Ce-0 system

Using high temperature X-ray powder techniques Markin et al (22)
constructed a ternary phase diagram between UOZ—UBOB and CeOz-CeO1 81

for all concentrations of Ce and for temperatures between room-
temperature and 600°C. Reduction of oxides to a hypostoichiometric
composition where z » 0.35 for U,]_zCezO2+X results in the formation
of two phases MOQ.OO and MO2_X in equilibrium at room temperature.
Upon heating the two-phase product a single-phase is formed at a
temperature dependent on the value of z. The 0/M ratios of the
v to Ce
and represent an intermediate phase. In this respect the Ce-0 (23)

MO,_, phase correspond only to a partial reduction of Ce 11l

and the U~-Ce-0 systems are similar. Reduction of oxides with

z K0,35 results in a single f.c.c. phase at all temperatures.
Partial oxidation to a hyperstoichiometric composition when z < 0.5
results in either a single-phase f.c.c. M02+X, or MO2+X in equi-
libriam with an M409 phase. Purther oxidation causes the dis=-
appearance of the M02+Xphase; the M409 phase is then in equi-
librium with a M308-y type phase.

Partial oxidation to a hyperstoichiometric composition when

z > 0.5 results in a single-f.c.c. M02+X phase. Phase dilagrams
at room temperature, 200°, 400°, 600°C are shown in Fig. 8. U0,
and CeO2 solid solutions obey Vegard's law,

Markin and Crouch (24) used a gas equilibrium technique to obtain
thermodynamic data at 800 - 9500C, that 1s oxygen potentials for
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hypostoichiometric U-Ce-0 (U1_XCeX02_y) where 0.10 L z £ 0.75.
Plots of partial molal enthalpy and entropy for the system show
great similarity to plots for the (U,Pu) oxides but a very dif-
ferent behaviour to the pure oxide systemn, Ceog.__X and PuOQ_X. The
similarity between enthalpy plots for the mixed oxides supports
the idea that 0 vacancies cannot locally order in the presence of
moderately high concentrations of U(IV) ions.

The relationships between Ce valency and 1}@0 are shown in
Fig. 9, and do not lie on one plot for all co%centrations as for

the (U,Pu)O2iX system,

2.1.12. The U-G4d-0 system

Some studies on this system have been described by Beale at al (25).
Solid solutions between UO2 and Gd203 prepared by sintering the
oxides together at 17OOOC in dry hydrogen exist up to G4/U+Gd ratios
of 0.80; +the solutions had a f.c.c. structure and the relation
between lattice parameter and Gd concentration was linear. The
0/U+Gd ratios were not determined. '

2.7.173. The Pu-Ce-0 system '

The only work reported on the rare earth-Pu-0 systems, that is for
the rare earths which are present in reasonable guantities, is

on the Pu~Ce-0, Mulford and'Ellinger (27) have shown that the
lattice parameters for solid solutions of CeOQ-PuO2 obey Vegard's
law,

2.2 The fission product elements: Nb, Mo, Tc, Ru, Rh, and Pd

The oxides of the first three elements, namely Nb, Mo,

and Tc form oxides which are more stable than Ru, Rh, and Pd.

No is considered to be present in an oxidized state as a separate
phase,

The transition metals Mo, Tec, Ru, Rh, and P4 are present in the
form of a single-phase alloy which has been identified in ir-
radiated oxide fuels (9,13,28-32). The actual concentration -
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of the elements in these inclusims depends on the temperature
and position in the irradiated fuel.

Bramman et al (30) extracted these inclusions from the burnt

oxide fuel of initial composition. UO.85Pu0.1502 which had been
irradiated in the Dounreay Fast Reactor to 8-8,5% burn-up. The
composition of the mechanically extracted inclusions was Mo 39.1

- wt%, Te 14.2 Wt%, Ru 30.4 wt%, Rh 6,7 wt%, and this alloy had an
hexagonal structure with a = 2.73 + 0.02 4, C, = 4.444 + 0.04 2.
An attempt was made to prepare a synthetic alloy containing the
same quantities of Mo, Tc, Ru and Rh by Bramman et al, but some

Rh was lost during the preparation, the composition was (normalised
o 100% total) Mo 43.5 wt%, Te 17.7 wi%, Ru 35.5 wt%, Rh 3.3.wtuw.
Although the X-ray diffraction pattern indicated the presence

of only a single-phase hexagonal structure with cell size

e = 2,761 + 0.0028, ¢

0 o
probe analysis showed. signs of a second-phase (5% volume) which rad

= 4.439 + 0.005 R, examination by micro-

a composition close to MoéRuTc. The melting point of the alloy was

between 1800 and 1900°C. The hexagonal alloy has the same struciure
as the Mo-RBu alloys with the hexagonal close packed phase - t-phase

