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. INTRODUCTION

A thermodynamic database collecting critical assessments made for nuclear applications
has been built since 2003 for the MOX fuel.

MOX-TDB

is a thermodynamic database for in-vessel applications containing 9 + 2 elements :

Ba-Fe-La-O-Pu-Ru-Sr-U-Zr + Ar-H

This database covers the entire field from metal to oxide domains. It allows the user to
calculate the thermodynamic equilibrium states and to use the results of the thermodynamic approach
for improving the predictions of thermo-hydraulic or other codes.

The CALPHAD method, has been used here. It consists in describing the Gibbs energy of
each phase in a given system, as a function of temperature, pressure and its composition taking into
account various properties like crystal structure, solubility of elements on various types of sites etc.
Thermodynamic databases provide consistent and accurate information for a better understanding of
very complex phenomena.
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2. DATA in the SYSTEM Ba-Fe-La-O-Pu-Ru-Sr-U-Zr + Ar-H

2.1. LIST of the SYSTEMS.

The lists of the assessed binary and quasi-binary systems are respectively presented in
Table 1 and Table 2.

Table 1 Binary systems (36) in MOX-TDB.

Element Ba Fe La (o] Pu Ru Sr U Zr
Ba - 1 2 3 4 5 6 7 8
Fe - - 9 10 11 12 13 14 15
La - - - 16 17 18 19 20 21
(0] - - - - 22 23 24 25 26
Pu - - - - - 27 28 29 30
Ru - - - - - - 31 32 33
Sr - - - - - - - 34 35
] - - - - - - - - 36
Zr - - - - - - - - -

Table 2 Quasi-binary systems (28) in MOX-TDB.

Oxide BaO FeO FeO, s LaO, 5 OSr O,Pu o,U 0.Zr
BaO - 1 2 3 4 5 6 7
FeO - - 8 9 10 11 12 13
FeO, 5 - - - 14 15 16 17 18
LaO; s - - - - 19 20 21 22
OSr - - - - - 23 24 25
O,Pu - - - - - - 26 27
o,uU - - - - - - - 28
O,Zr - - - - - - - -

Only the most important ternary systems were critically assessed. The list is presented in
Table 3.

Table 3 Ternary assessed systems (10) in MOX-TDB.

Fe-O-Pu Fe-Pu-U Fe-U-Zr O-Pu-U O-U-Zr Pu-U-Zr
Fe-O-U Fe-Pu-Zr O-Pu-zr
Fe-O-Zr

For all the other ternary systems including one or more of the elements Ba, La, Ru and Sr,
the ternary parameters have been estimated by analogy with other systems of the same type or
considered as null.
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2.2. LIST of PHASES.

2.2.1. Condensed solutions.

The analysis of the binary and ternary phase diagrams allowed the listing of all the possible
phases in the complex system.

The solution phases are the following :

Liquid (L) All the elements and pure oxides, except O,Ru, are present in the liquid state. The
associated non-ideal model is based on the 18 liquid following species : [Ba, BaO, Fe,
FeO, FeO; s, La, LaO45, O, OPu, OSr, O,Pu, O.U, OxZr, Pu, Ru, Sr, U, Zrl<L>.

The existence of miscibility gaps in the metal-oxygen systems Fe-O, La-O, O-Pu and O-
U, the liquid has to be separated in 2 domains :

= Liquid <Ba, Fe, La, O, Pu, Ru, Sr, U, Zr> (1) metallic liquid phase, with a limited
solubility of oxygen.

= Liquid <Ba, Fe, La, O, Pu, Ru, Sr, U, Zr> (2) oxide liquid phase, with a large
solubility of oxygen.

The shape of the miscibility gap highly depends of the binary and ternary interaction
parameters in the metal-oxygen systems, which have been estimated from the available
experimental information.

More, few oxides systems may present a miscibility gap, such as Fe,O;-ZrO, (to
confirm) and Fe,O3-PuO.. There is a possibility for a second liquid phase with an oxide
type :

= Liquid <Ba, Fe, La, O, Pu, Ru, Sr, U, Zr> (3) liquid phase, with a large solubility
for oxygen.

Some metallic systems (Ba-Fe, Ba-La, Ba-Pu, Ba-Ru, Ba-Sr, Ba-U, Ba-Zr, Fe-Sr, La-
Pu, La-Sr, La-U, La-Zr, Pu-Sr, Ru-Sr, Sr-U, Sr-Zr) also presents a miscibility gap, but
the elements Ba, La, Ru and Sr are in small quantity (« reactor » case) and the
demixion in the metallic systems cannot appear.

Thus, it should be possible to imagine theoretically the coexistence of three liquid
phases at equilibrium, two with an oxide type and one metallic. Evidently, it is not
possible to distinguish « a priori » which liquid phase will be more or less rich in oxygen,
or which metallic phase will be more or less rich in one element. Consequently, the
liqguid phase should be written three times with the same name, LIQUID. The
thermodynamic data of these liquids are the same.

The melting temperatures (K) of the elements and pure oxides are : Ba [1000], Fe
[1811], La [1193], Pu [913], Ru [2607], Sr [1050], U [1408], Zr [2127.85] : BaO [2286],
Feo.0470 [1650], Fe,O3 [1925], La,05 [2586], PuO, [2715], SrO [2805], UO, [3120], ZrO,
[2987].

Bcc_A2 The metal elements such as Ba, Fe, La, Pu, Sr, U and Zr, have the cubic standard
structure centered (bcc_A2) as allotropic form, in the intervals of following temperature
(K) : Ba [298.15 -1000], Fe [298.15 - 1184.8], [1667.5 - 1811], La [1134 - 1193], Pu
[755.67 - 913], Sr[820 - 1050], U [1049 - 1408], Zr [1139.45 - 2127.85].

The solubility of oxygen in these metals [Ba, Fe, La, Pu, Sr, U] is limited or negligible
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and consequently, this phase is primarily of metallic type, except for the system Zr-O,
where maximum solubility in oxygen reaches approximately 13 at % O.

