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A thermodynamic model for the Na-O system was developed for the first time using the CALPHAD
method after review of the structural, thermodynamic, and phase diagram data available on this system.
Differential Scanning Calorimetry measurements were moreover performed to assess the phase equilibria
and liquidus temperature in the Na,0-Na,0, composition range. A CALPHAD model for the Na-U-O sys-
tem was furthermore developed on the basis of both reviewed experimental data, and thermodynamic
functions of the sodium uranates derived by combining ab initio calculations and a quasi-harmonic sta-
tistical model. The phase equilibria in this ternary system are particularly relevant for the safety assess-
ment of the nuclear fuel-sodium coolant interaction in Sodium-cooled Fast reactors (SFRs). The model
predicts the stability of the ternary phase field UO,-NasUO4-Na4UOs, which is consistent with the most
recent literature data. Further optimization was moreover performed to fit the sodium partial pressures
measured experimentally in the NaUOs-Na,U,07-U0O, and NaUOs-Na,U0,4-Na,U,0- phase fields, yielding
an overall consistent description. Finally, the oxygen content required to form pentavalent NasUO,4 and
hexavalent Na4UOs in liquid sodium at 900 K were calculated to be 0.7 and 1.5 wppm, respectively, which
are levels typically encountered in SFRs.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
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1. Introduction

A considerable interest in the chemistry of the Na-(U,Pu)-O sys-
tem has existed since the 1960s because of its technological impor-
tance for the development of Sodium-cooled Fast Reactors (SFR)
[1,2]. Among the six reactor designs selected by the Generation
IV International Forum (GIF), the SFR is the concept with the high-
est technology readiness level, and probably the first one to move
to a demonstration phase and commercial deployment [1]. SFRs
use liquid sodium metal as a coolant, which shows a high boiling
point (1156 K), a high heat capacity, and a good thermal conductiv-
ity preventing overheating [1,2]. Some drawbacks exist with this
design, however, in particular due to the chemical reactivity of
sodium with water and air. The investigations reported in this
work are more specifically concerned with the safety assessment
of the potential interaction of the sodium metallic coolant with
the nuclear fuel in the event of a breach of the stainless steel clad-
ding. Although extremely rare, various circumstances can lead to
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the formation of a breach during normal operating and accidental
conditions: manufacturing defaults in the cladding material,
mechanical and chemical interactions between fuel and cladding
material, cooling default, or unexpected change in neutron flux.

(U,Pu) O, mixed oxide (MOX) fuel is currently the preferred
option for SFRs with a plutonium concentration of the order of
20 wt%. Past experimental work carried out in the 1980s on the
reaction between liquid sodium and urania and urania-plutonia
solid solutions has shown that in the temperature range of the fuel
during operation, close to the pellet rim (around 893-923 K [3]),
the main reaction product was NasMO,4 where M = (U;_,Pu,) [4-
8]. The compound NasMO, was found to be of lower density
(5.6 g-cm™3), and with less than half the thermal conductivity rel-
ative to the mixed oxide [9-11], leading to local swelling and tem-
perature increase in the fuel pin. Such a situation can induce
further cladding failure, restrain the flow of coolant within a sub-
assembly of fuel pins, or result in a contamination of the primary
coolant with plutonium, minor actinides, or highly radioactive fis-
sion products [9-11].

The prediction of the nature of the phases formed following the
nuclear fuel-sodium coolant interaction and their compositions

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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under specific temperature and oxygen potential conditions is cru-
cial from safety perspectives. The structural properties and ther-
modynamic functions of the ternary phases forming in the Na-U-
O phase diagram are fairly well established. Their relative stabili-
ties and the corresponding ternary phase fields have not been
investigated systematically, however, and there is no description
using the CALPHAD method (CALculation of PHAse Diagrams)
[12]. A sound description via models is essential, however, to feed
the materials databank of computer simulation codes.

