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Abstract

The thermodynamic modelling of the O—U-Zr system is part of the basiwlgdge of the corium, mixte formed at high temperature
betweenfuel ard other materials o the vesse (zircdloy, steel control rods,...), which may interact with the concrete basemat during an
hypothetical severe nuclear accident. Inconsistencies were previously detected in the available experimental information, phase diagram
and thermodynamic properties, especialneerning the solbility of oxygen in uranium—zirconium liquid alloys and the extent of the
oxygen—uranium liquid misbility gap in the ternary system. The critical assessmes significantly improvedni this work, both for the
binary O-U, O-Zr, QU-0xZr, U-Zr, and the O-U-Zr ternary systems, taking into account the most recent experiments and evaluating
ternary @mrameters for the main liquid and solid solutions. Calculated and experimental isothermal or isopleth phase diagrams are in
satisfactory agreement, both qualitatively and quantitatively. However, experimental uncertainties still remain at high temperature.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction As the first step of a severe accident, the fuel rods
may melt and iteract with other materials, leading to the
The thermodynamic modelling of the O-U-Zr system core degradation. At high temperature, YJ@acts with the
is of first importance in the development of a reliable metallic zircalloy and is partially disintegrated. A ceramic
nuclear thermodynamic database for nuclear safety ap-solid solution (U, ZrOz.x in equilibrium with a ternary
plications [1, 2]. This work was supported by the Eu- (O-U-Zr) liquid phase is formed. The liquid presents a
ropean Community through the CIT (corium interaction miscibility gap in the O-U system which extends into the
and thermochemistry8] and ENTHALPY (European nu-  ternary system. Tén thernochemical properties (liquidus,
clear thermodynamic databasd) projects. In the unlikely ~ sdidus, phase proportions, liqgiimiscibility gap) are needed
event of a severe accident, all bedials of a nuclear plant tofeed more global thermal hydraulic safety codes dedicated

may interact thermochemically: fuéUOy), zircdloy (Zr), to the in-vessel coreafjradaion, and must be validated by a
steel strgtures (Fe, Cr, Ni), control rods (Ag, Cd, In or very precise knowledge of the O—-U—Zr ternary system.
B, C), slected fission products (Ba, La, Ru, Sr), con- Thus, the thermodynamic modelling of the O-U-Zr

crete(Al203, CaQ FeQ Fe03, MgO, Si0O), water and air  ternary system was undertaken by Chevalier and Fis&jer [
(H, O). This invenory dlows to identify the main com-  from a critical assessment of dHe available gperimental
ponents to be taken into account. Then, the thermody-information, on equilibriunphase diagram and thermody-
namic modelling of the complex multicomponent system is namic properties. An optimisation procedure, developed by
based on the criticahssessment of all the binary and the Lukas et al. §], was used fothe binary O-U, O-Zr, U-Zr
most important higher-order sub-systems (metallic, oxide, and quasi-binary U®-ZrO, sub-systems. For the O-U-Zr
metal-oxide/oxygen), following the well known Calphad ternary system, the ternarytéraction parameters were ad-
method. justed byusing some simple assumptions.
Unfortunately, at that time, the experimental information

S Corresoond o provided by different sources was not consistent in some

=il g‘;trrg_;ves_cheva"er@grenet_fr (P-Y. Chevalier). specific fields. Moreover, newkperimental results are now

URL: http://thermodata.online.fr avdlable, in particular in the binary (O-U), quasi-binary
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(UO2—Zr0Oy) and ternary O—U-Zr systems, such as activity simple substitution model, with the formuidl1, Zr1)1 and
measurements in single-phase and two-phase regions, tighe L(U1, Zr1)1 associated interaction parameters.
lines in liquid—solid and liqud—liquid fields, and liquidus The values used for the lattice-stabilities of the pure
and solidus temperatures. condensed elements have been taken from the SGTE
It is why a new citical assessment of the O-U-Zr database published by Dinsdalg],[and are reported in
system was carried out in this work, consisting of the re- Table 1 The thermodynamic data of pure oxides &Jénd
assessment of the O—-U, O-Zrp@-0O,Zr, U-Zr systemsg] ZrO, from the previous assessmeb} fre adopted in the
and the optimisation of O-U-Zinteraction parameters, present workTable 2
by using the Parrot software included in the Thermocalc  The critical assessment of the Gibbs energy coefficients
computational tool7]. The thermodynamic models used for for other binary stoichiometric compounds, and of the
solution phases and the assessment method are detailed iaxcess Gibbs energy interaatipaameters for a binary or
the following. quasi-binary solution, including the values for metastable
structues, was performed by using the optimisation
program developed by Lukas et al6][ which dlows
to take into account simultaneously all the available
The thermodynamic models used for each solution phase®P&imental information, on equilibrium phase diagram
will be detailed in the following. and thermodynamic properties. A;sessed Gibbs energy
The ternary liquid phase, L, was described with parameters for substance and solution phases are reported

2. Thermodynamic modelling and assessment method

a non-ideal associate model between pure components,n Tables 2and3.

01(L), U1(L), Zri(L), and @socate species gJ1(L) and For the O4Y-Zr ternary system, most of the parame-
0,Zr1(L), with the formula:(Oy, O,U1, OxZry. Uy, Zr1)1. tersrequired by the used models are those of the binary or
It generates eight binary and quasi-binary interaction duasi-binary sub-sysms. Only a few ternary interaction pa-
parameters, (01, O;U1); L(O1, Up): L(OU1, Ug); L(Oy, rameters have to be evaluatesing the Parrot optimisation
0,2r1); L(Oy, Zr1); L(OxZry. Zr1); L(U1, Zry): L(OoU; softwae included in the Thermocalc computational tool de-
0,2r1), and two tenary ones, KOpU1, Zr1): L(OpZr1, Uy). scribed ly Andersson et al.7], combined vith the authors’

judgement.

The new set of optimised Gibbs energy parameters of
all condensed phases, i.e. lattice-stabilities, pure metallic
and oxide substances, solid solutions and liquid phase, will
be presented in this worklables +3. The gas species
were taken from the THERMODATA substance database,
designated agU, Zr)Op.y, fluorite type, or F) was de- avdlable in the ThermoSuite saftare presented by Cheynet

scribed with a three sublattice model, in agreement with €t @l- [B]. The recent review of oxygen—uranium data
the O-U binary solid solution1p], with the formula: presented by Cheynet and Chaddj[was ircluded. These
(U1, Zr1))1(01, 0)2(O1, O)1. It gererates nine binary and ~ data are reported imable 4

guasi-binary interaction parametersiUs); (01, [)2(0)1,

L(U1)1(01)2(01,0M)1, L(U1)1(Og, )2(01)1, L(Up)1(O)2 3. Binary and quasi-binary sub-systems

(01, D1, L(Zr1)1(01,12(01)1, L(Zr1)1(01, 201,

O allows to describe the hyperstoichiometric domain, U
and Zp the hypostoichiometric domain. The liquid phase
presents a miscibility gap on the uranium-uranium dioxide
side athigh temperature, which extends into the ternary
system.

The ternary oxide solid solution, fcc_C1l (sometimes

L(Zr1)1(01)2(01, )1, L(Zr1)1(0)2(01, )1, L(U1, Zr1)1 A critical assessment of the binary systems O-U, O-Zr
(O1)2(0)1 and three ternary ones(U1, Zr1)1(01)2(01)1, and U-Zr and of the pseudo-binary systemaU30,Zr
L(U1, Zrp)a(@)2(D)1, L(Ua, Zr1)1(0)2(01)1. was prevously presented by Chevalier and Fischét. [

The pseudo-binary tetragonal oxide solid solution, Improvements on all the sub-systems have been made since
tet_oxide, the ternary metal-oxygen solid solutions, bcc_A2 that time. The phase diagram of each system was calculated
and hcp_A3, and the intermetallic phasavere described by using the re-assessed Gibbs energy parameters for all
with a two sublattice model, with the respective formula condensed phases obtained in this work and the available
and associated interaction parameters: tet_oxid; Zr1)1 gas phase.

(01)2, quasi-binary (U1, Zr1)1(01)2; bcc_A2: (01, )3

(Ug, Zr1)1, threebinary L(O1, (0)3(U1)1, L(O1, [0)3(Zr1)1, 3.1. O-U (oxygen—uranium)

L()3(U1, Zr1)1 one ternary IO1)3(U1, Zr1)1; hop A3:

(01, Mos5(Uq, Zr1)1, three binary L(O1, O1)o5(U1)1, The condensed solutions and stoichiometric substances,
L(O1, O1)05(Zr1)1, L(O)05(U1, Zr1)1,0neternary kO1)o 5 with the symbols currently used in this work, are the
(Ug, Zr1)1; 8: Uy, Zr1)1(Zr1)2, binary, L(U1, Zr1)1(Zr1)2. following: liquid phase, L (metallic, k; oxidic, L2); UO2.x

The bce_A2 solid solution presents a miscibility gap at low solid solution, fcc_Cl; @U4(S); OgU3z(S); O3U1(9);
temperature intte uranium—zirconium system. U1(ort_A20); Uy(tet); Ur(bcc_A2.