The equilibrium diagrams of phases of the binary systems shows various homogeneity
fields for the solid solutions of bcc_A2 type :

= Bcc_A2(1) <Fe, Pu, Ru, Zr> Final solid solution rich in iron, with a low solubility of
Pu and Zr and limited Ru (approximately 7 at % Ru).

= Bcc_A2(2) <Fe, O, Pu, Ru, Sr, U, Zr> Final solid solution rich in plutonium, uranium
and zirconium, with a limited solubility of
oxygen (approximately 13 at % O in O-Zr) and
of Ru (7 at % Ru in Ru-U and 11.4 at % Ru in
Ru-Zr) and a solubility of the other elements
weak (Fe, Sr) or negligible (Ba, La). The solid
solution  uranium-zirconium presents a
miscibility gap at low temperature (K) [970 -

1013].
= Bcc_A2(3) <Ba, Sr> Final solid solution rich in barium and strontium.
= Bcc_A2(4) <La, Pu> Final solid solution rich in lanthanum (< 25 at % Pu).

In the field of composition and temperature corresponding to the « reactor » cases, the
elements like Ba, Sr, La and Ru are in limited content, and consequently, the phases
bcc_A2(3) and bcc_A2 (4) are not likely to appear.

There are thus primarily two possible phases bcc_A2, the one rich in iron with a limited
solubility of Ru, bcc_A2(1) and the other rich in Pu, U, Zr, with a limited solubility of Ru,
bcc_A2(2). This phase can demix at low temperature (T < 1013 K).

Consequently, we decided to duplicate the solid solution bcc_A2 in the database,
simultaneously to represent the solid solution rich in iron and the solid solution rich in
Pu, U, Zr. The only notable differences between the two phases relate to the maximum
temperature of stability, respectively 1820 K for the phase rich in iron (Fe-Ru) and
2127.85 K for the phase rich in Pu, U, Zr (Zr).

Fcc_A1 The metallic elements such as Fe, La, Pu, Sr, have the cubic standard structure with
faces centered (fcc_A1) like allotropic form, in the following intervals of temperature
(K) : Fe [1184.8 - 1667.5], La [550 - 1134], Pu [593.06 - 736.40], Sr [298.15 - 820].

The solubility of oxygen in these metals is negligible and consequently, this phase is
primarily of metallic type.

The diagrams of phases of the binary systems shows various homogeneity fields for the
solid solutions of fcc_A1 type :

= Fcc_A1(1) <Fe, Pu, Ru, Zr> Final solid solution rich in iron, with negligible
solubility of Ba, La, O, Sr, U, a low solubility of Pu
and Zr (lower than 2 at %), and a wide solubility of
Ru (25 at % maximum).

= Fcc_A1(2) <Fe, Pu, Ru, U, Zr> Final solid solution rich in plutonium and
zirconium, with limited solubility of Fe, Ru, U (1 at
%), extended from Zr (60 at %), negligible of Ba,
La and Sr, O.

= Fcc_A1(3) <Ba, Sr> Final solid solution rich in Sr (up to 25% Ba).

© THERMODATA - January 2006 Page 8
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= Fcc_A1(4) <Ba, La, Pu> Final solid solution rich in La (< 25 at % Pu, 1.5 at %
Ba).

In the field of composition and temperature corresponding to the « reactor » cases, the
elements like Ba, Sr, La and Ru are in limited content and consequently, the phases
fcc_A1(3) and fcc_A1(4) are not likely to appear.

There are thus primarily two possible phases fcc_A1, the one rich in iron with a wide
solubility of Ru, fcc_A1(1) and the other rich in Pu and Zr, with a limited solubility of Fe,
Ru, U, fcc_A1(2).

Consequently, we decided to duplicate the solid solution fcc_A1 in the database,
simultaneously to represent the solid solution rich in iron and the solid solution rich in
Pu, Zr. The only notable differences between the two phases relate to the maximum
temperature of stability, respectively 1850 K for the phase rich in iron (Fe-Ru) and 900 K
for the phase rich in Pu, Zr (Zr).

Hcp_A3 The metallic elements such as Ru and Zr have the hexagonal standard structure
compact hcp_A3 like allotropic form, in the intervals of following temperature (K) : Ru
[298.15 - 2607], Zr [298.15 - 1139].

Solubility of oxygen in Ru is negligible (unknown), while that in Zr is limited (30 at %).
This phase is thus in metallic matter or metal-oxygen.

The diagrams of phases of the binary systems shows various homogeneity fields for the
solid solutions of hcp_A3 type :

= Hcp_A3(1) <Fe, Ru, Zr> Final solid solution rich in ruthenium, with negligible
solubility of Ba, La, O, Pu, Sr, U, a low solubility of Zr
(lower than 2 at %) and a wide solubility of Fe (60 at %
maximum).

= Hcp_A3(2) <O, Pu, Zr> Final solid solution rich in zirconium, with negligible
solubility of Ba, La, Fe, Sr, U, Zr, and a wide solubility of
Pu (15 at % maximum) and O (30 at %).

The phase hcp_A3 was thus duplicated in the database, the only difference between
the two final solid solutions rich in Ru or rich in Zr being the maximum temperature of
stability, respectively 2607 K and 2413 K.

Tet Metallic uranium U has the standard structure tetragonal, tet, like allotropic form, in the
temperature interval (K) [942 - 1049]. It dissolves small quantities of Fe, Ru, Zr, and
large quantities of Pu (25 at %).

= Tet <Fe, Pu, Ru, U, Zr> Final solid solution rich in uranium.

Ort_A20 Metallic uranium U has the orthogonal standard structure ort_AZ20, like allotropic form, in
the temperature interval [298.15 - 942 K]. It dissolves small quantities of Fe, Zr, and
large quantities of Pu (15 at %).