A CALPHAD model for the binary systems Na-O and Na-U as
well as ternary Na-U-O system has been developed in the present
study using a ionic sublattice description compatible with the
already existing model for the U-O system and in general with
models of the TAF-ID project [13]. The TAF-ID project has been ini-
tiated since 2013 by the OECD/NEA with the aim to develop a ther-
modynamic database for nuclear materials (www.oecd-nea.
org/science/taf-id/) in cooperation between several countries.

A review of the structural, thermodynamic, and phase diagram
data available for the Na-O system is firstly given. Differential
Scanning Calorimetry measurements performed in the Na,O-
Na,0, composition range are furthermore described, and the cal-
culated phase equilibria are compared with the literature data on
this system. The structural and thermodynamic properties of the
ternary sodium uranates are also reviewed, and the ternary Na-
U-O phase diagram is computed by extrapolation of the three con-
stituting binary sub-systems, and further optimized. As heat capac-
ity data are lacking at high temperatures for the sodium uranates,
the corresponding thermodynamic functions are calculated by
combining ab initio calculations at 0 K and a quasi-harmonic sta-
tistical model. Finally, the threshold oxygen potentials required
within the fuel (or sodium coolant) to form the sodium uranate
ternary phases are calculated, and compared to the typical oxygen
levels encountered in SFRs.

2. Thermodynamic assessment of the Na-O system
2.1. Review of literature data

2.1.1. Phase diagram data

Wriedt made an extensive literature review of the phase dia-
gram and thermodynamic data available on the Na-O system in
1987 [14]. Fig. 1 shows a sketch of the phase diagram published
in his paper including the known boundaries, phase transforma-
tions, and three-phases equilibria. This system is poorly known,
especially above 50 at% O.

Five solid phases have been reported, namely Na(cr), Na,O(cr),
Na,0;(cr), NaO,(cr), and NaOs(cr), whose crystal structures are
listed in Table 1 [14].

The stable form of sodium at room temperature is body-
centered cubic (bcc) g-Na(cr), in space group Im3m [14,15]. The
reported measurements of the melting temperature of sodium
metal are numerous and concordant. The selected value, i.e.,
Trs(Na,cr) =(370.98 £ 0.02) K was taken from [24].

Sodium oxide, Na,0, shows a cubic phase at room temperature,
in space group Fm3m [14,16]. Bouaziz et al. observed two phase
transitions at 1023 and 1243 K, respectively, when performing dif-
ferential thermal analysis (DTA) measurements on a very high-
purity sample [25]. The existence of those phase transitions is sub-
ject of controversy, however. Henry et al. [26] could not reproduce
the same results by DTA, while Maupre [27] could only observe
them on cooling after fusion of the sodium oxide [14]. Wriedt
chose not to include them in his description of the binary system
(Fig. 1) [14]. The melting point of sodium oxide was determined
at Tp(NaO, cr) =(1405.2 £ 4) K by Bouaziz et al. [24,25]. Finally,

Na,O is expected to possess a very limited hypo- and hyper-
stoichiometric homogeneity range [14]. It was therefore treated
as a stoichiometric compound in the present thermodynamic
model.

Sodium peroxide, Na,0,, exhibits two polymorphs with a phase
transition at 785 K, as determined in the X-ray diffraction studies
of Tallman and Margrave [18,28]. A third polymorph was prepared
by quenching Na,0, in liquid air, but is not stable at room temper-
ature [14]. Na,0,-1 is hexagonal, in space group P62m [17], but the
crystal structure of NayO,-II was not reported. Na,O,-II melts at
Trs(Naz0,, cr) = 948 K [18,24,29]. Some evidence for the existence
of a hypostoichiometric Na,0,_, homogeneity range was reported
in the literature. This domain is very narrow below 573 K, but can
reach Na,0; 95 and possibly Na,0;¢; above 773-873 K [14,29,30].
The data available are too limited to define accurately its shape,
however. The hypostoichiometry of sodium peroxide was therefore
not treated in the present thermodynamic model.