The tetragonal and ortheombic, binary metallic In our previous work %], the main experimental
solutions, tetmetal and ort_A20, were described by a incoherency found in this system was the solubility of
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Table 1
Gibbs energy parameters/@3atom) of condensed pure elements (latticeibti@s), taken from the SGTE solution databas®. [G(Sub — G(Ref) =
ax 4 b T + o T log (T) + dk T2 + T3 + fi 71 + g T4+ ik T7 + jk T2 for T¢ < T < Tyy1. Note: B+ = 10t; E— = 10~

Sub Ref
Tk ay bk Ck dk & fi Ok ik ik
o(L) 02(G)
298.15 —2648.9 +31.44
U(ort_A20) SER
298.15 —8407.734 +130.95515 —26.9182 +1.25156E-3 —4.42605E-6 +38568
955 —22521.8 +292.121093 —48.66
U(tet) SER
298.15 —5156.136 +106.976316 —22.841 —1.084475E-2+2.7889E-8 81944
941.5 —14327.309 +244.16802 —42.9278
U(bcc_A2) SER
298.15 —752.767 +131.5381 —27.5152 —8.35595E-3 +9.67907E-7 +204611
1049 —4698.365 +202.685635 —38.2836
u(L) SER
298.15 +3947.766 +120.631251 —26.9182 +1.25156E-3 —4.42605E-6 +38568
955 —-10166.3 +281.797193 —48.66
Zr(bcc_A2) SER
298.15 —525.5386908+124.9457  —25.607 406 —3.400 84E—4 —9.7289735E-9+25233 —7.6142894E-11
2128 —30705.95469 +264.2841628—42.144 +1.276 057 5356-32
Zr(hcp_A3) SER
298.15 —7827.594691 +125.64905 —24.1618 —4.37791E-3 +34971
2128 —26085.92071 +262.7241828-42.144 —1.34289552E-31
zr(L) SER
298.15 +10320.09531 +116.568238 —24.1618 —4.37791E-3 +34971 +1.627 5E-22
2128 —8281.259691 +253.812609 —42.144

oxygen in liquid uranium between the temperature of the e the choice of a small solubility of oxygen in liquid

eutectic reaction, 1<UO,_yx + Ui(bcc_A2 and the one uranium and a wide liquid miscibility gap, in agreement
of the monotectic reaction,sl<s UO2_y + L. with the recent experimental results concerning a tie
These differences have effects on both the liquidus line of the liquid miscibility gap by Gueneau et alJj
temperatures of U-O alloysn the uranium rich side in the O-U binary system, and also with the oxygen
and the extension of the liquid miscibility gap above the solubility limit in the (U, Zr, O) liquid determined by
monotectic temperature. A small oxygen solubility is linked Maurisi et al. [L4];
to higher liquidus temperatures and a larger miscibility gap, e a beter description of the U&.x solid solution,
while a high oxygen solubility is linked to lower liquidus fcc_C1, in agreement with the whole oxygen potential
temperatures and a smaller miscibility gap in the O-U binary database and the low temperature phase diagram,
system. It hasiso a strong influence on the ternary liquidus especially the phase boundaries witlhUQ(S) and
and liquid miscibility gap. OgU3(9). A three sublattice model was used, in better
That is why two different sts of parameters were agreement with the real stture of the phase, with the
presented §], corresponding either to a small solubility formula (01, [)2(01, 0)1(U1)1.

of oxygen in uranium and a large miscibility gap, or a

highe one and a small miscibility gap. The liquid phase Simultaneously, differentvorks on the O-U system

was nodelled with an associate adel, with the formula were made available, concerning either the oxygen potential

(01, O2U1, Up)1, and the UQ4 solid solution, fcc_C1, by  database in the hypostoichiometric field by Baichi etH, [

a two sublattice model, with the formulg1, 0)2 (U1, O)1. 16] and in the hyperstoichiometric field by Labroche

In this work, the experimental database on oxygen potential et al. [17, 18], or the thermodynamic evaluation of the whole

and phase diagram was not complete. Moreover, the modelsystem by Ganeau et al. 9. All these works have been

used for the fcc_C1 solid solution did not correspond to the analysed.

real structure. The phase diagram was not calculated with The synthesis of the oxygen potential experimental

the real gas, but only with diatomic oxygen. database done by Labroche et dl7,[18] in the hypersto-
More recently, a progress in the thermodynamic ichiometry field agrees quite well with and therefore vali-

moddling of the O-U binary system was presented by dates our previous worklP]. Moreover, a recent compari-

Chevalier et al. 11, 12]. The main improvements were: son of this vark for UG, with empirical correlations and
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Gibbs energy parameters/@¥atom) of stable condensed substanéedl]. G(Sub — G(Ref) = ax + bxT + T log (T) + dkT2 + eKT3 + fkT—l for
Tk < T < Tgs1. Note: B+ = 10T; E— = 10~

Sub Ref
Tk ax by Ck dk & fk
O,U1(L) SER
298.15 —1.018368497566 +4.0329181231E2 —7.4656319589E1 —6.0984709916E3 +1.71472393032E7 +6.491328 7914E5
1400 —1.1390835289E6 +1.34740871278E3 —2.0520387032E2 +5.7013934304E2 —5.581207 6595E6 +2.170377 953087
2000 —1.610016 36436 +4.3203803762E-3 —6.022257 6124K2 +2.0458247891E1 —1.5794767143E5 +1.2545005974E8
2598 —1.116 005146786 +8.6838091633K2 —1.309592 00002 +0.000 00000000 +0.0000000000E0 +0.0000000000E0
OU1(S) SER
298.15 —1.1120574111E6 +4.338836428582 —7.4656319589E1 —6.0984709916E3 +1.7147239302E7 +6.4913287914E5
1400 —1.232772 442566 +1.3780005432E3 —2.052038 703282 +5.7013934304E2 —5.581207 6595E6 +2.170377 95307
2000 —1.7037052778E6 +4.3509722068E-3 —6.022257 6124E2 +2.0458247891E1 —1.5794767143E5 +1.2545005974E8
2670 —1.303384581286 +1.2187122428E3 —1.670378 31582 +0.000 000 00000 +0.0000000000E0 +0.0000000000E0
O3U1(S) SER
298.15 —1.254 274534366 +5.079692 746982 —8.870099957781 —7.2447998863E3 +0.0000000000E0 +5.0451500014685
OgU3(S) SER
298.15 —3.757004 897486 +3.5984680238E-3 —6.116 793 1056E2 +5.6012754009E1 —1.844 964 0866E4 +6.125573 1166E6
430 —3.713067 2958E-6 +3.8555505193E-3 —6.916 237 4331E2 +1.028493 499080 —4.1578545194E4 +0.000 000 0000E0
466 —2.118247 111988 +4.093443 76566 —6.654670606285 +9.4483137476K2 —2.5166204651E1 +1.2215996790E-10
482.28 +2.376 814013887 —4.967 879387485 +7.952103488084 —1.031609 946082 +2.4999846914E2 —1.767 083 0200E9
520 —1.356 844 4802E-7 +1.7889330560E5 —2.8588981158K4 +3.5995755244E1 —8.5918794943E3 +6.5113299440E8
570 +2.969687 7315E7 —5.3352193592E5 +8.34252342746E4 —9.3394402393E1 +1.9544782971E2 —2.4937438726E9
600 —2.3728230625E6 —1.721505551064 +2.6120999667E3 —2.869556 96580 +5.2813235444E4 —1.0707254838E8
700 —4.4013299643E6 +1.1838606414E4 —1.840068 371283 +1.4852064161E0 —2.7251392903E4 +6.673037 1801E7
850.20 —1.298406 160886 —2.260866 52404 +3.218877 058983 —2.3020293964E0 +2.7938413576E4 —2.9929206933E8
1020 —3.658949 78686 +1.464 782556383 —2.564353181282 —3.0560402537E2 +1.3265589540E6 +9.997519 614485
OgU4(S) SER
298.15 —4.5713348376E6 +5.535224 153382 —1.042240030582 —3.1791388202E1 +0.0000000000E0 +0.0000000000E-0
315 —2.152770715387 +4.626279372565 —8.0353134511E4 +1.6872160812E2 —6.6861023679E2 +6.727 317 1549E8
349.10 +6.826 364 3642E8 —1.681367 949887 +2.8551453398E6 —5.2734688266E3 +1.8262229613E0 —3.1015579491E10
358 +8.204 367 225986 —2.954242 196085 +4.96077440826E4 —8.6439240290E1 +2.8055139701E2 —6.1593122338E8
388 —4.5618947011E6 +7.198427 16322 —1.3967700227E2 —2.6180651252E1 +5.7985850000E5 —1.519527 358066
580 —4.620832 126566 +1.8818657690E3 —3.2782592349E2 —5.746 7735001E3 —5.5033983333E6 +1.7210831177E6
1450 +1.000 000 0000E6 -+0.000 000 0000E-0 +0.000 000 0000E-0 +0.000 000 0000E-0 +0.000 000 0000E-0 +0.000 000 0000E-0
O2Zri(fcc_CJ) SER
298.15 —1.113681 000086 +4.914864 370082 —8.000000 0000E-1
0OxZry(L) SER
298.15 —1.0316716200E6 +3.9193310000E2 —6.962 180000081 —3.7656000000E3 +0.0000000000E0 +7.0291000000E5
1478 —1.0350253400E6 +4.508 36090002 —7.8100000000E1
2208 —1.083 380540086 +6.413626 390082 —1.000000 0000E-2
0OyZry(monoclinio SER
298.15 —1.126 367 620086 +4.260761 000082 —6.962 180000081 —3.7656000000E3 +0.0000000000E0 +7.029 100000065
OZry(tetragonal  SER
298.15 —1.121 646510086 +4.795157 030082 —7.8100000000E1

experimental data made by Mason and Mignanéilj[con- It was conduded that the modelling represented very
cluded to its superiority against empirical models commonly sdisfactorily the entire oxygen potential database in both
used within the nuclear industry, especially for highly oxi- single-phase region, UQx(fcc_C1), and two-phase regions
dizing conditions. including other uranium oxidegU40g, U3Og, UO3), the

In the hypostoichiometric domain, the recent measure- fundamental thermodynamic properties of which having
ments of the oxygen potential at the two-phase region limits been carefully represented. In the hypostoichiometric
made by Baichi et al.1§] are @nsistent with our previous domain, our modelling represents the more curved oxygen
work [12]. The only remaining uncéainty is the curvature  potential which is narally compatible with the solidus.
near the stoichiometry, which is more or less pronounced ac-A different shape would need more excess interaction
cording to the different authors and modelling. parameters, but could be represented if justified by further
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Table 3
Excess Gibbs energy parameters of condensed solutignsand associated metastable reference substances (Sub), assessed in thisj wosh. =