(33)e This structure extends from 45 to 82 at % Rh, and the lattice
parameters accurate to + 0.0002 A were:

At % Rh Annealing Temperature a, c,
°¢c 2
[
45,2 1700 2,7597 4.4347
58,7 1750 2.7435 4.3907
80.9 1760 2.7199 4.3464

The chemically extracted inclusionsin the studies of Bramman et 2l
(30) were found to have some P3 present.,A composition was given as
Mo 41.0 wt%, Tc 14.9 wt%, Pu 31.9 wt%, Rh 7.1 wt%, Pd 2.0 wt%.
One of the reasons why the composition of the alloy inclusion
changes with radial position is that the alloy can oxidise to form

MoO2 providing the O2 potential is high enough.
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This phenomenon is illustrated in the studies of Davies and »
Ewart (34), when the inclusions in two irradiated plutonium oxides
of different initial stoichiometry were examined. The composition

of the inclusions 1s given below.

Initial fuel Composition range of inclusions in irradiated
R plutonium oxides
composition
Mo Tc Ru Rh Pa
Puo.] 7 8.5""1.5 4‘-2-804‘ 7-8-1507 4‘06-6-9 6-1008
(11.7) (6.1) (12.1) (5.8) (9.5)
Puo, o 0.3-1.5 *1.2-3,1 5.9-15,3. 1.3-6.6 0,9-13.2

(0.9) (1.7) (8.0) = (3.7) (7.9)

(average values in brackets)

Although there are very large scatters on the results it is ap-
varent that for the oxide with the higher stoichiometry not only
Mo but also Tc has been oxidised,

TcO, is less stable than MoO, by more than 20 Keal,mole™ '. Thus,
5 will
be formed and not until all the Mo has been oxidised will Tc¢ be

when the alloys are oxidised it would be expected that MoO

oxidised. It is also worthwhile noting that the reaction
< Moy + (02) <= <If[002>

may not buffer the oxygen potential in a burnt fuel. The Mo is not
at unit activity, dissolved in the 5-component alloy (IMo-Tc-Ru-
Rh-Pd) and immediately fhe alloy 1s oxidising the Mo concentration
and thus its activity decreases and higher oxygen potentials are
required to oxidise the alloys If ideal solution is assumed for Mo
in the alloy, its atom fraction will be ca. 0.3C. The oxygen po=-
tentials required to oxidise pureMo and Mo of lower activities, i.e.
for the reaction

[Moj v (0,) & <Moo, .
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A difference of ca, 14 Kcals. at 2000 X is found for the oxygen
potential for the above reaction when 8y = 1, and o = 0.03.
This is illustrated in Fig, 10.

O'Boyle et al also extracted an inclusion from irradiated oxide
materials (13) with the composition 20.C ws% Mo, 16.6 wt% Tc,

48.6 wt% Ru, 12.9 wt% Rh, 2.0 wt% Pd. U, Pu, C,N,0 were not de-
tected and there was a tendency for both Mo and Pd to migrate
towards the colder regions of the fuel. An alloy was prepared

with thelsame composition as the inclusion and was found to have an
hexagonal structure with a = 2.735 + 0,001 and ¢, = 4.355 + 0.0071 2.
In the irradiated oxides examined by Bramman et al (30) a second
cubic metallic phase adjacent to the Mo-Tc-Ru-Rh-Pd-alloy was found.
The composition of this inclusion was 25.4 wt% U, 13.5 wt% Pu,

38.4 wt% Pa, 11.9 wt% Rh, and 2.5 wt%Ru. The lattice parameter of
this cubic phase was a, = 4.127 + 0.002 2. Clearly, this compound
is of the GuBAu type, and similar to URu3 (35) and URh3 which have

lattice parameters a, - 3.988 2 and a_ = 4,063 ﬁ,respectively.

0
It has to be expected that the U and Pu concentrations in tnis al-
loy would be different from the fuel matrix, namely Pu/U+Pu = 0.15.

Schmitz et al (11) also observed this phase in a2 simulation of

oxide fuel at 16 % burn-up. Microprobe analysis showed there to

be a UPd3 phase present in addition to the expected Mo-Tc-Ru-Rh~

Pd alloy, in this simulation this alloy contained Re as a substitute
for Te, and also some Nb.