Sodium superoxide, NaO,, has a cubic structure at room tem-
perature [14,21]. Two structural transitions to NaO,-II and NaO,-
I, and a magnetic ordering transition to NaO,-IV were observed
below room temperature. The melting point of NaO,-I was found
at Tps(NaO; — I, cr) = (825 £ 10) K [14,24]. NaO,-I is not thermally
stable. It reaches the NaO;g composition when heated at
(548 + 25) K, following a decomposition reaction to sodium perox-
ide and oxygen [14,30].

Finally, the crystal structure of sodium ozonide, NaOs, was iden-
tified in 1964 as tetragonal in space group I[4/mmm for a sample
prepared by the reaction of ozone with sodium hydroxide
[14,31]. More recently, Klein et al. have synthesized NaO3 from
cesium ozonide using cation exchange in liquid ammonia [22,23].
After addition of dimethyl amine to the sodium ozonide solution
in ammonia and solvent evaporation below 253 K, the authors
obtained a pure bright red microcrystalline powder. They showed
NaOs to be isostructural with sodium nitrite NaNO,, i.e., tetragonal
in space group Im2m [22,23]. The authors moreover reported NaO3
to decompose slowly at room temperature into solid NaO, and
oxygen. Rapid spontaneous decomposition occurs at 310 K. No
thermodynamic data are available on this phase, except for an esti-
mated value of the enthalpy of formation [14,32]. As NaO3 appears
not to be stable at room temperature, it was not included in the
CALPHAD assessment.

Liquidus data were reported by Bunzel et al. on the O-rich side
of Na,0O and O-deficient side of Na,0O, [14,29]. The authors inter-
preted them incorrectly, however, and Wriedt proposed a revised
representation of the phase diagram as depicted in Fig. 1.

The knowledge of the oxygen solubility limit in liquid sodium is
of great technological importance for Sodium-cooled Fast Reactors
as the oxygen dissolved in liquid sodium causes the corrosion of
the materials with which it is in contact [14]. The experimental
studies have been numerous, but the literature shows rather large
inconsistencies with very different oxygen solubility equations
reported [14,33-37]. The one selected herein, and recommended
in the paper of Wriedt [14], is from the work of Noden who
reviewed critically all the data reported in the literature and fitted
268 recommended experimental points from twelve
investigators with a least square method between 377 and 873 K
[36,37]: log[Co(wppm)] = 6.2571 — 2444.5/T. The author dis-
carded, however, the results obtained from mercury amalgamation
methods below about 523 K due to large blank errors. The derived
equation is in very good agreement with a previous review by
Eichelberg [33] based on 107 selected values, which discarded
the amalgamation data and that obtained in glassware:
log[Co(wppm)] = 6.239 — 2447/T. It differs rather largely,
however, from the review of Claxton [34,35], based on 88
experimental points, but not discarding any of them:
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Fig. 1. Sketch of the Na-O phase diagram published in the paper of Wriedt [14], reproduced with permission by Springer.

Table 1

Summary of the crystal structures and lattice parameters in the Na-O system at (0.10 + 0.01) MPa. RT = (295 £ 2) K.
Phase Symmetry Space group Lattice parameters/nm T/K Ref.
B-Na (bcc) cubic Im3m a=0.428865 RT [14,15]
Na,O-I cubic Fm3m a=0.555 RT [14,16]
Na,O-II - - - -
Na,O-III - - - -
Na,0,-1 hexagonal P62m a=0.6207°, c=0.4471° RT [14,17,18]
Nay0,-1I - - - -
NaO,-1V orthorhombic Pnnm a=0.4335,b=0.5537, c=0.3363 4 [14,19]
NaO,-III orthorhombic Pnnm a=0.426, b=0.554, c=0.344 173 [14,20]
NaO,-11 cubic Pa3 a=0.546¢ 203 [14,20]
NaO,-I cubic Fm3m a=0.5512¢ 293 [14,19,21]
NaOs tetragonal Im2m a=0.35070%, b=0.57703¢, c = 0.52708¢ 213 [22,23]

Standard uncertainties u are “u(a) = 0.000026 nm.