S @) = YOV Ljki (2) = ZuL{'h ()(yj =y Note: B = 10%; E— =10~

Phase System Formula Gibbs energy parameters
Liquid, L (01, 02Uy, O2Zr1, Uy, Zr1)a (L)
Binary O-U 19(01, U1 (L) — ~71931.90
L9(01. Upa(L) =0
LO(0oU1. Up)a (L) — 19828490 — 24.005507
L1(0pU1. Upa (L) — —68039.40
L2(0pU1. Up)q (L) — —28410.34
Binary O—-Zr
L9(01. O22Zr)1 (L) =0
L9y, Zrpa(L) =0
LO(0zZry. Zrp1 (L) — _23653.07
L1(02zZry. Zrpa (L) — _2599.65
L2(02Zry. ZrD1 (L) — _36782.35
Binary U-Zr
Loy, Zrp1 (L) — 15964967 — 552638 89T
161636215 log T
LUy, Zrpa(L) = —3067.19
Quasi-binary QU-0OxZr
LO(0pU1, 0pZrp)1 (L) = -21330.21
L1(0pU1, 0pZrp)1 (L) = 1+10465.59

Ternary G-U-Zr

LO(0U1, Zrp) (L) —1+33190.00
L1(0oU1, Zrp1 (L) — —75000.00
L2(02U1, Zrp1 (L) —+31100.00
LO(0zzry, U1 (L) —1+33190.00
L1(0pZr1, U1 (L) = ~110000.00
L2(0pZr1, Up1(L) — —160000.00
fcc_C1,(U, Zr) Oy, fluorite type, F (U1, Zr1)1(01, 0)2(01, )1 (fcc_C2
Binary O-U
LO(U1)1(01, 0)2(01)1 (fec_C3 =0
LO(U1)1(O1. D)2(D) (fec_C — 117040363 — 55,637 187
LO(U1)1(01)2(01, D)1 (fec_C =—23733750 — 51.796 857
L1(U1)1(01)2(01, D)1 (fec_CO — ~110995.28
LO(U1)1(0)2(01, D (fec_C =0
G((03Uy)(fcc_CD) — 1.5G°(0,(G))
—G° (U4 (ort_A20)) = 108920489 + 269063 8T
G°(U1(fec_CY) — G° (U1 (ort_A20) =+50000
G(01U1 (fcc_CD) — 0.5G° (04(G))
—G°(Uy(ort_A20)) =+100000
Binary O-Zr
LO(Zr1)1(01, 0)2(01)1 (fec_C2 =0
LO(Zr1)1(01, D)D) (fee_C = —7357.49
L1(Zr)1(01. D)2(D)1 (fec_C =+2107.40
LO(Zr1)1(01)2(01. D)1 (fec_C3 =0
LO(Zr1)1(0)2(01. D)y (fec_C =0
G((03Zry)(fcc_CD) — 1.5G°(04(G))
—G°(Zry(hcp_A3 = 4200000
G°(Zry(fcc_CD) — G°(Zry(hcp_A3) =+50000
G(01Zr1(fcc_CD) — 0.5G°(02(G))
—G°(Zr1(hcp_A3) =+100000
Quasi-binary QU-0>Zr
LO(Uy. Zr)1(0p)2(D)1 (fec_Ca — 18079824 — 2814151
L1(Uy1. Zr)1(0p)2(D)1 (fec_Ca — +5912.99
Ternary G-U-Zr
LO(U1. Zr1)1(01)2(0p); (fec_C =0

(continued on next page)
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Table 3(continued)

Phase System Formula Gibbs energy parameters
LOU1, Zr)1(()2(Op1(fec_C =0

Tetragonal_oxidgU, Zr)Oo
Quasi-binary QU-OxZr

hcp-A3
Binary O-U

Binary O-Zr

Binary U-Zr

Ternary O-U-Zr

bce_A2
Binary O-U

Binary O-Zr

Binary U-Zr

Ternary O-U-Zr

Tetragonal_metal
Binary U-Zr

ort_A20
Binary U-Zr

8
Binary U-Zr

Loy, Zrp1(@)2@p)1(fec_Co — +43000.00

(U1, Zr1)1(0y)2(tet_oxide

LO(Uy, Zry)1(Op)2(tet_oxide — 17879352 — 2328899
L1(U1, Zr1)1(0y)2(tet_oxide — 18492.41
G(O,U1 (tet_oxide) — G(O,U; (fec_CD) —1.007

(U1, Zr1)1(0y, D)o 5(hcp_A3

LO(U1)1(01. D)o 5(hcp_A3 =0
G(Op5U1(hcp_A3) — 0.25G°(02(G))

—G° (U (ort_A20) =-+100000

L9(Zry)1(01. O)o5(hcp_A3 =—-2823133+ 15.269 9

L1(Zr1)1(01. D)o5(hcp_A3 =—864505+ 2.919 057

G(Og 5Zr1(hcp_A3) — 0.25G° (02(G))
—G°(Zry(hcp_A3) =-29087156+ 101929 17T
—7.13978T log T

Loy, Zrp)1 (@)1 (hep_A3 — 1544171

G(U1(hcp_A3) — G°(Uq(ort_A20) =+50000

LO(U1, Zr1)1(0p)osthep_A3 — 255000
(Ug, Zr1)1(0q, O)3(bcc_A2

LO(U1)1(01, O)z(bcc_A2 =0

G(O3U1(bcc_A2)—Hser =—27218968 + 507.835 04 — 88.701T log T

—7.2448E-32 4 5.045 16E+-5T 1

LO(Zry)1(01, O)3(bcc_A2
G(03Zr1(bcc_A2) — 1.5G°(02(G))
—G°(Zrq(bcc_A2)

=—74791732+ 137.655 78"

=—9784076 + 3320716T — 18.267 55 log T
+1.160 192E-3T2 + 6.4E—8T3
+7.825E+5T 1

=+6057402 — 221453 711
+24.779079 log T

Loy, Zrp)1(D)a(becc_A2

L1(Uy, Zrp1(D)zibee_A2 — 1841851

L2(Ug, Zrp)1(D)3z(bcc_A2 =4512.70

L3(Uy, Zrp)1(D)3(bcc_A2 = +3700.10

L4(Uy, Zrp)1(D)z(bee_A2 — 15860.56

LO(U1. Zr1)1(0p)3(becc_A2 — _255010
(Uy, Zrp)1 (D)1 (tet_meta

LO(U1. Zry)1(D)1 (tet_metal — —2580.13

G(Zrq(tet_metal) — G°(Zry(hcp_A3) =+35000
(Ug, Zrp)1(0)1(ort_A20

Loy, Zrp)1 (D)1 (ort_A20) — _2843.69

G(Zry(ort_A20) — G°(Zr1(hcp_A3) =+438000
(Ug, Zry)2(Zr) 1{8)

LO(U1. Zry)»(Zr1)1(8) =0

G(UpZry(8)) — 2G° (U (ort_A20))

—G°(Zry(hcp_A3) =48.06286
G(Zr3(8)) — 3G°(Zry(hep_A3) =16.4148T
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Gibbs energy parameters/@atom) of gaseous specied L0]. G(Sub — G(Ref) = ax + bk T + T log (T) + dkT2 + q<T3 + fkT—1 for Tk < T < Tkg1.
Note: B+ = 107; E— = 10~

Substance Tmax
Tk a by Ck dk & fi
01(G) 20000.00

298.15 4243152712235 —1.9768353956H1 —21187789894E1 +3.1192657423E4 —4.4743109082E8 —3.942921472584
1200.00 +2.4277575832E5 —1.802978113181 —2139357 177581 +2.6307403526E4 —2.1018747482E8 +4.5566418264E4
4200.00 +2.5615326700E5 —6.2660801072E1 —1.5958230064E1 —7.2232471677E4 +1.2502099791E8 —6.1799306436E6
8600.00 +1.9600619753E5 +3.3666328610E1 —2.662230221381 +1.3497797312E4 —6.5384664400E10 +5.877 72 39294E7
02(G) 20000.00

298.15 —7.0602882651E3 —4.9152832099E1 —2.2588296136E1 —9.7947960689E3 +1.2353059908E6 —7.1500115612E4
1100.00 —1.3083001915E4 +25071616144E1 —3.361548627081 —1.1813636232E3 +1.1634396981E8 +5.1020407218E5
3500.00 +1.337305527184 —4.9966787673E1 —2.46523919148E1 —2.6191717530E3 +59896337111E8 —1.446964 746487
8600.00 —3.9610634669E5 +6.0910010981E2 —9.7536851127E1 +3.1082000140E3 —2.3951616364E8 +4.1383392011E8
17000.00 —1.460957 132985 +3.4376049822E-2 —6.965034 8186E-1 +1.7488416266E3 —1.1728095723E8 -+0.0000000000E-0
03(G) 6000.00

298.15 +1.318440171385 —6.1993243331E1 —2.3638029683E1 —3.3297965924E2 +6.0468791438E6 +4.007 225249484

700.00 +1.1528963785E5 +1.710291111082 —5.9292523898E1 +1.5400082084E3 —4.5818986202E7 +1.5115994127E6
1400.00 +5.7220635930E4 +6.570720833582 —1.2720323834E2 +3.6802948955E2 —3.8868110847E6 +1.0816764021E7
2300.00 +1.1480034113E6 —4.8545219108E-3 +5.8512182213E2 —1.7071315510E1 +7.4899464204E6 —3.0353954198E-8
3400.00 —1.9113615418E6 +6.2397594274E3 —7.8152668489E2 +1.0125660312E1 —2.6809850377E6 +9.8372401000E8
4900.00 —2.3068802126E5 +1.686540183583 —2.427 144572282 +2.4437807370E2 —6.2659916640E7 +0.000000 0000E0
01U1(G) 6000.00

298.15 +85092021960E3 —5.690015133681 —2.8376252134B1 —7.9532902671E3 +1.3374135150E6 +5.878258 50004

900.00 +3.884735365483 +2.491448458580 —3.7328246151E1 —1.6817123555E5 +5.6409176273E10 +5.29972 6360085
0oU1(G) 6000.00

298.15 5026672897385 —3.6612685831K1 —3.5043698847E1 —2.3055283480E2 +4.4783715890E6 +1.3102702243E5

700.00 5127229682585 +1.0894889217E2 —5.7448621618E1 —2.1946711760E4 +1.1384531507E8 -+1.005127 3366E-6
3700.00 —5.1183333989E5 +1.1049037488E-2 —5.7719953600E1 —3.6591590400E5 +0.0000000000E0 +0.0000000000E0
03U1(G) 6000.00