The formation of these actinide-group VII element alloys is
curious at the stated initial oxygen, concentrations of the fuel
were close to 2 in the studies of Bramman et al and in those of
Schmitz et al. The free energy of formation of URu3 has been
measured by Holleck and Kleykamp (36) using a . CaF2 electrolyte
galvanic cell in the temperature range 1000-1140°K. The value for
the fﬁee energy of formation was ZlG%.{URué} = =53800 + 8.4 T cal,
mole” '. Campbell et al (37) measured the free energy of formation
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of PuRu2 (there is no PuRu_ compound in the Pu~Ru system) using
an BE.M.F, cell with a liquld chloride electrolyte in the temperature
range 935-1069OK, which was given as

A O _ -1
AGf;(PuRu2$ = =26800 + 6,9 T cal.mole

The compounds of the U systems are most likely more stable than the
corresponding alloys of the Pu system. Where the U potentials of the
region Ru + URué are extrapolated to the temperatures appropriate

to a fuel element, the equilibrium U oxide would be hypostoichio-
netric UO2_X. This is borne out by the observations that actinide-
group VIII element compouris can only be made by reaction of the
oxide and metal in very reducing atmospheres (i.e. dry hydrogen)(38).

2.3, The systems involving Cs, Rb, and I

Cs and Rb have very low melting points, 300 and 3900, respectively,
and because of their high vapour pressures are expected to be

found in the colder regions of the fuel element, namely, in the
region between the fuel and the cladding.

Some iodine will also be found in this ligquid phase; this liguid
nnase will also dissolve oxygen; the amount of oxygen depending

on the oxygen potential of the fuel surface. A relation is re-

guired between the oxygen potenfial and oxygen concentration Ifor
these Cs-Rb-0-I solutions.

The mode of reaction between this solution and the stainless steel
cladding materials will depend markedly on the oxygen potential:

the conditions under which compounds in the ternary systems Cs-Cr-0,
Cs-Mo-0 form are not yet known. The formation of Cs (and RbD)
uranates and plutonates must also be considered as is also required
for a 'failed' fuel element pin situation where sodium primary
coolant can come into direct contact with the oxides, and then

the formation of sodium uranates and plutonates and the conditions
under which they form must be considered (39),

Ohse 2nd Schlechter (40) have considered several aspects of the
role of Caesium in fuel-cladding interactions.
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204, The Te and Se systems

Te has been found associated with Ag in the region of the metallic-~
“ransition element inclusions by Huber and Kleykamp (31) in ir-

rediatved UO.15PuO.85O1998i 0.01.

The actual chemical form of %»oth these fission products is not
xnow.. although due to their high vapour pressures they could mi-
grate via the gas phase to the colder regions of the fuel elements.

U and Pu oxy-tellurides and oxyselenices are kunown to exist tut
the actual oxygen potential at which these compounds form has not
been determined., There are, of course, a series of U and Pu
tellurides and selenides.

2.4.17. The U-Te-0 system

The ternary compound UOTe has been reported (471) to possess a
tetragonal symmetry of the PbFCLl type with.lattice parameters

ao = 4,004 ﬁ, ¢ = Teadg1 3. A second ternary phase U2O2Te hes re-
cently been identified (42) with a b.c.tetragonal cell(ao = |
%.964 CQ=12.346 ﬁ) and as isomorphous with the rare earth oxytellu-
rides (43). A tentative phase diagram for this system at 1200°C
has been given by Breeze (44) and is shown in Fig. 11. The oxygen
potential for the phase fields in which the oxytellurides are pre-
sent would be required before any assessment as to their likely

presence in a "burnt' oxide fuel can be made.

2¢4.2, The Pu-Te-0 system

Pu202Te is the only reported ternary compound of the system as is
reported to be isomorphous with U,0,Te (45).

2¢4.%3. The U-Se~0 system

Breeze (44) has also presented a possible phase diagram for this
systen at 6OOOC, see Fig., 12, Again the oxygen potentials
of the phase fields involving UOSe the only ternary compound of the

system are required. UOSe crystallises with a tetragonal sym-
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metry with a PbFC1l type phase with lattice parameters a0=3.9005 2
and'co = 6.9823 %, No evidence was obtained by Breeze for a
U202Se compound.

2.4,4, The Pu-Se~0 system

Yo data is available for the ternary phase diagram but two ter-
nary compounds exist, PuOSe with a tetragonal (P4/mmm)

structure (ao = 4,151 & cy = 8.369 i), and Pu,0,Se which is not
isomorphous with U202Te but crystallises with the A-type hexagonal

La,05 structure (aj = 3.957 ? c, = 6.977 R) (46).
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FPIG, 4 Proposed room-temperature isothermal section Pu02-Pu01 —ZrO2 (ref 18)
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