Standard uncertainties u are Pu(a) = 0.0004 nm, u(c) = 0.0003 nm.
Standard uncertainties u are ‘u(a) = 0.001 nm.

Standard uncertainties u are u(a) = 0.002 nm.

Standard uncertainties u are ¢u(a) = 0.00002 nm, u(b) = 0.00003 nm, u(c) = 0.00003 nm.

log[Co(wppm)] = 5.21 — 1777/T. For comparison the equations
suggested by Noden [36,37], Eichelberg [33], and Claxton [34,35]
are shown in the phase diagram in Fig. 7.

2.1.2. Thermodynamic data
The thermodynamic functions of sodium metal and its oxides

used for the CALPHAD model are summarized in Tables 2 and 3.
Those were taken from the critical reviews and compilations of
[14,24,38-43]. A detailed description of the available literature
data for these phases can be found in [14,24,42].

The standard entropy of g-Na(cr) was taken from the CODATA
key values [38], based on the low temperature heat capacity mea-
surements of Martin and Filby [44,45]. The enthalpy of fusion
selected herein and in the review work of [42] is based on the work
of Martin [46]. The heat capacity functions of Na(cr) and Na(l) used
for the thermodynamic model are those of Dinsdale [40].

Very different values have been reported for the enthalpy of for-
mation of Na,O(cr) due to the presence of impurities in the inves-
tigated samples. The value derived by O’Hare [47], who gave a
specific attention to the compound’s purity, is —(414.82 + 0.28)
kJ-mol~!. The latter value differs rather significantly, however,
from that selected in the JANAF compilation [24], i.e.,
—(417.98 +4.2) k]-mol~'. The data selected herein was taken from
the compilation of Knacke [39], i.e., —(415.1 £ 4.2) k]-mol~!, which
is in good agreement with the data of O’'Hare. The standard entropy
adopted in the JANAF compilation and in this work is based on
unpublished measurements by Furukawa [48] after correction for
Na,COs(cr) impurities [24]. The choice of the heat capacity func-
tion for sodium oxide Na,O requires a more detailed discussion.
The heat capacity function selected herein was taken from the
compilation of JANAF [24], which is based on the enthalpy incre-
ment data of Grimley and Margrave, collected between 380.1 and
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Summary of thermodynamic data for pure elements and oxides selected in the present work.

Phase AfHS,(298.15 K)/ AcHS, (Ter)/ AggsHp (T )/ S2.(298.15 K)/
(kJ-mol ) (kJ-mol ) (kJ-mol~1) (J-)K 'mol 1)

p-Na(cr) 0 - - 51.3 +0.2 [38,40,43]

Na(l) - - 2.598 +0.005 [39,41,42]

Na,O-I(cr) —415.1£4.2 [39] - - 75.04 £0.10 [24,42]

Na,O-1I(cr) - 1.757 [24] - -

Na,O-Ili(cr) - 11.924 [24] - -

Na,O(1) - - 47.7£2.5 [24,25] -

Nay0,-I(cr) ~513.21 £5.0 [24,39] - - 94.809 + 1.3 [24,39]

Na,0,-li(cr) - 5.732 [24,39] - -

Na,05(1) - - 24518 [39] -

NaO,-I(cr) —260.66 £2.9 [24] - - 115.90 + 1.3 [24]

NaOs(cr) —188 [14,32] - - -

The reported uncertainties correspond to standard uncertainties.

Table 3

Summary of heat capacity data for pure elements and oxides selected in the present work.