= Ort_A20 <Fe, Pu, U, Zr> Final solid solution rich in uranium.

Laves The binary systems Fe-Pu, Fe-U and Fe-Zr shows the existence of Laves compounds,
Fe,Pu(S) (T™ = 1514 K), FeyU(S) (T = 1507 K) and FeZr(S) (T™ = 1947 K).
Consequently, there is a quaternary phase of Laves :

© THERMODATA - January 2006 Page 9
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= Laves <Fe, Pu, U, Zr> Inter metallic quaternary solid solution.

FeMs The binary systems Fe-Pu and Fe-U shows the existence of compounds of type FePus
(T™ =703 K) and FeUs (T™ = 1077 K) of the same structure. Consequently, it exists a
ternary phase with the type FeMs.

= FeMg <Fe, Pu, U> Ternary solid solution.
B The binary systems Pu-U and Pu-Zr shows the existence of final solid ternary B<Pu, U>

and B<Pu, Zr> with a very weak solubility of U and Zr. It exists a final solid ternary
solution presenting the same characteristics :

= B<Pu, U, Zr> Final solid ternary rich in B-Pu with a very weak solubility of U
and Zr.
Y The binary systems Pu-U and Pu-Zr shows the existence of final solid solutions y<Pu,

U> and y<Pu, Zr> with a very weak solubility of U and Zr. It thus exists a final ternary
solid solution presenting the same characteristics.

= y<Pu, U, Zr> Final solid ternary solution rich in y-Pu with a very weak solubility
of U and Zr.
Tet_A6 The binary systems Pu-U and Pu-Zr shows the existence of final solid ternary solutions

Tet_A6<Pu, U> and Tet_A6<Pu, Zr> with a very weak solubility of U and Zr. It thus
exists a final solid ternary solution presenting the same characteristics :

= et A6<Pu, U, Zr> Final solid ternary solution rich in Tet_A6-Pu with a very weak
solubility of U and Zr.

4 The binary system Pu-U shows the existence of an intermediary solid solution rich in
Pu-U, {<Pu, U>. Experimental information shows an extension of that phase in the
ternary system Pu-U-Zr. It thus exists a solid ternary solution rich in Pu-U :

= (<Pu, U, Zr> Solid ternary solution rich in Pu-U with a very weak solubility of
Zr.
n The binary system Pu-U shows the existence of an intermediary solid solution rich in

Pu-U, n<Pu, U>. Experimental information shows an extension of that phase in the
ternary system Pu-U-Zr. It thus exists an solid ternary solution rich in Pu-U :

= n<Pu, U, Zr> Solid ternary solution rich in Pu-U with a very weak solubility of
Zr.
o The binary system Pu-Zr shows the existence of a final solid solution a<Pu, Zr> with a

very weak solubility of Zr :

= a<Pu, Zr> Final solid binary solution rich in o-Pu with a very weak solubility of
Zr.

© THERMODATA - January 2006 Page 10
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0 The binary system Pu-Zr shows the existence of an intermediary solid solution rich in
Pu-Zr, 6<Pu, Zr>:

= 0<Pu, Zr> Intermediary solid binary solution rich in Pu.

) The binary system U-Zr shows the existence of an intermediary solid solution rich in Zr,
o<U, Zr>:
= &<U, Zr> Intermediary binary solid solution rich in Zr.

Fcc_C1 The pure oxides O,Pu, O,U and O,Zr have the structure centered face cubic, fcc_C1,

with fluorite type (CaF,), in the temperature range [298.15 - 2715 K], [298.15 - 3120 K]
and [2650 - 2987 K] respectively. They are completely miscible at high temperature and
can partially dissolve BaO, La,O3 and SrO. The solubility of oxides of Ba, La and Srin
O,Pu is unknown and was assimilated to the one in O,U. O,U presents a field of sub
and over stoichiometry, O..4U, while O,Pu and O,Zr are only sub-stoichiometric, O,.Pu
and O,.,Zr. Due to a tendency to demixion in the quasi-binary system O,U-O,Zr, the
phase fcc_C1 may present a miscibility gap in the fields of non-stoichiometry.

= Fcc_C1<Ba, La, O, Pu, Sr, U, Zr> Oxides solid solution, type fcc_C1 (O,Pu, O.U
and OyZr).

Fcc_B1 The pure oxides BaO, Feg94;0 and SrO have the structure centered face cubic, fcc_B1,
in the temperature range [298.15 - 2286 K], [298.15 - 1650 K] and [298.15 - 2805 K]
respectively. The wustite Feg 470 is non-stoichiometric and his melting point can go to
1693 K with the content in oxygen. BaO and SrO are completely miscible at high
temperature. It exists a very weak mutual solubility of Fepgs7O and SrO. In
consequence, it exists two solid solutions with the fcc_B1 type, the one rich in BaO and
SrO with a very weak solubility of Feg 9470, the second with the wustite type FeO-FeO, 5
with a very weak solubility of SrO. We have represented these two phases with the
same dataset :

= Fcc_B1<Ba, Fe, O, Sr> Oxides solid solution fcc_B1 type (BaO, FeO, FeO; s,
OSr). The one is a final one (rich in BaO and OSr), the
other is an intermediary one with the wustite type (rich
in FeO).

Cc The pure oxide La,O3; has three structures, hex, fcc and bcc versus temperature, which
have been combined in the same denomination, cc, in the temperature range [298.15 -
2586 K] because the lack of experimental information concerning the heats of transition
between these structures. This oxide can dissolve partially BaO, OSr and O,Zr.

= Cc<Ba, La, O, Sr, Zr> Final oxides solid solution, type cc (rich in La,03).
Tetragonal The pure oxide O.Zr has the tetragonal structure, in the temperature range [1478 -
2650 K]. It can partially dissolve O,Pu and O,U.

= Tetragonal<O, Pu, U, Zr>  Oxides solid solution, type tetragonal (rich in O.Zr).