298.15 —8.2207493375E5 +1.3469596388E2 —6.4408545252681 —1.5889700244E2 +2.5374768887E6 +3.5681975451E5
1000.00 —8.3171879176E5 +2.6312564731E2 —8.3759091680E1 +7.3969884218E4 —6.6393412901E8 +1.2143047874E6
1600.00 —8.3083319874E5 +2559094570482 —8.274517091781 +1.7353684872E4 —5.6887410089E9 +1.0419833231E-6
012r1(G) 4500.00

298.15 +7.862533551384 —2.196140151182 +4.8790745312E0 —8.0119285250E2 +2.0444750458E5 —1.0569604231E5

700.00 +4.9802132367E4 +3.07467482598-2 —7.9124485486E1 +2.2956097158E2 —2.4193279877E6 -+1.5893157028E-6
1400.00 +8.3859759894E4 +1.146276530781 —3.748087 3659E1 +1.7872668682E4 —7.8472805589E8 —3.698206 9940E-6
02Zr1(G) 4500.00

298.15 —4.1440146958E5 +3.150719444481 —4.2672867877BE1 —1.2417606322E2 +1.8576154371E6 +2.9451754856E5
1100.00 —4.2948683328E-5 +1.820026 756282 —6.4479477978E1 +2.7376810723E3 —2.2019400392E7 +2.4421914278E-6
U1(G) 6000.00

298.15 +55951975434E5 —22128663062E0 —3.260704 62511 +1.1366437766E2 —2.4491810700E6 -+1.5300940077E5
1000.00 +5.8009658408E5 —2.096754446382 —2.6615892917E0 —8.4014720765E3 +4.9524599130E8 —2.5479262437E6
2300.00 +6.5300730689E5 —5.7307121546E2 +4.424062322781 —2.1986255660E2 +7.9694652619E7 —2.4066006341E7
4300.00 +6.935462096484 +1.107370431283 —1.5634510622E2 +8.8766064166E3 —1.0011029279E7 +2.9659311222E8
6800.00 +1.375518120285 +1.032777075283 —1.487771416882 +89328334071E3 -1.1701654550E7 +2.1238589076E-8
9800.00 +1.2451440404E6 —4.9622507344E-2 +1.733530356581 —2.2724458243E03 +2.6452235804E8 —1.1879456346E-9
Zr1(G) 10000.00

298.15 +5.7449191494E5 +82104149638E-1 —3.8691110000E1 +1.1528460000E2 —1.6932550000E6 -+2.7063880000E-5

700.00 +5.8360536701E5 —1.836602070581 —2.406106 000081 +1.7436410000E3 —5.9431233333E7 —7.4894750000E5
1300.00 +5.8145674711E5 —3.8333424969E1 —2.046361000081 —2.9610840000E3 +1.0839143333E7 +5.2635250000E5
2700.00 +6.183601254885 —1.5427834040E2 —6.6473430000E0 —4.6738955000E3 +1.0683358333E7 —1.5872340000E7
6600.00 +4.9187534554E5 +1.3950085082E-2 —4.0688010000E-1 —6.3835700000E4 +1.7912533333E8 -+7.1496950000E-7
Zry(G) 6000.00

298.15 +9.022786 7567E5 +4.0448613064E1 —3.7136720000E-1 —3.2039655000E4 —4.3060516667E9 -+8.5422150000E-4
3600.00 +8.8363257030E5 +6.4209867372E1 —3.9333560000E-1 —1.0196690000E3 +6.0979966667E8 +1.406580 50007
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analysis. In any case, it does not affect the calculation presented with special points and invariant reactions, and
of phase equilibria, becausthe limit conditions are = compared to some select experimental points3p, 37—
respected. 39,42, 43,48 onFig. 2
The comparison of the two assessment works of  The agreement between the calculated and experimental
Chevalier et al.11, 12], and Gueneau et all§] still showed phase boundaries has been improved. Two other assessments
some diffeences on the calculated phase diagram. Two were madeby Liang et al. #9] and Arroyave et al. §0.
points have been found to be subject to discussion: The main differences between our work and the two others
are the inclusion of several stoichiometric oxides in the
e in the hypostoichiometry field, the shape of the zirconium rich domain by 49, 50|, at low temperature
miscibility gap, which may exist up to vaporisatidti] (T < 750 K), which do not interest severe accidents,
or be closed beforelPp, 19]; and the shape of the liquidus at high temperature, more
or less curved, which is important for the extension of the
O-U liquid miscibility gap in the O—-U-Zr ternary system at
high zirconium content. The low temperature oxides will be
included in the future, but new experimental measurements
would be necessary to validate the liquidus shape at high
temperature.

e in the hyperstoichiometry field, the temperature of the
invariant reaction k<UO,x+ G at a tdal pressure of
1 amosphere, varying between about 27001K][ and
3073 K [12]. This temperature was quoted in dashed
points by Levinskii P1] in the comglation “phase
diagrams for ceramists” as 2873 K.

That's why the O-U binary system has been re—assesseq?"s' U-2Zr (uranium-zirconium)

in this study, onhe basis of the selected model] and of
specific choices for the shape of the liquid miscibility gapin : '
the hypostoichiometric field, and for the temperature of the With the symbols currently used in this work, are the

invariant reaction at 1 atmosphere in the hyperstoichiometric ollowing: liquid phase, L; body centred cubic solid
field. sdution, bcc_A2; tetragonal uranium rich solid solution,

h tet_metal; orthdrombic uranium rich solid solution,
ort_A20; hexagonal close packed zirconium rich solid
solution, hcp_A3; intermetallic phase

In our previous work %], the non-stoichiometric
range of the intermetallic phasé was not represented,
as it was considered as a stoichimetric compound,
UsZr7(S). Moreover, incoherencies were found between
3.2. O—Zr (oxygen—zrconium) the experimental activities in the bcc_A2 solid and liquid

sdutions, which show a strongly negative deviation from

The condensed solutions and stoichiometric compounds,ideality in the temperature range 1723-1873 %L, [52]

with the symbols currently used in this work, are and the existence of a miscibility gap in the bcc_A2 solid

The condensed solutions and stoichiometric compounds,

The calculated O-U phase diagram is presented wit
special points and invariant reactions, and compared to
some seleetd experimental points2P-34] on Fig. 1(a).
Different enlargments have been previously preserté}] [
an enlargement of the oxide part is presenteéign 1(b).

the following: liquid phase, L; Zr@ x solid solution, solution at low temperature, indicating a positive deviation
fcc_C1l; QZry(tet), tetragonal; @Zri(mon), monoclinic; from ideality. Even though no new recent experimental value
Zri(hcp_A3); Zri(bcc_A2. is available for this system, these two points justified a

In our previous work %], the oxygen potential database re-assesment of the system. Moreover, the two existing
was not complete, and some disagreements were foundassessments, by Leibowitz et ab3] and Ogwa and
between the calculated and experimental phase diagram]wai [54], show an unrealistic excess Gibbs energy of the
especially concerning the phase boundaries of the two-phasdiquid phase, which becomes more and more negative above
regions hcp_A3+ OzZri(mon, tet) at low temperature and  about 1600 K, especially in the second cé&4.[
hcp_A3+ bcc_A2. Moreover, no experimental liquidus was These are the reasons why a new critical assessment

avdlable at high temperaturr the two-phase region & is presented in this work, which takes into account the
ZrOy_x(fcc_CD). non-stoichiometry range of the intermetallic phasand

In this work, the bibliography has been updated, and the proposes more realistic excess Gibbs energies for the liquid
complete list including new references is givéa{50]. and bcc_A2 solid solutions. The liquid phase, L, and the

The O-Zr system has been re-assessed in this work,solid solutions, bcc_A2, tet atal, ort A20 and hcp_A3,
by taking into account the complete oxygen potential have been modelled with a simple substitutional model,
and phase diagram database. The liquid phase waswith the formula(Us, Zr1)1. Theintermetallic phasé has
modelled with an associt model, with the formula been represented with a two sublattice model, with the
(01, O2Zr1, Zr1), and the €c_C1, hcp_A3and bcc_A2solid formula (U1, Zr1)2(Zr1)1, which allowed us ¢ represent
solutions by a two sublattice model, with the formula, the non-stoichiometry range. The calculated U-Zr phase
(Zr1)1(01, D)2(01, )1, (O1, Do 5(Zr1)1, (01, M3(Zr1)1, diagram is presented dfig. 3(a) and (b) with special points
respectively. The calculated O-Zr phase diagram is and invariant reactions, and compared to some selected
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T/K L | | 1 | I L ! |
4000 ‘/_
3600 —
3200 L1~
2800 —
X
X
2400 —
2000 —
O8U3(S)]
1600 —
1200 UI(BCC_A2)>F
ULTETES
8001 09U4(3) B
03U1(S U1(ORT_A20)->
400 1<.1202(G) ~
T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
*  [1963Blu] o [1966Gui] $ [1970Lat] = [1980Gar]
+ [1964Bat] x  [1967Ban] # [1970Tet] z  [1998Gue]
x  [1965Mar] © [1968Kot] & [19748Sai]
o [1966Bat] v [1969Ack] A [1975Mat]
T/K i I I | i I 1
(b)
&
3000 —
27004
2400 -
2100 -
18001 0515354 —
1500 -
1200 -
900 -
$
09U4(S)-
600 -
03U1(S)
T T T T T T T T
0.27 0.30 0.33 0.36 0.39 0.42 0.45 0.48
*  [1963Bl] a  [1968Kot] $  [1974Sai]
+  [1965Mar] x  [1969Ack] #  [1980Gar]
X [1966Gui] © [1970Lat] &  [1998Gue]
o  [1967Ban] v [1970Tet]
0-U

x (mol)

x (mol)