Phase Cpm=A+B.T+CT*ET 2/ K '-mol ! Temp. range/K
A B C E
B-Na(cr) 51.03936 —14.46133.1072 2.618297.107* —264307.5 [40] 298-370.9
Na(l) 38.11988 -19.49171-10°3 1.023984-10°° —68684.96 [40] 370.9-3000
Na,O-I(cr) 66.216 43.865-10° -1.4088-10°° —813400 [24] 298-1023.2
Na,O-II(cr) 66.216 43.865-10 —1.4088.10° —813400 [24] 1023.2-1243.2
Na,O-1li(cr) 66.216 43.865.1072 —-1.4088-10°° —813400 [24] 1243.2-1405.2
Na,O(1) 104.6 [24] 1405.2-3000
Na,0,-I(cr) 80.965 62.463.103 —2.2004-10° —746400 [24,39] 298.15-785
Na,0,-Ii(cr) 113.596 [24,39] 785-948
Nay0,(1) 117.15 [39] 948-3000
NaO,-I(cr) 59.953 40.853-103 [24] - 298.15-825

1174.6 K using a copper block drop calorimeter [49]. The data of
[49] measured in the range 380.1-980.4 K were extrapolated up
to the melting point, taking into account the two phase transitions
and heats of transitions determined by Bouaziz et al. [25]. The
reported enthalpy data above 1078.3 K were considered too large,
however, and therefore unreliable [24]. Fredrickson and Chasonov
also performed enthalpy increment measurements using drop
calorimetry in 1973, but failed to identify any phase transition
up to 1300 K [50]. The authors observed a sharp rise in the heat
capacity above 900 K, however, which they explained by the onset
of a diffuse transition in Na,O and a disordering of Na* cations.
Those measurements were preferred in the review of Pankratz
[51]. The enthalpy increment and heat capacity functions calcu-
lated with the present thermodynamic model are shown in

120 ‘ ‘ !
@ Grimley and Margrave (1960)
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1004--- Chase (1998)
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40 ‘ L

20 / =
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(a) Enthalpy increment

Figs. 2a and b and compared with the literature data. Finally, the
transition enthalpies and enthalpy of fusion of Na,O are that
selected in the JANAF compilation [24] based on the measurements
of Bouaziz et al. [25].

The enthalpy of formation of sodium peroxide retained in the
JANAF compilation and herein is based on the work of Gilles and
Margrave [52] on a high purity sample, while the selected standard
entropy is based on the low temperature heat capacity measure-
ments of Todd [53] after correction for Na,COs(cr) impurities.
The heat capacity function used in the model is again that of the
JANAF compilation, which was derived from the enthalpy incre-
ment measurements by Chandrasekharaiah using drop calorimetry
[54]. The latter data suggested the existence of a transition
between 773 and 793K, in good agreement with the high
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Fig. 2. (a) Calculated enthalpy increment and (b) heat capacity of sodium oxide Na,O as a function of temperature (plain lines), and comparison with the literature data.
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temperature X-ray diffraction and thermal analysis measurements
of Tallman and Margrave [28]. The enthalpy of fusion of sodium
peroxide is unknown [24]. It was estimated in the compilation of
[39].

Finally, the thermodynamic data of sodium superoxide used in
the model were taken from the JANAF compilation. The enthalpy of
formation was measured by Wagman [55], the low temperature
heat capacity and hence standard entropy by Todd [53], while only
estimated values were reported for the enthalpy increments and
heat capacity at high temperatures [24].

2.1.3. Vapour pressure studies

The gas phase in equilibrium with condensed and liquid Na was
found to be composed of the monomer, dimer [14], and possibly
very low concentrations of tetramer [14]. Sodium oxide vaporizes
according to the following decomposition mechanisms [56,57]:

Na,0(cr) =2Na(g) + %oz ) (1)
Na,0(cr) =Na,0(g) (2)
Na,O(cr) =NaO(g) + Na(g) (3)

At any temperature, the resulting congruent vaporizing compo-
sition of sodium oxide imposed by effusion becomes Na,,,O(cr)
with the associated vaporization reaction [58]:

2Na,.,O(cr) = 2Na(g) + % (1 —2x)0,(g) + Na,0(g) + 2xNaO(g)

(4)

The value of x is very small, however, as sodium oxide has a
very narrow homogeneity range [14]. This implies that the main
gaseous species above Na,O(cr) are Na(g), 0O»(g) and Na,O(g), the
latter species being a minor vapour constituent [56,59]. The gas
phase used for this work therefore considers only the species Na
(8), Nax(g), Nax0(g), O(g), O(g), and Os(g).