Monoclinic The pure oxide O,Zr has a monoclinic structure, in the temperature range [298.15 -
1478 K]. It can dissolve partially O,Pu.

© THERMODATA - January 2006 Page 11
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= Monoclinic<O, Pu, Zr> Oxides solid solution, type monoclinic (rich in O,Zr).

Bcc The binary metal-oxygen system O-Pu shows an intermediary oxide solid solution with
the bcc structure at low temperature :

= Bcc<O, Pu> Intermediary oxide solid solution, type bcc.

Perovskite(1) The quasi-binary systems BaO-O,Pu, BaO-O,U, BaO-O,Zr, OSr-O,Pu, OSr-O,U and
OSr-0,Zr all present perovskite type compounds, BaOsPu (T™ = 2399 K), BaOsU (T™ =
2569 K), BaOsZr (T"= 2815 K), OsPuSr (T™ = 2408 K), O3SrU (T™ = 2506 K) and
05SrzZr (T™ = 3023 K). In consequence, we have built a perovskite phase, having for
reference species all these six compounds :

= Perovskite(1) <Ba, O, Pu, Sr, U, Zr> Oxides solid solution, type perovskite
(BaOzPu, BaO;U, BaOsZr, OzPuSr, O;SrU
and O3SrZr).

Perovskite(2) Six complex oxides (ordered perovskites) with alkaline rare earths and hexavalent
actinides have been reported : Ba,SrUOg, Ba,SrPuQg, BazPuOg, SrsPuQg, BasUOg and
Sr;UQOe. In consequence we should build a perovskite phase having for references the
last four compounds :

= Perovskite(2) <Ba, O, Pu, Sr, U> Oxides solid solution, type perovskite
(Ba3PUOG, Sr3PUOG, Ba3U06 and Sr3UOG).

But due to the lack of sufficient thermodynamic data, that phase has not been
modelised.

The list of the solution phases taken into account in MOX-TDB is presented in Table 4.
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Table 4 List of the solution phases in MOX-TDB.
Phase Elements Formula T MG Tmax
Liquid (L) Ba-Fe-La-O-Pu-Ru-Sr-U-Zr  [Ba, BaO, Fe, FeO, FeO1s, La, LaO45, O, OPu,
OSr, O2Pu, 02U, O2Zr, Pu, Ru, Sr, U, Zrl<L> MO 1 6000
fcc_C1 Ba-La-O-Pu-Sr-U-Zr [BaO, LaO15, O, OSr, O45Pu, O2Pu, O2U,
02Zr, U, Zr]<fcc_C1> (0] 1 3120
fcc_B1 Ba-Fe-O-Sr [BaO, FeO, FeO15,0Sr]<fcc_B1> O 1 2805
1693
cc Ba-La-O-Sr-Zr [BaO, LaO1 5, OSr, OzZr]<cc> (0] 0 2586
perovskite(1) Ba-O-Pu-Sr-U-Zr [Ba, Sr][O]3[Pu, U, Zr] O 0 3023
tetragonal O-Pu-U-Zr [O2Pu, O.U, OxZr]<tetra> O 0 2650
monoclinic O-Pu-zr [O2Pu, O2Zr]<mono> O 0 1478
bcc O-Pu [O, O15Pu, O2Pu, Pul<bcc> (0] 0 1600
bcc_A2 Ba-Fe-La-O-Pu-Ru-Sr-U-Zr  [O, Val]3[Ba, Fe, La, Pu, Ru, Sr, U, Zrl<bcc_A2> MO 1 1820
2128
hcp_A3 Fe-O-Pu-Ru-U-Zr [O, Va]os[Fe, Pu, Ru, U, Zrl<hcp_A3> MO 1 2607
2450
fcc_A1 Ba-Fe-La-Pu-Ru-Sr-U-Zr [Ba, Fe, La, Pu, Ru, Sr, U, Zr]<fcc_A1> M 1 1850
900
tet Fe-Pu-Ru-U-Zr [Fe, Pu, Ru, U, Zr]<tet> M 0 1049
ort_A20 Fe-Pu-U-Zr [Fe, Pu, U, Zr]<ort_A20> M 0 942
Laves Fe-Pu-U-Zr [Felo[Pu, U, Zr]l<Laves> M 0 1947
FeMs Fe-Pu-U [Fe][Pu, Ule<FeMs> M 0 1077
B Pu-U-Zr [Pu, U, Zr]<p> M 0 488
0 Pu-U-Zr [Pu, U, Zr]<y> M 0 593
tet_A6 Pu-U-Zr [Pu, U, Zr]<tet_A6> M 0 756
4 Pu-U-Zr [Pu, U, Zr]<C> M 0 900
n Pu-U-Zr [Pu, U, Zrl<n> M 0 1000
o Pu-Zr [Pu, Zrl<o> M 0 398
0 Pu-Zr [Pu, Zrle[Pu, Zr]<6> M 0 700
() U-Zr [Zr[U, Zr],<6> M 0 1000
NOTE
T= Type (O = Oxide, M = Metal, MO = Metal-Oxygen).

MG =
Tmax =

Miscibility Gap (1 = Yes, 0 = No).
Temperature max of stability.

The lists of the condensed and gaseous substances are presented in Table 5 and Table 6.
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Table 5 List of the condensed substances in MOX-TDB.