THREE-PHASE REACTIONS

1407.90
2698.40
1049.00

942.02
2143.10

940.88
1396.50
3079.80
3716.30

1.000 1.000 0.334
0.414 0.962 0.375
1.000 1.000 0.333
1.000 1.000 0.333
0.273 0.308 0.017
0.000 0.250 0.273
0.308 0.308 0.273
0.326 0.323 0.230
0.490 0.804 0.516

TRANSITIONS

3125.10  0.334
4001.70 0.338

942.00 1.000
1049.00 1.000
1408.00 1.000
4149.00 1.000

23

Fig. 1. Calculated O-U equilibrium phase diagram compared to some of theesedagterimental points: (a) globdh) enlargement of the oxide part.
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T/K | | 1 L L 1 l 1 ! THREE-PHASE REACTIONS

2370.50 0.384 0.687 0.588
4500 G L 2243.40 0.896 0.816 0.897

1796.30 0.694 0.333 0.363
2650.00 0.333 0.000 0.333
1478.00 0.701 0.333 0.333
1478.00 0.000 0.333 0.333
2965.50 0.333 0.001 0.331

4000 -

3500 —

3000

1478.00 0.333
2650.00 0.333
2993.00 0.335
4140.00 0.340

FCi

25004

2000

O2ZRI(TET)-
« . 4092.00 0.425
1300 © | 244570 0.710
<-1/202(G) O2ZR1(MON)-> 400

1139.40 1.000

1000 - —
2127.80 1.000
T T T T T T x (mol) 4918.00 1.000

T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

*+  [1954Dom] o [1977Ack]
+  [1961Hol] x  [1978Ack]
x  [1961Geb] © [1987Tan]
o [1967Ruh]

% 0-ZR

Fig. 2. Calculated O-Zr equilibrium phase diagranompared to the selected experimental points.

experimental points taken from the open literatur&2F development of the nuclear thermodynamic database with
62]. The agreement is quite tssfactory. The activity of the United Kingdom B5]. A thermodynamic assessment of
uranium is in agreement with the experimental ones of this system was made by Yashima et 86|[

Maeda et al.$2]. However, ne experimental points have been made
However, further work should be made for evaluating the avajlable by the recent works of Punni and MignanegI]]

qudity of the extrapolation of the excess Gibbs energy of giving information on solidus and liquidus temperatures of

the liquid phase at temperatures well above the liquidus, in yranium—zirconium oxides, and also of Baichi et &b,[68]

the domain of interest for gere nuclear accidents, up to  giving activity of UQ; in the solid solution in a wide range

3500 K. The data of Kanno et al5]] were found to be  of temperature (2000-2500 K). The list of bibliographic

too negative, pbably for experimental reasons (tantalum yeferences has been updatea®-{74].

Knudsen cell, oxygen impurities). The QU1—-0xZr1 quasi-binary systa was reassessed in

theframework of the ENTHALPY project4] and inproved
in this work. The liquid phase was described with a simple

The condensed solutions and stoichiometric compounds,Substitutional model, with the formuléOUs, O2Zr1)s,
with the symbols currently used in this work, are the while the two sdid sdutions fcc_C1 and tet_oxide were

3.4. O2U1-022Zr1 (uranium dioxide—zirconium dioxide)

following: liquid phase, L; (U,Zr)O, solid solution, described by a two sublattice model, with the formula
fcc_C1; (U, Zr)O, sdid sdution, tet_oxide; @Zri(mon), (Uz, Zr)1(0y)2.
monoclinic. The critical analysis of the pseudo-binary system

The @sessment of theD1—-0,Zr; quasi-binary system  O2U1—-0;Zr; has been made by Baichi§]. This work,
was initiated in 1990 by Relave et al.6§, as a combined with new available experimental daé,[68],
preliminary step for the thermodynamical calculation of allowed us to obtain a satisfactory agreement with the
phase equilibria in a quinary oxide system of first interest sekcted experimental points for the calculated phase
in nuclear energy field: Ua-ZrO,—Si0,—CaO-ApbO3, such diagram (without deviation from stoichiometry) and for
as liquidus and solidus tempaures of some selected core the activity of UQ in the fcc_C1 solid solution. The
(UO2—ZrOy)—concrete (Al,03—Ca0-SiQ) mixtures p4]. 0O2U1-0Zr1 quasi-binary phase diagram is presented with
This basic system was a beginning in the cooperative special points and invariant reactions big. 4.
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T/K | ]

(a) G
45004

4000+
3500
3000+
2500
2000+

1500+

BCC_A2

TET—1060 [Trt=tas
ORT._ o-.>[ A

500+

|<-HCP_A3
‘ DELTA \

T I T
0.0 0.1 0.2 0.3

*  [1954Sum]
+  [1989Lei]
x  [19910hm]

T/K | |

T T T I T T x (mol)
0.4 0.5 0.6 0.7 0.8 0.9 1.0

U-ZR

BCC_A2

XX

+ X

0o

850

800-
VZZZ.Z

750

A a
A & a
DELTA

[ I I T
0.0 0.1 0.2 0.3

*  [1954Sum]tet
+ [1954Sum]tet+bce
x [1954Sum]bce

@ o [1954Sum]bec+bee

©

v

T T T T T T x (mol)
0.4 0.5 0.6 0.7 0.8 0.9 1.0
[1954Sum]bec+hep  $  [1957Phi]ZrKroll = [1962Zeg]1phase
[1954Sum]ort # [1957Phi]ZrVArkel z [1962Zeg]2phases
[1954Sum]ort+bee & [1958How] s [1962Zeg]3phases
[1954Sum]ort+hcp A [1958Duf] a [1992Aka]
U-ZR

Fig. 3. Calculated U-Zr equilibrium phase diagram compared to the edlegperimental points: (a) with the gas phase, (b) in the solid state.

4. Ternary system

4.1. Short presentation of the different phases

O2U-0OxZr pseudo-binary sub-systems, and also from all
the available expemental information, are the following:

the ternary liquid phase, L, may present a miscibility gap
on the uranium—-uranium dioxide side at high temperature,

The different possible condensed phases resulting fromwhich extends in the ternary system (metallig, oxidic,
the analysis of the O-U, @& and U-Zr, binary, or L»); the ternanyintermediate oxide cubic face centred solid
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l | 1 | 1 | L ! ! THREE-PHASE REACTIONS

3000 \% I 1399.10 0.012 0.960 1.000
T

3120.00 0.000
2835.50 0.608
1478.00 1.000
2650.00 1.000
2985.00 1.000

02ZR1(MON)->

I T T T I T T T | ] * (mal)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

*  [1953Lam]liquidus®  [1960Eva] $ [1963Coh]X-Ray,la=ice [1987Pas]
+  [1953Lam]solidus x [1963Wis] # [1963Coh]X-Ray z [2001Pun]
x  [1958Vor] © [1963Coh]Metallo. & [1967Rom] s [2001Bai]
o [1958Vor] v [1963Coh]XR,gra. ~  [1983Une]

% 02U1-02ZR1

Fig. 4. Calculated @U-O,Zr equilibrium phase diagram comparedthe available experimental points.

solution, fcc_C1fluorite type,(U, Zr)Oo1x, F; the ternary — Sdler et al. [79]: isothermalsection atT = 1368 K,
intermediate oxide tetragonal solid solution, tet oxide, with experimental points in the diphasic fcc_C#
(U, Zn Oy, T, the ternary terminal metallic body centred hcp_A3, fcc_Cl1+4 bcc_A2 and triphasic fcc_C%
cubic solid solution, bcc_A2, which may dissolve 10 hcp_A3+ bcc_A2 domains;

at.% O at maximum on the zirconium rich side (uranium  — Junke and White§(]: “tentative” Zr-UQ; isopleth;

and zirconium form a continuous solid solution at high  — Politis [81]: compilation of the binary U-Zr, Zr-Zr@,
temperature and a miscibility gap at lower temperature), U-O, U-UG and pseudo-binary U£ZrO; sub-

B; the ternary terminal metallic hexagonal close packed systems; topology of the isothermal sections at
solid solution, hcp_A3, which may dissolve 35 at.% O T = 1273 and 1773 K; experimental points in
at maximum on the zirconiumich side and has a very the (U,Zn0,_x + L two-phase region aff =
limited uranium content (about 2 or 3 at.%), H; the binary 2273 K; pseudo-binary-Zr(0)-UQO, section, the
terminal uranium rich tetragonal solid solution, tet_metal, true composition of the left side being not clear
with a very limited zirconium content; the binary terminal and supposed by Hagrman et &82] to be oxygen
uranium rich orthogonal solid solution, ort_A20, with a stabilised « phase zirconium, Zrgxs, showng a
negligible zirconium content; the pure oxideg@j(S), miscibility gap, with experimental points in the;L
U409(S), UO3(S) and ZrQ(monoclinig, all considered as and(U, Zr)Oz_x monophasicg-Zr(0) +UO;_, L1 +
stoichiometric; the intermediate metallic phasewith a (U, Zrn0Oo_y, L1 + L2, L2 + (U, Zr)Oo_x two-phase
non-stoichiometry range. regions, monotectic reactiorples L1 + (U, Zr)Oo—y

atT = 2673 K, eutectic one L& a—Zr(0O) + UO»
aroundT = 2113 K;

4.2. Experimental information — Hofman et al. 83], Hofman and Politis §4:

compilation of the isothermal sections & =
1273, 1773 and 2273 K; pseudo-binarZr(0)-UO,

A first compilation of the experimental equilibria in sections similarly to§1]; onset of melting of a number
the O-U-Zr ternary system has been presented in detail of O—U—Zr compositions;
by Chevalier and Fischef5], reassemblig the fdlowing — Skokan BY): reviseda-Zr(0)-UO, isopleth, left side
restuts: ZrOp 43, eutetic at T = 2173 K, liquidus shifted to
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higher UQ content, with experimental points in te
Zr(0)+ (U, ZrO2—x, a-Zr(0) + L1, L1+ (U, ZrOz_x;
hypothetical sections dt = 1873 and 2073 K;
Yamanaka et al. §6]: tentative isdthermal section
at T = 1273 K, with experimental points on the
line UO,—Zr in the diphasic and triphasic domains,
fcc_C1+ OzZri(mon) + hep_A3 fcc_C1+ hep_ A3,
fcc_C1+ hep_A3+ bee_A2, hep_A3+ bee_A2;
Yamanaka et al. §7]: isothermal section atT =

4.3.1. Apparent contradictionsin the previous experimental
works

A lot of apparent contradictions have been found for the
vertical sections of interes#,-Zr(0)-UOs.