2.2. Differential Scanning Calorimetry measurements

2.2.1. Materials and method

Differential Scanning Calorimetry (DSC) measurements were
performed with a SETARAM MDHTC96 apparatus in an attempt
to gain a better insight into the poorly described liquidus line
between Na,0O and Na;0,.

The materials investigated were sodium peroxide (Na,0,, >95%,
Sigma-Aldrich) and sodium peroxide/sodium metal mixtures (Na,
99.95% trace metal basis, Sigma-Aldrich) (Table 4), which were
handled exclusively in the dry atmosphere of an argon-filled glove
box because of their hygroscopic nature and reactivity with water
and air. They were moreover placed in a boron nitride liner and
encapsulated for the calorimetric measurements in stainless steel
crucibles closed with a screwed bolt as described in [60] to avoid
vaporization and to prevent any contact with air and atmospheric
water. Boron nitride was found the most suitable liner material for
these investigations. Nickel, platinum, and graphite liners were
also tested, but found to react with the sodium compounds.

The measurement program consisted in four successive heating
cycles with 10 K/min heating rate, and 5-7-10-15 K/min cooling
rates. The DSC is equipped with a furnace and a detector monitor-

Table 4
Provenance and purity of the samples used in this study.

ing the difference in heat flow between sample and reference cru-
cible. The temperatures were monitored throughout the
experiment by a series of interconnected S-types thermocouples.
The temperature on the heating ramp was calibrated by measuring
the melting points of standard materials (Au, Ag, In, Al, Pb, Sn, Zn,
Cu). The temperature on the cooling ramp was obtained by extrap-
olation to 0 K/min cooling rate. In both cases the melting and solid-
ification temperatures were derived as the onset temperature
using tangential analysis of the recorded heat flow. The same anal-
ysis was performed for sodium peroxide and mixtures in the Na,O-
Na,0, pseudo-binary section. In this case, the transition, eutectic
and melting temperatures were derived on both heating and cool-
ing ramps as the onset temperature, while liquidus equilibria were
taken as the offset on the heating ramp, and onset on cooling ramp.
The uncertainty on the derived transition temperatures is esti-
mated at about 5K for the pure compound and 10K for the
mixtures.

The sodium peroxide material was measured up to 1073 K. A
typical example of the output of the measurement is shown in
Fig. 3. The first small endothermic peak corresponds to the
Na,0;,-1-Nay0,-11 phase transition, while the second intense
endothermic peak is the melting of Na,O,-II.

The measurements of the sodium peroxide/sodium metal mix-
tures were carried out up to 1373 K. The first heating cycle allowed
mixing and reaction of the initial products to a specific composi-
tion point between sodium oxide and sodium peroxide as written
in Eq. (5) with x between 0 and 1:

XNa(cr) + ?Nazoz(cr) = Na,0,_(cr) (5)

The first cycle was not considered for the analysis. A typical
example of the output obtained for the Na,O;g composition
(0.2Na + 0.9Na,0,) is shown in Fig. 4. The first peak corresponds
to the Nay0,-1-Nay0,-II transition and the second peak to an
eutectic equilibrium. The interpretation for the third feature is
not straigthforward (Na,O-1-Na,O-II transition or liquidus?),
however, as detailed in Section 2.4.

2.2.2. DSC results

The temperatures derived from those measurements are listed
in Table 5 together with their associated equilibria. The Na,0,-
[—Nay0,-1l transition temperatures recorded herein, i.e.,
(756.8£5) K and (765.8 £ 10) K, are lower than determined by
Tallman and Margrave using X-ray diffraction, i.e., (785 1)K
The uncertainty on our measurement is large, however, consider-
ing the very small heat flow areas of the corresponding peaks.
The melting point is in rather good agreement with the value of
Bunzel [29]. The results obtained with the sodium peroxide/
sodium metal mixtures are discussed in Section 2.4 together with
the thermodynamic model developed in this work.