N° SUBSTANCES J / mole J / g-atom
1 BA1(SER) 0 0
2 BA1FE12019(S) -5768158.27 -180254.95
3 BA1FE204(S) -1502694.8 -214670.69
4 BA1H2(C) -208883.49 -69627.83
5 BA1H202(C) -972184.89 -194436.98
6 BA1LA204(S) -2624374.86 -374910.69
7 BA102(S) -666582.79 -222194.26
8 BA104U1(S) -2043006.15 -340501.03
9 BA2FE205(S) -2128609.36 -236512.15
10 BA2FE6011(S) -3873018.41 -203843.07
1 BA7FE4013(S) -6074799.94 -253116.66
12 FE1(SER) 0 0
13 FE10022SR7(S) -8939581.75 -229220.04
14 FE12LA1019.5(S) -6054445.14 -186290.62
15 FE12019SR1(S) -5927749.78 -185242.18
16 FE1H102(S) -576696.07 -144174.02
17 FE1H202(S) -600241.45 -120048.29
18 FE1H303(S) -863802.49 -123400.36
19 FE1LA103(S) -1404196.83 -280839.37
20 FE104U1(S) -1623035.11 -270505.85
21 FE1ZR2(S) -69427.85 -23142.62
22 FE1ZR3(S) -99821.26 -24955.32
23 FE2H204(S) -1153392.65 -144174.08
24 FE203(S) -850469.83 -170093.97
25 FE205SR2(S) -2176992.73 -241888.08
26 FE206SR3(S) -2822811.84 -256619.26
27 FE333U250ZR417(e) -27027.11 -27027.11
28 FE304(S) -1160676.23 -165810.89
29 FE50U18ZR32(k) -30356.85 -30356.85
30 FE6U71ZR23(l) -17793.96 -17793.96
31 FE735ZR265(S) -26835917.79 -26835.92
32 H2LA1(S) -204522.91 -68174.3
33 H201(L) -306684.99 -102228.33
34 H202SR1(C) -992218.88 -198443.78
35 H204U1(S) -1574966.17 -224995.17
36 H2PU1(S) -157165.8 -52388.6
37 H2SR1(C) -195503.66 -65167.89
38 H2ZR1(S) -181153.17 -60384.39
39 H3LA103(S) -1447228.46 -206746.92
40 H3PU1(S) -157407.62 -39351.91
41 H3U1(S) -146154.99 -36538.75
42 H405U1(S) -1876492.03 -187649.2
43 LA1(DHCP) -16965.45 -16965.45
44 LA1(SER) 0 0
45 LATRU2(S) -174054.54 -58018.18
46 LA205ZR1(S) -2966288.16 -370786.02
47 LA207ZR2(S) -4150169.84 -377288.17
48 LA3RU1(S) -158894.75 -39723.69
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49 LA407SR1(S) -4130654.4 -344221.2
50 LA409SR3(S) -5311300.38 -331956.27
51 LA5RU2(S) -290549.62 -41507.09
52 LA5RU3(S) -364435.37 -45554.42
53 LA7RU3(S) -421715.33 -42171.53
54 O1(SER) 0 0
55 O2RU1(S) -327959.62 -109319.87
56 O2SR1(S) -651046.78 -217015.59
57 03.04PU2(S) -1723956.34 -342054.83
58 O3PU2(HEXAGONAL) -1704604.37 -340920.87
59 O3U1(S) -1252455.16 -313113.79
60 04SR2ZR1(S) -2449213.55 -349887.65
61 O7SR3ZR2(S) -4233460.37 -352788.36
62 08U3(S) -3657757.71 -332523.43
63 0O9U4(S) -4611611.91 -354739.38
64 PU1(SER) 0 0
65 PU19RU1(S) -396792.18 -19839.61
66 PU1RU1(S) -88908.52 -44454.26
67 PU1RU2(S) -149185.59 -49728.53
68 PU3RU1(S) -136608.75 -34152.19
69 PUSRU3(S) -322803.91 -40350.49
70 RU1(SER) 0 0
71 RU1U2(S) -102970.62 -34323.54
72 RU1ZR1(S) -153269.53 -76634.77
73 RU2ZR1(S) -140564.4 -46854.8
74 RU3U1(S) -167385.3 -41846.33
75 RU474U526(S) -35067025.96 -35067.03
76 RU4U3(S) -239055.24 -34150.75
77 RU5U3(S) -284872.9 -35609.11
78 SR1(SER) 0 0
79 U1(SER) 0 0
80 ZR1(SER) 0 0

Hydrogen was only taken into account in the stoichiometric substances. It was not

introduced in the solution phases.
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Table 6 List of the gaseous substances in MOX-TDB.

N° SUBSTANCES J/ mole J / g-atom
1 AR1(G) -46156.01 -46156.01
2 BA1(G) 147398.23 147398.23
3 BA1TH1(G) 138270.27 69135.14
4 BA1TH101(G) -342305.72 -114101.91
5 BA1H202(G) -719984.02 -143996.8
6 BA101(G) -197909.36 -98954.68
7 BA201(G) -327217.82 -109072.61
8 FE1(G) 357670.39 357670.39
9 FE1H202(G) -414938.69 -82987.74
10 FE101(G) 178944.32 89472.16
11 FE2(G) 469463.25 234731.63
12 H1(G) 183796.42 183796.42
13 H101(G) -15399.56 -7699.78
14 H101SR1(G) -264116.81 -88038.94
15 H102(G) -65748.6 -21916.2
16 H1SR1(G) 155860.43 77930.22
17 H1ZR1(G) 451889.28 225944.64
18 H2(G) -38929.31 -19464.66
19 H201(G) -298082.19 -99360.73
20 H202(G) -205539.12 -51384.78
21 H202SR1(G) -673915.64 -134783.13
22 LA1(G) 361792.21 361792.21
23 LA101(G) -192451.31 -96225.65
24 LA201(G) -141915.24 -47305.08
25 LA202(G) -715506.87 -178876.72
26 01(G) 201160.56 201160.56
27 O1PU1(G) -135848.95 -67924.48
28 O1SR1(G) -70257.88 -35128.94
29 O1U1(G) -45138.27 -22569.14
30 01ZR1(G) 14500.96 7250.48
31 02(G) -61164.58 -30582.29
32 O2PU1(G) -495164.16 -165054.72
33 02U1(G) -553546.13 -184515.38
34 02ZR1(G) -477564.43 -159188.14
35 03(G) 70540.6 23513.53
36 O3RU1(G) -160573.12 -40143.28
37 O3U1(G) -897302.47 -224325.62
38 04RU1(G) -269585.7 -53917.14
39 PU1(G) 292391.6 292391.6
40 RU1(G) 600987.7 600987.7
41 SR1(G) 111785.53 111785.53
42 SR2(G) 228192.96 114096.48
43 U1(G) 476549.41 476549.41
44 ZR1(G) 535132.84 535132.84
45 ZR2(G) 851510.77 425755.38
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3. STATE of VALIDATION

The state of validation of a thermodynamic database is characterised by the good
agreement between calculated and available experimental results (phase diagrams and thermodynamic
properties) concerning basic sub-systems (binary, ternary, ...) or practical global experiments, made in
similar conditions and at thermodynamic equilibrium.