First of all, the left side of the diagrarfiZrOyTf(K)}, var-
ied with the different authors, successively §%:2125 K}
[80], {0.51? 2144 K} [8]], {0.51? 2228 K} [83], {0.43
2493 K} [82], {0.43,2273 K} [85, 89, {0.54, 2323-2353 K
[91]. In the setion revised by Skokan8p|, the oxygen

1673 K, with the diphasic and triphasic domains concentration inx-Zr(O) was fixed & 30 at.% hstead of

fcc_C1+ tet_oxde, fcc_C1+ tet oxide + hcp_A3,
fcc_Cl+hep_AS, fcc_CH-hep_A3+Ly, fecc_Cl4Ly,
hcp_A3+ L1, hcp_A3+ L1 + bcec_A2, hcp_A3+
bcc_ A2; topology idental to Politis and Hofmang1,
83, 84 at 1773 K; small solubility of uranium in
a-Zr(0);

Miyake & al. [8]: isothermal sections af = 1273
and 1673 K, identical to Yamanaka et &16[ 87];
Hofmann et al. B9: new compildion of Zr—ZrO,,
O-U-Zr atT = 1773, 1873, 2073 and 2273 K,
a-Zr(0)-UO;, re-actualised from Skoka®¥;

Haywad and Georged0, 91]: solubility of UO, in Zr
and ZrQy 43 over the temperature range 2273-2773 K;
UOo_x—ZrOp 54 vertical section, without miscibility

gap;

— Maurisiet al. [14]: oxygen solubility limit in the (U, Zr,

Since his work, further measurements have been made,

0) liquid in the range 2020-2320 K for/dr = 1.5.

and new experimental results are now available:

— Gueeau et al. 13): liquid miscibility gap: O-U:T =

4.3.

3090+ 100K, Ly: xo = 0.55+0.02,xy = 0.45+0.02,
L1: Xo = 0.02+ 0.02,xy = 0.98+ 0.02; O-U-Zr:

T = 3223+ 100 K, L1: Xo = 0.16+ 0.04,xy =
0.444+ 0.02,xzr = 0.40+ 0.02, Ly: xo = 0.48+ 0.04,
xy = 0.29+ 0.02,xzr = 0.23+ 0.02;

Farmer et al.92]: DTA determination of liquidus and
solidus tempeatures of six specific corium composi-

34 at.% by Politis B1]. Except for Junke and WhiteB(]],

who studied the vertical section Zr-Y@and tus indicated

the true melting point of Zr, assessed as 2128Kthe left
side of the diagram should correspond to the oxygen sat-
urated hcp_A3 solid solution in the O-Zr binary system,
varying from {0.43, <2148 K} according to Domagala and
McPherson 35] to {0.43, <2403 K} according to Acker-
mann et al. 42). This point has already been clarified in the
re-assesment of the O—Zbinary system, in which Acker-
mann et al.’s diagram was selected. Consequently, the cal-
culated melting temperature of Zg@s or Oy 3Zrg7 is equal

to 2413 K, and thus, the selected left side é6Zr(O) is
{0.43, 2413 K}, located between the values given by Hagr-
man et al. 82] and Hgyward and Georged[l], and in contra-
diction with others 81, 83, 85, 89.

Secondly, differences have been found concerning
the eutectic temperature & fcc_C1 + hcp_A3 in the
a-Zr(0)-UQO, vertical section, determined as 2113 K by
Politis [81] and Hofman and Politis §4], and as 2173 K
by Skokan 85]. In fact, on a theoretical point of view,
this temperaturesinot constant in a ternary system, and
the L 4 fcc_C1+ hcp_A3 domain may exist over a wide
temperature range in the O—U—Zr ternary system, decreasing
when the UQ content increases. This feature will explicitly
appear in this work in the calculated Zggx—-UO, vettical
section.

Third, there is a noticeable d¢onsistency between the
isothermal section at 2273 K reported by Polit3][ and

tions, representative of PWR (pressurised water reac-Hofman and Politis 4], and the Zr@43-UO; vettical

tors) and BWR (water react®yconfigurations in dif-
ferent states of oxidationo, xu, Xzr, T, TS reported
in Table 5(given in Appendix);

Punni and Mignanelli §7]: solidus and liquidus
temperatures of overstoiaetric uranium—zirconium
dioxides; We5Z2r03502000 T- = 2951 K, TS =
2863 K; W e5Zr03502052 T- = 2911 K, TS =
2823 K; W esZro3502008 T- = 2834 K, TS =
2755 K.

Critical analysis of main incoherencies in the
experimental information

section reported Yo the sameauthors 81, 83]. The
isothermal sectioniges experimental compositions located
either in the two-phase field b (U, Zr)O,_y, or in the
monophasic liquid region, and allows to estimate the phase
boundary /L + (U, Zr)O2_y at high zirconium content. At

T = 2273 K, the solubility limit is estimated to be 14 mol%
UO; from the isothermal section, whereas it is equal to
8 mol% UG from thevertical section. The limit of solubility
was determined in the temperature range 2073-2573 K. In
the revised vertical section proposed by Skoka9|[ the
maximum amount of U@which can be dissolved at 2273 K
is about 16 mol%, which agrees significantly better with
the isothermal section (14 mol%) than the earlier value of

In analysing the available experimental information, 8 mol%. The limit of solubility of UG in ZrOg 43 has been
some eatures of the phase diagram appeared to bedetermined in the range 1873-2373 K. The new vertical
subject to controversy, especialy temperatures interesting  section was included in the me recent compilation work
hypothetical severe accidents, above 2000 K.

of Hofman et al. 89. In this work, he liquidus line of
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the two-phase fieldU, Zr)O,_x + L on the Zrrich side

is shifted to higher U@ contents. In a general way, the
limit of solubility of oxygen in uranium-zirconium alloys

is tightly linked to the extension of the O—U binary liquid
miscibility gap in the ternary system at high zirconium
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L1 + L2, which may occur between 2373 and 2673 K. We
will see in the following howhe new available experimental
results validate this interpretation.

content. Thus, in the two different sections presented by 4.3.2. Validation of the present analysis by new available

Politis [81] and revised by Skokang5], a miscibility gap is

presented in dotted line above 2673 K, but only extrapolated

from the low temperature limit of solubility of oxygen
measurements. Normally, the highest the solubility will be,
the smallest the miscibility gap will be. The monotectic
temperature separagrthe two-phase region 1+ fcc_C1
and the miscibility gap L+ L2 is located between 2573 and
2673 K. The Skokan'’s revision will decrease the miscibility
gap range. A tentative Zr—Urertical section was proposed
by Juenke and White8[], the miscibility gap above

experimental works

Now, new experiments are available. In the hypostoichio-
metric field, a tie line of the liquid miscibility gap (Gue-
neau et al. 13]) in both O-U and O-U-Zr systems, and
liquidus and solidus temperatures of six compositions in the
UO,—-ZrOx—Zr region reprsentative of BWR and PWR con-
figurations (Farmer et al9p]).

On theone hand, the experimental study of Gueneau
et al. [L3] gives only one tie line in the O-U system, and
thus, the selected errors affected to the phase limits may

approximately 2623 K, is larger, because the zirconium play a role on the extrapolation of the miscibility gap at high

content is lower, but the limit of solubility of U®in Zr in

temperature and the critical temperaturg & L. In the

the temperature range 2273-2673 K remains very imprecise.ternary system, the global composities = 0.4, xy = 0.4,

The solubilities of UQ in Zr, «-Zr(O) have been determined
by Hayward and George9, 91] over the temprature
range 2273-2773 K. The UOx—ZrOp 54 Vertical section
has been graphically reported in the original pap.[

In contrary to Skokan g5], these authors observed no
microstructural evidence or step changes in solubility to
indicate the presence of a tWiguid region n this sction.
They also measured the solubilities of @ U-Zr alloys

xzr = 0.2 varieddue to vaporisation, but is located in the
miscibility gap domain, not too far from the O—U side. In the
analysis of the experimental results, the uncertainty affected
both to the composition and temperature may play a role on
the extrapolation of the miscibility gap at high zirconium
content. In the present analysis, the experimental tie line
is compatible with the existence of thg b L, two-phase
region over a wide range of temperature, between 2573 and

atT = 2373 and 2473 K, allowing to measure the shape of 3273 K, and in the covered composition range.

the twophase region L%+ UO,_y in this temperature range.
Moreover, the oxygen solubility limit in the (U, Zr, O) liquid
in the range 2020-2320 K for Zr = 1.5 detrmined by
Maurisi et al. L4], 7 at.%,is lower than lhe one estimated
by Politis [81] at 2273 K, 20 at.%, and was in favour of a
low solubility of oxygen in the O—U binary liquid phase.

In our previous analysig], the low solubility values of
O in U-Zr dloys determined by Politisg1] and Maurisi
et al. [14] (2020-2320 K), seemed to be in contradiction
with the higher ones of Hofman and Politi84] (2273 K),
Skokan BY] (2273—-2473 K) and Hayward and Geor®d[
91] (2273-2773 K); moreover, the existence of a liquid
miscibility gap in the pseudo-binary section YQ—« (ZrO),
presented by Politisg1] and extapolated by Skokar8f],
was put in question by the recent work of Hayward and
Geoge [91].