2.3. Thermodynamic modelling of the binary Na-O system

Only the parameters of the liquid phase were optimized in this
work. Na,0, Na,0, and NaO, were treated as stoichiometric com-
pounds. The Gibbs energy functions of all the phases are referred

Formula Source State Color Mass fraction purity”
Na,0, Sigma-Aldrich Powder White >0.95 + 0.005
Na Sigma-Aldrich Ingot Grey 0.9995 + 0.0005

* The quoted uncertainties correspond to standard uncertainties.
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Fig. 4. Example of the DSC output for one heating cycle of the sodium peroxide/sodium metal mixture with Na,0, g composition.

Table 5
Transition temperature data in the Na-O system obtained by DSC. Data were measured under argon flow at a pressure of (0.105 + 0.005) MPa. [H] = Data obtained on the heating
ramp, [C] = Data obtained on the cooling ramp.

Sample composition x(0) Transition type Reaction T/K Cyclex
0.5 Polymorphic Na,0,-1 = Na,0,-II 756.8% [H]
Congruent melting Na,O0,-11=1L2 939.8* [H]
0.4737 Polymorphic Na,0,-1 = Nay0,-I1 765.8" [C]
Eutectic L2 = NayO-I + Nay0,-1I 863.5° [C]
Polymorphic Na,O-I = Na,O-II 991.6° [C]
0.4594 Eutectic L2 = Na,0O-I + Na,0,-1I1 832.6° [C]
Polymorphic Na,O-I = Na,O-II 1042.8° [C]
0.4286 Eutectic L2 = Na,0O-I + Na,0,-1II 821.2° [C]
Polymorphic Na,O-I = Na,O-II 1025.5° [C]
0.375 Eutectic L2 = NayO-I + Na0,-II 819.7° [C]

Standard uncertainties u are *u(T) =5 K, "u(T) = 10 K.
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to the enthalpy of the pure elements in their stable state at room
temperature 298.15 K and 1 bar (°H$%(298.15 K)).

2.3.1. Pure elements

The Gibbs energy functions of the pure elements i at tempera-
ture T and in their state ¢ are given by:
G/ (T) - °H;*™(298.15K) =a+b-T+c-T-InT+ ) _d,T" (6)

1

where n is an integer (2, 3, —1...). In the present work, the param-
eters reported by Dinsdale [40] were used for pure sodium and oxy-
gen, respectively.

2.3.2. Stoichiometric compounds

The Na,0, Na,0, and NaO, oxides were described with the two-
sublattice model. The corresponding Gibbs energy functions have
the same form as in Eq. (6):

G?(T) = nf°H*(298.15K) =a+b-T+c-T-InT+ > d,T"
i

(7)

where n{ is the number of atoms of the ith element in the oxide for-
mula. The coefficients a, b, c and d,, were calculated using the ther-
modynamic functions listed in Tables 2 and 3.

2.3.3. Liquid phase

The ionic two-sublattice model was used to describe the liquid
phase [61], with Na* cations on the first sublattice, and 0>~ anions,
charged vacancies Va®", neutral sodium peroxide Na,0,, and oxy-
gen O on the second sublattice:

(Na*),(0*",Nay0,,Va®",0), (8)

P and Q are equal to the average charge of the opposite
sublattice:

Q=1
P =y +2yq- 9)

where y,o- and y .- are the site fractions of vacancies and divalent
oxygen ions on the second sublattice. The induced charge of the
vacancies corresponds to the average charge of the cation sublat-
tice, i.e., Q = 1, while P varies with the composition via the site frac-
tions y,- and y,- so as to keep the phase electrically neutral.