For user information, a quality criterion, based on comparison between calculation and
available experimental data, has been established for each assessed sub-system.

* Estimated
No experimental data available.

* % Perfectible
Some domains need more experimental information (phase diagram or
thermodynamic properties).

*%%  Acceptable
The system is well known and satisfactorily modelled.

*%%% High quality
The system is quite known and modelled.

The complete list of the metal-metal or metal-oxygen binary systems based on pure
elements and oxide pseudo-binary systems based on pure oxides are presented in tables 7 and 8
respectively.

Due to the very high number of possible ternary and pseudo-ternary systems, it is
completely unimaginable to assess all of them in a human delay. For that reason it was decided to
assess only the most important ternary systems for practical applications. The list of the selected
ternary systems is presented in table 9.

The quality criterion takes into account both phase diagram and thermodynamic properties,
and thus cannot be indicated only on a phase diagram. This point is fundamental for the modelling of
multi-component systems.

Moreover, it must kept in mind that the set of a quality criterion remains somewhere
subjective, and the improvement of existing sub-systems with newly available experimental results is a
continuous task, which is part of the database management and updating.
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3.1. BINARY and PSEUDO-BINARY SYSTEMS.
Table 7 Binary systems.
. Date . Date . Date
System | Quality of issue System | Quality of issue System | Quality of issue
Ba-Fe * % 03/2003 Fe-Sr * 03/2003 0O-U *%% | 01/2006
Ba-La * % 03/2003 Fe-U * ¥ 01/2005 O-Zr *%% | 01/2005
Ba-O * ¥ 03/2003 Fe-Zr * ¥ 01/2005 Pu-Ru * ¥ 03/2003
Ba-Pu * 03/2003 La-O * 03/2003 Pu-Sr * 03/2003
Ba-Ru * 03/2003 La-Pu * % 03/2003 Pu-U * ¥ 03/2003
Ba-Sr * ¥ 03/2003 La-Ru * ¥ 03/2003 Pu-Zr * ¥ 03/2003
Ba-U * 03/2003 La-Sr * 03/2003 Ru-Sr * 03/2003
Ba-Zr * 03/2003 La-U *%% | 03/2003 Ru-U *3%% | 03/2003
Fe-La k%% | 03/2003 La-Zr * 03/2003 Ru-Zr *%% | 03/2003
Fe-O k%% | 03/2003 O-Pu * % 03/2003 Sr-U * 03/2003
Fe-Pu * ¥ 03/2003 O-Ru * 03/2003 Sr-Zr * 03/2003
Fe-Ru **% | 03/2003 O-Sr * 03/2003 U-Zr *%% | 01/2005
Table 8 Pseudo-binary systems.
. Date . Date . Date
System Quality of issue System Quality of issue System Quality of issue
BaO-Fe,03 *%% | 03/2003 FeO-OyZr * % 03/2003 La203-0,7r *%% | 03/2003
BaO-La,0O3 * ¥ 03/2003 Fe,03-Las0s * % 03/2003 OSr-O,Pu * 03/2003
BaO-O,Pu * 03/2003 Fe203-0OSr * % 03/2003 0Sr-O,U * ¥ 03/2003
BaO-OSr * % 03/2003 Fe203-02U * 03/2003 OSr-02Zr *3%% | 03/2003
Ba0O-0O,U * % 03/2003 Fex03-02Zr * 03/2003 0O,Pu-O,U * ¥ 03/2003
BaO-O,Zr k%% | 03/2003 La203-02Pu * 03/2003 O,Pu-OxZr * ¥ 03/2003
FeO-OSr * % 03/2003 La203-0Sr * % 03/2003 0,U-OozZr *%% | 01/2005
FeO-O,U * % 03/2003 La203-0,U * ¥ 03/2003
3.2. SELECTED TERNARY SYSTEMS.
Table 9 Ternary systems.
. Date . Date
System Quality of issue System Quality of issue
Fe-O-Pu 03/2003 Fe-U-Zr * ¥ 01/2005
Fe-O-U * % 01/2005 O-Pu-U * 03/2003
Fe-O-Zr * ¥ 01/2005 O-Pu-Zr * 03/2003
Fe-Pu-U * % 03/2003 O-U-Zr *%% | 01/2006
Fe-Pu-Zr * % 03/2003 Pu-U-Zr * ¥ 03/2003
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3.3. DOMAIN of APPLICATION and LIMITATIONS.

In this version of MOX-TDB most of the binary and pseudo-binary systems have been
analysed and critically assessed.

However, some of them are still insufficiently known, and further experimental work is
needed for the ones interesting the nuclear field.

In a very high-number component system such as the one covered by MOX-TDB, the
number of possible ternaries and pseudo-ternaries is very important, while the time cost to assess only
one is about one man year. Few experimental data are available in open literature for ternaries of high
interest for nuclear field. Consequently, the complete assessment of all ternaries is not achievable in a
human delay and only some selected ternary systems of main importance were assessed at this time.
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4. ASSESSMENT of O-Pu-U-Zr

An important experimental and modelling work was done in the last years by many people
in the world to obtain now a rather good knowledge and representation of that main quaternary system.