In the present analysis,llathese results are not in

contradiction, but determined at various zirconium contents,

On the other had, the experimental points of Farmer
et al. P2 are located on the two vertical sections
O—(Ug.e2Zr0.3g) for the PWR configuration and Qg .41
Zrgs9) for the BWR configuration. Evidence of a liquid
miscibility gap was not foundor any one of the studied
compositions.

These two experimental studies are quite compati-
ble, and the two isopleth sections @ge2Zrp38) and
0O—(Uo.41Zr0.59) should clearly show the presence of a liquid
miscibility gap, with the following domains at high tempera-
ture, Ly +fcc_C1, L3 +Lo+fcc_Cland i +Lj. The exper-
imental points of Farmer et al9f] are located at high U@
content, and thus in the two-phase regiemtfcc_C1. The
experimental composition analysed by Gueneau et & js
located at low U@ content, and thus in thejl+ L> domain
at high temperature (above 2573 K).

However, the lesexidised points are located very near
the vertical section U@-ZrQp43. As for the previous

and thus might be conciliated by adopting a curvature of the results of Hayward and George9]] concerning the

phase linit L1 < Li + (U, Zr)O,_« varying from a low
sdubility of oxygen on the O-U biary side towards a high
sdubility of oxygen on he O-Zr binary side. At a given
zirconium content, the miscibility gap will disappear on the
vertical section ZrQ + UOy, if X exceeds a certain limit.
Moreover, the shape of the two-phase regidnZr)O,_x +

L1 and the orientation of the tie lines in the temperature

UO,_x—ZrOps4 Vertical section, no miscibility gap was
found, in contradiction with the revised section proposed
by Skokan 85]. Actually, this controversy is still difficult

to resolve definitively, because it interests points located
at high zirconium content for which no new measurement
is available, and also in a domain in which the transition
between a two-phase region k& fcc_C1 and g + Lo, or

range 2273-2473 K is closely linked to the temperature andL; + L, and L, will be very sensible to temperature and

composition range of the triphasic domaid, Zr)O_x +

composition variations.
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5. Optimisation results

29

sections(UO2—Zr, UO,—ZrOp 43) on Figs. 18and 19. The
overall ageement with the surimposed experimental points

All the binary and quasi-binary Gibbs energy parameters Was clecked in order to evaluate the remaining uncertainties
have been previously evaluated in the critical assessmento" insufficient knowledge.

of the O-U, O—Zr, U-Zr and @J-0OxZr systems, and are
reported inTables 3.

Ternary ineraction parameters exe generated by the
thermodynamic modelling of théquid, fcc_C1, hcp_A3

and bcc_A2 solution phases. Some of them were eval-
uated by hand from simple assumptions. The hcp_A3

ternary interaction parameter(Q;)os(U1, Zr1)1 was es-

timated to reproduce a maximal solubility of uranium in
the hcp_A3 solid solution equal to about 2 at.% at all
temperatures. The bcc_A2rtary interaction parameter
L(O1)3(U1, Zr1)1 was talen identical to the hcp_A3 pre-

vious one in the absence of ternary experimental informa-
tion. The two last ternary parameters of the fcc_C1 solid so-

lution, L(U1, Zr1)1(01)2(01)1 and L(Uq, Zr1)1(0)2(01)1,

concern either the hyperstoichiometric field, interaction be-

tween QUs(fcc_C1) and &Zri(fcc_Cl), in which the
only experimental information is the work of Punni and
Mignanelli [67], or the hypostoichiometric field, interaction
between QU;(fcc_C1) and QZri(fcc_CJ, whichare very

6. Comparison between the calculated and experimental
ternary phase diagram

The available experimentahformation was compared
to the calculated ternary phase diagram both on isothermal
sections Figs. 5-17) and vetical sections Figs. 18 and
19). In the following, we will distinguish three temperature
ranges: a low temperature one, located between 1273 and
1973 K, an intermediate one, from 2073 to 2473 K, and a
high temperature range, located between 2573 and 3173 K.

6.1. 1273-1973K

The topology of the phase diagram is in qualitative
agreement with the experimental works of Poli@4][and
Yaman&a et al. B at 1273 K, and Saller et al.7p]
at 1373 K. The diphasic and triphasic domains fcc €1

metastable substances. Provisionally, they have been set tticp_A3, fcc_ Ch-hcp_A3+bcc A2 and hcp_A3-bcc A2
zero, but the first one could be estimated (from the exper- have been calculated, but a relative uncertainty still remains

iments). The actual model gerates a very rapid decrease
of the devation from stoichiometryx in UO2,x with ad-
dition of zirconium, and a demixion between QYQ and
(U, Zr)Oz.4y, y being vey smadl. Finally, only three ternary
interaction parameters,(DoU1, Zr1)1 and L(O2Zr1, Ug)1

in the liquid phase, L, and U1, Zr1)1(0)2(0)1 in the
fcc_C1 solidsolution have to be precisely evaluated to re-
produce as well as possibleet selected solubility of oxy-
gen in liquid uranium—zirconium alloys and the shape of
the twophase regioniU, Zr)O,_x + L1 [14, 81, 85, 90, 9]

in the temperature range 2073-2773 K, the tie line of the
miscibility gap [L3] and theliquidus and solidus tempera-
tures B7, 92). In this work, the three ternary parameters of
the liquid and fcc_C1 solid solution were evaluated by us-
ing the Parrot optimisation softwarg][in close mnnection

for the accurate composition of the phases in the triphasic
domain. In particular, the compositions experimentally
located in the fcc_CH hcp_A3 field bySaller et al. 79
would involve a lubility of uranium in the hcp_A3 solid
sdution higher than the one experimentally found at higher
temperature.

No experimental data exists at 1473 and 1573 K.

The topology of the phase diagram at 1773 K is
in qualitative agreement with the experimental results of
Yaman&a et al. B7] at 1673 K and Politis 81] at
1773 K, showing two triphasic domains fcc_&hcp A3+
L andhcp_A3+L +bcc_A2, the inversion with the topology
fcc_C1l+ hcp A3+ bcc_A2 and fcc CH bcc A2+ L
occurring at 1704 K.

In the field located in the triangle USZrOx—Zrp 7003,

with an intelligent approach based on the method of trial and a twophase field fcc_CH- fcc_C1 appears at 1773 K,
error. All the assessed ternary interaction parameters havedue tothe invariant reaction fcc_C& OoZr; (tetragona) +

been reported ifable 3

hcp_A3 in the O-Zr binary system around 1773 K.

The gas phase was treated as an ideal mixture of pureConsequently, a triphasic domain fcc_CGA fcc_C1 +

gaseous species, with the formul@;, O1Uj, O1Zr1, Oy,
OoU1, O2Zr1, O3, O3U1, U1, Zr1, Zr2)1. The thermody-

hcp_A3 will be present between 1773 and 1873 K, in the
hypostoichiometric domain. A miscibility gap fcc_Cg

namic data of the gaseous species were directly taken fromfcc_C1 will be also present in the hyperstoichiometric

the THERMODATA substance databa$gdnd are eported

domain at all temperatures. The presence of the miscibility

in Table 4 The data of oxygen—uranium species have been gep in the solid solution is due to the stabilisation of the

recently reviewed by Cheynet and Chadd[
The O-U-Zr equilibrium phase diagram was calculated
by using the calculation code GEMINI2 (Gibbs energy

metastable miscibility gap in the f)-O>Zr quasi-binary
system in the hypostoichiometric field and to the unknown
deviation from stoichiometry of U@L« when Zr is added in

minimiser) available in the ThermoSuite software presented the hyperstoichiometric field.

by Cheynet et al.q]. Calculation results are graphically
represented as isothermal 8ens in the temperature range
1273-3173 K orFigs. 5-17, and claracteristical vertical

At 1873 and 1973 K, the real experimental information
is nearly non-existent: the section reported at 1873 K
(Politis [81]) is hypothetical, and points were located in the
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Fig. 5. Calculated O-U-Zr isothermal sectionTat 1273 K compared to the selectexperimental information.
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Fig. 6. Calculated O-U-Zr isothermal sectionTat 1373 K compared to the selectexperimental information.
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Fig. 7. Calculated O-U-Zr isothermal sectiorTat 1773 K compared to the selectecperimental information.
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Fig. 8. Calculated O-U-Zr isothermal sectioriTat 1873 K compared to the selectecpberimental information.
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Fig. 9. Calculated O-U-Zr isothermal sectionTat 2173 K compared to the selectexperimental information.
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Fig. 10. Calculated O—U-Zr isothermal sectiorat 2273 K compared to the selectexperimental information.
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T=2373.15K
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Fig. 11. Calculated O-U-Zr isothermal sectiomat 2373 K compared to the selectexperimental information.
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Fig. 12. Calculated O-U-Zr isothermal sectiomat 2473 K compared to the selectexperimental information.
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T=2573.15K
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Fig. 13. Calculated O—U—Zr isothermal sectionTat 2573 K compared to the selectexperimental information.
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Fig. 14. Calculated O—U—Zr isothermal sectiorTat 2673 K compared to the selectexperimental information.
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Fig. 15. Calculated O-U-Zr isothermal sectiormat 2773 K compared to the selectexperimental information.
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Fig. 16. Calculated O-U-Zr isothermal sectiomat 2873 K compared to the selectexperimental information.
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Fig. 17. Calculated O—U-Zr isothermal sectiormat 3073 K compared to the selectedperimental information.
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Fig. 18. Calculated @U—Zr vertical section compared to the available experimental points.
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Fig. 19. Calculated @U-Og 43Zr vertical section compared to the available experimental points.

two-phase region fcc_C% hcp_A3 (Junke and White([],
Skokan B5)).