In the present version of the database all the available information (equilibrium points of
phase diagrams, activities measurements, vapour pressures etc...), up to the year 2005, was taken into
account in the optimisation procedure.

To allow the user to have an idea of the validity of the obtained results the calculated
phase diagrams are compared, in the following pages, with some experimental points. But if anybody is
interested more in detail by the experiments or by critical assessment and optimisation work he has to
look at the numerous scientific papers published in the recent years.

4.1. BINARY SYSTEMS.

O-Pu,
O-U,
O-Zr,
Pu-U,
Pu-Zr,
U-Zr.

4.2. PSEUDO-BINARY SYSTEMS.

OZPU'OZU,
OzPU-OzZF,
OZU'OZZr.

4.3. TERNARY SYSTEMS.

O-Pu-U,
O-Pu-Zr,
O-U-Zr.

Pu-U-Zr

© THERMODATA - January 2006 Page 20




? i Thermodata

MOX-TDB
O-Pu
3600 [64McN]
{ / \ < [B4Chi]
3200 [65Gar]
/ L2 / L |~ [7Mar]
2600 < [68A]
g [B68Sar]
£ 1 68M
£ 2000 ElE} N R [68Mes]
E‘ OR-PUD \ - [?Ooga]
ﬁ 1600 [TORil]
N il [TOMET]
x
= 1200 ﬁc‘:'OSPLQ(S) > [76Boi]
q- 5’@9 [87Bes]
800 0 FUIBCE AZ)>1 = [90wri]
U1(FCC-ATI->
400 O1-52PU{S) TRRAALS
PU1(ALPHA)->
0
0.0 0.1 0.2 0.3 0.4 0.9 06 0.7 0.8 0.9 1.0
X = Mole fraction
o] PU
[64MCcN] "The electrical properties of plutonium oxides",
C.E. McNeilly,
Journal of Nuclear Materials, 11, 1, 53-58 (1964).
[64Chi] "The Plutonium-Oxygen System",
T.D. Chikalla, C.E. McNeilly and R.E. Skavdahl,
Journal of Nuclear Materials, 12(2), 131-141 (1964)
[65Gar] "The plutonium-oxygen phase diagram",
E.R. Gardner, T.L. Markin and R.S. Street,
J. Inorg. Nucl. Chem., 27, 541-551 (1965).
[67Mar] "Thermodynamic and phase studies for plutonium and uranium plutonium oxides with
application to compatibility calculations",
T.L. Markin and E.J. Mclver,
Plutonium 1965, Proc. of the third Intl. Conf. on Plutonium, London, Eds., A.E. Kay and
M.B. Waldron ( Chapman et Hall, London, 1967) 845-877.
[68Ait] "A thermodynamic data program involving plutonium and urania at high temperatures"
E.A. Aitken and S.K. Evans, USAEC,
General Electric, Vallecitos Nucleonics Lab., Rep. GEAP-5672 (1968).
[68Sar] "Metallographic and x-ray investigations in the Pu-O and U-Pu-O systems",
C. Sari, U. Benedict and H. Blank,
Thermodynamics of Nuclear Materials, 1967, IAEA, Vienna, 587-611 (1968).
[680hs] "Evaporation behaviour and high-temperature thermal analysis of substoichiometric
plutonium oxide for 1.51<0/Pu<2.00",
R.W. Ohse and C. Ciani,
Thermodynamics of Nuclear Materials, 1967, IAEA, Vienna, 545-557 (1968).
[68Mes] "Evaporation of hypostoichiometric plutonium dioxide from 2070 to 2380K",

D.R. Messier,
J. American Ceramic Society, 51(12), 710-713 (1968).
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[700ga]

[70Ril]

[70Mar]
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[87Bes]
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"High temperature heat content of plutonium dioxide"

A.E. Ogard,

Plutonium 1970 and other actinides, Nuclear metallurgy, 17, 1, W.N. Miner. Ed., Metall
Soc. AIME, Warrendale, PA, 78-83 (1970).

"High Temperature oxygen equilibrium in the plutonium-oxygen system"

B. Riley,

Sci. Ceram., 5, 83-109 (1970).

"Thermodynamic properties of plutonium carbides”,

J.P. Marcon, J. Poitreau and G. Roullet,

Plutonium 1970 and other actinides, Nuclear metallurgy, W.N. Miner. Ed., Metall Soc.
AIME, Warrendale, PA, 799-807 (1970).

"Etude par rayons X du diagramme plutonium-oxygéne de la température ambiante jusqu'a
1100 °C"

J.C. Boivineau,

Journal of Nuclear Materials, 60, 31-38 (1976).

"Phase equilibria and thermodynamics of the Pu-O System : 1400 to 1610K"

T.M. Besmann,

Journal of Nuclear Materials, 144, 141-150 (1987).

"The O-Pu (Oxygen-Plutonium) system"

H.A. Wriedt,

Bulletin of Alloy Phase Diagrams, 11(2), 184-202 (1990).
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[63BIu] "Sur le systeme binaire uranium-dioxyde d'uranium”