6.2. 20732473 K

In this intermediate temperature range, the experimental
information is mainly locad on the vertical sections
UO2—Zr (Junke and White§0Q]), UO2—ZrOg 43 (Politis [81],
Skokan B5], or isothermal section (2273 K80]), giving
points located either in the two-phase fields fcc €1
hcp_A3 andfcc_C%L4, orin the three-phase field fcc_GA
hcp_A3+ L1. At 2073 K, Junke and White8[)] located
points in the two-phase region fcc_Glhcp_A3. However,
the limits of this two-phase region with the triphasic one
fcc_Cl+ hcp_A3+ L is very sensible with the oxygen
content and temperature. The points on the sectiop40
given by Junke and White8[)] could be located in the
triphasic domain. Due to uncertainties on the shape of
the twophase region fcc_C%# Lj, measurements of the
sdubility of oxygen were made by Maurisi et all4] in the
temperature range 2073-2273 K, but on the uranium rich
side. On he zirconium rich side, the results &1] and [89
are not too far. Recent experimental works of Hayward and
Geoge obtained from kinetics measuremerfig][at 2373
and 2473 K indicate a very strong curvature of the liquidus
on the zirconium rich side, in accordance with the Politis
results at 2273 K. It can be noted that the shape of the
liquidus on the zirconium rich side is in close connection
with the shape of the liquidus in the O—Zr binary system,
which is still insufficiently known. The recent liquidus
measurements of Farmer et a®2] are also infavour of

this curvature. A miscibility gap appears in the liquid at high
zirconium content between 2373 and 2473 K.

6.3. 2573-3173K

In this temperature range, on a qualitative point of view,
the topology of the phase diagram is characterised in the
hypostoichiometric domain by the extension of the ternary
liquid miscibility gap issued from the O-U liquid miscibility
gap, leading to the two-phase regions+ fcc_C1, b +
fcc_C1, and L + L, and the tiphasic domain L + Lo +
fcc_C1. On a quantitative point of view, recent experimental
results are available, conceng either atie line in the
liquid miscibility gap (Gueneau et all§]) and liquidus and
solidus tempeatures (Farmer et al9p]) for compositions
typical of PWR and BWR configurations. The experimental
tie line (3223 £ 100 K) is in good agreement with the
calculated ones in a wide range of temperatures, from 2973
to 3173 K, allowing an enlargement of the temperature
uncertainty. The extrapolation of the miscibility gap at high
zirconium content gives an orientation of the tie lines in
the direction UQ-Zr, and not in the inverse direction
ZrOo—U. A change in the entaion of the tie-lines would
need a re-optimetion of the ternary parameters, but is not
experimentally certain. The most recent experimental results
on the liquidus and solidus of specific corium compositions
corresponding either to PWR or BWR configurations in
different states of oxidatior®p] were conpared numerically
to the calculated ones ifable 5(given in Appendix) and
graphically reported on the isothermal sectioRiy(13 to
17). The agreement for the solidus temperatures is not as
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satisfactory, certainly because the phase transitions are nowith increasing temperaturenust be carefully analysed
easily experimentally determinable, and due to the sensible(Leibowitz et al. p5], Ogawa and Iwai$4]).

shape of the I fcc_C1+ hcp_A3. Thus, the solidus points Concerning the O-U-Zr ternary system, it seems
will need further &aminations. The experimental work of now that the overall topology of the phase diagram is
Farmeret al. P2] is in agreement with the experimental thermodynamically assessed over the whole temperature
work of Hayward and George9[l] and does not indicate  range 1273-3173 K.

an extension of the O-U binary liquid miscibility gap far At low temperatures, below 2000 K, the remaining

beyond the ternary section Y&zrQg 43. uncertainties are only quantitative, such as the accurate
In the over-stoichiom&xic domain, the agreement with compositions of the phases in the triphasic domains, or the
the experimental results of Punni and Mignanel67] is solubility of uranium in the hcp_A3 solid solution.

quite satisfactory for the liquidus and solidus temperatures. At high temperature, above 2500 K, the more recent
The presence of an hyperstoichietric liquid in equilibrium experimental results (Gueneau et dI3], Farmer et al. 92],
with the gas phase at temperature above 2773 K and 1 atmPunni and Mignanelli §7]) are satisfactorily reproduced,

is connected with the O—U optimisation. and all the remaining uncertainties are located in the
UO,-ZrO—Zr triangle, such as the orientation of the
6.4. |sopleth sections (UO2—Zr, UO2—ZrOg 43) tie lines or liquidus temperates. However, the present

moddling does not predict the extension of the liquid

A common feature of these sections is to present at high miscibility gap far beyond the line US2ZrQp .43, while
temperature the ftowing diphasic and triphasic domains it is present on the vertical sections for Qu#44Zro 3s,
of interest for severe accidents: Ly & Lo, L + fcc_C1, O-Up41Zr059 and UQ—Zr. Any proposed measurement
Li+fcc_C1, Li+hep_A3, Li+hep_A3+fec_C1, hep_A3- should be carefully analysed, due to the difficulty of
fcc_C1l. The presence of a wide triphasic domain experiments and assiated errors.
hcp_A3+ fcc_C1 can explain the apparant incoherencies  Finally, additbnal experiments in the medium tempera-
of the experimental vertical sections. The slope of the ture range, 2000-2500 K, appear to be the most useful.
liquidus explains also the difficulty to extrapolate the liquid

miscibility gap from solubility measurements. 8 Conclusion

7. ldentified uncertaintiesor insufficient knowledge In this work, a new thermodynamic modelling of the
ternary O-U-Z system vas performed on the basis of a
Some uncertainties or domains insufficiently known have preliminary improvement of the thermodynamic modelling
been identified in the present work, concerning both binary of all binary and quasi-binary sub-systems, i.e. O-U, O—Zr,
and ternary systems. We will indicate only the ones which O,U-O,Zr and U-Zr, followed by an evaluation of ternary
are important for the nuclear accident field. interaction parameters in the main solution phases, i.e. liquid
Concerning the O-U binary system, the shape of the (L), ceramic(U, Zr)O2,x (fcc_C1D and Zr-O-U (hcp_A3,
miscibility gap in the hypostoichiometric field is based on bcc_A2) solid stutions, from the critical analysis of all the
only one tie line (Gueneau et all3]), and the oxygen  sekcted available experimentafarmation. A very sensible
solubility in liquid uranium deduced from this tie line improvement with regardtour previous work has been
and from measurements in the ternary system. In the obtained.
hyperstoichiometric field, the temperature of the invariant ~ On a qualitative point of viewthe overall topology of the
reaction b & UO2:x + G & 1 atm is unknown (Roth O-U-Zr ternary phase diagram has been assessed over the
et al. 21]). These two points are particularly important whole temperature range, between 1273 and 3173 K.
and may play a role on the extension of the ternary liquid  On a quantitative point of view, the solubility of oxygenin
miscibility gap in reducing conditions and the degradation uranium-zirconium liquid alloys, the liquid miscibility gap
of the ceramicby liquefaction at temperatures decreasing and the liquidus and solidusrtgeratures of the selected

versugpressure in oxidizing conditions. authors have been conciliated and the obtained agreement
Concerning the O-Zr system, the shape of the liquidus represented by means of isothermal and isopleth sections.
L1/ZrOy_x 4 L1 is not precisely known. The remaining uncertainties or insufficient knowledge

Concerning the U-Zr binary and0-0,Zr quasi-binary concern mainly in the hypostdimmetric field, the accurate
systems, an importaimdeterminationemains for the Gibbs  shape of thelomains in the intermediate temperature range
energy level of solution phases, liquid, bcc_A2 and fcc_C1 2000-2500 K. Further experiments in this field could
at very high temperatures, i.e. between 2573 and 3273 K.improve the accuracy of the thermodynamic modelling and
In fact, activity measurements exist only below 1800 K for its extrapolation power at gher temperature, such as the
the first system, and up to 2500 K for the second one. In orientation of thetie lines in the U@-ZrO,—Zr triangle, in
the two cases, the extraptitan of the Gibbs enegy up to which direct experiments are very difficult at temperatures
very high temperature must bealistic, and assessments above 2500 K. In the hyperstoichiometric field, the isobars
leading to excess Gibbs energy more and more negativeon the liquidus have to be determined.
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Table 5
Comparison between the calculated and experimental liquidus
Representating x(0) x(U) X(Zr) TL(exp Thcalg AT TSexp  TS(calo AT
reactor configuration Atomic fraction (K) (K) (K) (K)
(97
N°5 (PWR, 30% ox.)  0.59535 0.25165 0.15300 273842 2714 —24
N°4 (PWR, 50% ox.)  0.61844 0.236 96 0.14460 277342 2812 +49
N°6 (PWR, 70% ox.)  0.63945 0.22410 0.13645 2793420 2898 +105
N°8 (BWR, 30% ox.)  0.53974 0.18797 0.27229 24724288 2498 +26
N°7 BWR, 50% ox.)  0.58438 0.169 77 0.24585 2603279 2598 -5
N°9 (BWR, 70% ox.)  0.62200 0.154 62 0.22338 2748481 2740 -8
AT (mean) 37
[67]
U0.652r0.3502.000 0.666 67 0.216 67 0.11667 2951 2936 —15 2863 2877 +14
Uo.652r0.3502.052 0.67235 0.21297 0.11468 2911 2858 -53 2823 2790 -33
U0.652r0.3502.008 0.677211  0.20981 0.11297 2834 2804 -30 2755 2789 +34
AT (mean) 33
AT (mean, all) 35 27
The sublattice model used for all the solid solutions, Appendix
fcc_C1, hcp_A3 and bcc_A2, is well adapted for the
purpose. Table 5
The non-ideal associate model used for the liquid phase
allowed us to obtain a satisfactory self-consistency of all the References

sekcted experimental information.

Further improvements will have to be done in the
theoretical extrapolation of the excess Gibbs energy of the
uranium-zirconium liquid phase at very high temperatures
(3000 K) and in the experimental determination of tie
lines in the two-phase regiom L+ fcc_C1 at inermediate
temperatures (2000-2500 K).

The optimisation of ternary parameters is highly
dependant of the quality of the Gibbs energy level of

the sub-systems and of the selected ternary experimental

information. These two points have to be clarified to
increase the capability of the model for extrapolating in
experimentally unexplored domains.

The definition of the standards to be used is a crucial
point for the building of a solution thermodynamic database
for nuclear applications, in order to increase the basic
knowledge and to feed more global thermohydraulic codes
dedicated to severe accidents.
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