P.L. Blum, P. Guinet et H. Vaugoyeau,
Comptes Rendus de I'’Académie des Sciences, T. 257, No. 22, pp. 3401-3403 (1963).
[65Mar] “The uranium-uranium dioxide phase diagram at high temperatures"
A.E. Martin and R.K. Edwards,
Journal of Physical Chemistry, Vol. 69, No. 5, p.1788 (1965) ; R. K. Edwards and A.E.
Martin, p. 423 in Thermodynamics of Nuclear Materials", Vol. I, IAEA, Vienna, 1966.
[66Gui] "Le systéme binaire uranium-dioxyde d'uranium au-dessus de 1130°C"
P. Guinet, H. Vaugoyeau et P.L. Blum,
Comptes Rendus de I'’Académie des Sciences, T. 263, Série C, pp. 17-20 (1966).
[67Ban] "Melting temperatures in the system uranium-uranium dioxide"
M.J. Bannister,
Journal of Nuclear Materials, Vol. 24, pp. 340-342 (1967).
[68Kot] "Détermination des limites de phases du systeme U-O par transfert d'oxygéne. Diagramme
de phases pour la région 2.19<0/U<2.653 et 1080°C<T<1200°C
A. Kotlar, P. Gerdanian et M. Dod,,
J. Chem. Phys., Vol. 65, pp. 687-691 (1968).
[69AcK] "A thermodynamic study of the urania-uranium system"
R.J. Ackermann, E.G. Rauh and M.SS. Chandrasekharaiah,
The Journal of Physical Chemistry,Vol. 73, No. 4, pp. 762-769 (1969).
[70Lat] "Determination of solidus-liquidus temperatures in the UO . system (-0.50<x<0.20)"
R.E. Latta and R.E. Fryxell,
Journal of Nuclear Materials, Vol. 35, pp. 195-210 (1970).
[70Tet] "Total pressure of uranium-bearing species over oxygen-deficient urania"
M. Tetenbaum and P.D. Hunt,
Journal of Nuclear Materials, Vol. 34, pp. 86-91 (1970).
[74Sai] "Nonstoichiometry in uranium dioxide"
Y. Saito,
Journal of Nuclear Materials, Vol. 51, pp. 112-115 (1974).
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[75Mat] "Phase relation and defect structures of nonstoichiometric U4Oq., and UO,., at high
temperatures"
T. Matsui and K. Naito,
Journal of Nuclear Materials, Vol. 56, pp. 327-335 (1975).
[80Gar] "Solubility of oxygen in liquid uranium and the composition of the lower phase boundary of
uranium dioxide at 1950 K"
S.P.Garg and R.J.Ackermann,
Journal of Nuclear Materials, Vol. 88, pp. 309-311 (1980).
[98Gue] "Liquid immiscibility in a (O,U,Zr) model corium"
C. Gueneau, V. Dauvois, P. Perodeaud, C. Gonella, O. Dugne,
Journal of Nuclear Materials, 254, 158-174, (1998).
[2005Man] “Melting of stoichiometric and hyperstoichiometric uranium dioxide”
D. Manara, C. Ronchi, M. Sheindlin,
Journal of Nuclear Materials, 342, 148-163, (2005).
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[54Dom] "System zirconium-oxygen"

R.F.Domagala and D.J.McPherson

Journal of Metals, Transactions of the AIME, 238-246, (February 1954).
[61Ho0l] "X-ray studies on solid solutions of oxygen in alpha-zirconium"

Bo Holmberg and Tore Dagerhamn

Acta Chemica Scandinavica, Vol.15, N.4, 919-925, (1961).
[61Geb] "Investigation of the zirconium-oxygen system"

E.Gebhardt, H.D.Seghezzi and W.Duerrschnabel

Journal of Nuclear Materials, Vol.4, N.3, 255-268, (1961).
[67Ruh] "Nonstoichiometry of ZrO, and its relation to tetragonal-cubic inversion in ZrO,"

R.Ruh and H.J.Garrett,

Journal of the American Ceramic Society, Vol.50, N.5, 257-261, (1967).
[77AcK] "High-temperature phase diagram for the system Zr-O"

R.J.Ackermann, S.P.Garg, E.G.Rauh

Journal of The American Ceramic Society, Vol.60, N.7-8, 341-345, (1977).
[87Tan] "AES and XPS studies of oxygen stabilized alpha zirconium"

T.Tanabe, M.Tanaka and S.Imoto

Surface Science, Vol.187, 499-510, (1987).
[98Ves] "Analysis of the FZK previous tests and pretest calculations of the FZK new tests on ZrO,

dissolution by molten zircaloy"

M.Veshunov

In vessel cluster INV-CIT(98)-M006, IPSN/DRS/SEMAR 98/36, Minutes of the 4" CIT

project meeting, Pisa (10th and 11 th June 1998).
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A.A. Bochvar, S.T. Konobeevsky, V.I. Kutaitsev, T.S. Menshikova and N.T. Chebotarev,
Proc. U.N. Intern. Conf. Peaceful Uses of At. Energy, 2nd, vol. 6, Geneva 1958.
[59EIN "The plutonium-uranium system"
F.H. Ellinger, R.O. Elliott and E.M. Cramer,
Journal of Nuclear Materials, 3, 233-243 (1959).
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R.O. Elliott and A.C. Larson,
A.S. Coffinberry and W.N. Miner. (eds), "The Metal Plutonium", University of Chicago
Press, Chicago, (265-280 (1961).
[61Wal] "Phase diagrams of plutonium alloys studied at Harwell",
M.B. Waldron,
"The metal plutonium”, A.S. Coffinberry and W.N. Miner (eds), University of Chicago Press,
Chicago, 1961.

[63Ber] "Room temperature lattice constants of alloys of plutonium in alpha uranium”
A.F. Berndt,
Journal of Nuclear Materials, 9(1), 53-58 (1963).

[63Ros] "The U-Pu-C ternary phase diagram below 50 atomic percent carbon”,

S. Rosen, M.V. Nevitt and J.J. Barker,
Journal of Nuclear Materials, 9(2), 128-136 (1963).
[67Cal] "Diffusion of the plutonium in the solid state"
D. Calais, M. Dupuy, M. Mouchino, A.Y. Portnoff and A.Van Craeynest,
Plutonium 1965, A.E. Kay and M.B. Waldron, Ed., Chapman and Hall, London, 358-391
(1967).
[71Wit] “Density and viscosity of liquid Pu-U alloys",
L. J. Wittenberg, D. Ofte, W.G. Rohr and D. V. Rigney,
Metallurgical Transactions, 2, 287-290 (1971).
[940ka] "Investigation of the Pu-U phase diagram",
Y. Okamoto, A. Maeda, Y. Suzuki and T. Ohmichi,
Journal of Alloys and Compounds, 213/214, 372-374 (1994).
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