The Gibbs energy of the liquid phase is given by the following
expression:

Gl =Yz *Gnary, 02y, YNa0,°ONay0, +Yyae-° Gty vae-y, Yo "Go
+QRT(Yo2- 1Y 2 +Ynay0, MY nay0, +Yvae- MYy~ +YolYo)
Yo Yvae [L?Na‘)P(OZ vao )y T Ovee- =Yo )L(]Na‘)P(OZ Va® ),
+ Yy _yOZ’)ZL(ZNa’)P(OZ’,VaQ )Q} +y02*yNazozL?Na‘ )p(0%~ Nay05)q

0 1
+J’NaZOZJ/0[L(Nu+),,(Na202,0)Q + (Yngy0, —J/O)L(Nu+),,(Na202,O)Q]
(10)

where °Gyq+) 02-), s °Gna0,+ *Gnigt ), (vae-, » @ °Go are the reference
terms corresponding to the Gibbs energies of sodium oxide, sodium
peroxide, pure sodium, and pure oxygen, respectively. The Gibbs
energy of the liquid phase also contains a configurational entropy
term related to mixing of the species on the second sublattice.
Finally, excess terms are expressed with the interaction parameters

i 0 i ; ;
L(NH-MOZ,VVEQ,)Q,L(Nﬂ+>P(Oz,_NHZOZ>Q, and Ling*),(Na,0,.0) which describe

the liquid phase in the Na-Na,0, Na,0-Na,0,, and Na,0,-0O compo-
sition ranges, respectively, i=0,1,2 corresponding to the order of
the interaction parameter.

2.3.4. Gas phase
The gas phase is described by an ideal mixture of (Na, Naj,
Na,0, 0, O,, 03) gaseous species. The Gibbs energy is expressed by:

G? = Xy,°G? + RT Zy,Iny; + RTInP/P° (11)

where y; is the fraction of the species "i” in the gas phase. °G{ rep-
resents the standard Gibbs energy of the gaseous species "i". P° is
the standard pressure. The gibbs energy functions were taken from
the SGTE database [62].

2.4. Results and discussion

The optimized phase parameters of the liquid phase are given
in Table 6 and the calculated temperatures and phase composi-
tions of invariant reactions are listed in Table 7. The phase dia-
grams calculated with and without the gas phase are shown in
Fig. 5 and 6 and represent, respectively, more realistic situations
around x(0) = 1 (with gas), and around x(0) = 0 (without gas, for
a closed system where no sodium is allowed to evaporate) (see
Table 6).

The phase transitions and melting temperatures of sodium,
sodium oxide, sodium peroxide, and sodium superoxide are well
described in the present thermodynamic model as shown in Figs. 5
and 6, and Table 7.

The calculated phase diagram reproduces very well the oxygen
solubility limit in sodium as determined by Noden [36]. The
phase boundaries as determined by Eichelberg [33] are also very
close to the calculated curve. The data of Claxton [34,35] deviate
to a rather large extent as discussed in Section (2.1). The mono-
tectic equilibrium L1-L2-Na,O-III is calculated at 1402 K (Fig. 6).
The existence of a miscibility gap was never confirmed experi-
mentally, but this would be extremely challenging due to corro-
sion by the liquid during the experiment [14]. Maupre [27]
suggested its occurrence slightly below the melting point of
sodium oxide. The author estimated its composition limits on
the Na-rich side as 4.7 at% O by extrapolation of the solubility
line of Noden, and close to 33.3 at% O on the Na,O-rich side.
Maupre [27] furthermore suggested an eutectic equilibrium g-
Na-L1-Na,O-I at a composition of 6.7-107> at% O by extrapolation
of the equation of Noden. The present model reproduces these
suggested features.

The eutectic equilibrium NayO-I + Na,0,-1I = liquid at 843 K
was never observed experimentally. Its existence was suggested
by Wriedt [14] based on the data of Bunzel [29] and Tallman
and Margrave [28]. This equilibrium is considered in the pre-
sent model. The DSC results reported herein make a strong case
for the existence of this eutectic equilibrium and are in good
agreement with the predicted temperature as shown in Figs. 5
and 6.

Finally the DSC results seem to argue for the existence of a
phase transition in Na,O around 1023 K as observed by Bouaziz
et al. [25]. The grey points recorded herein by DSC and depicted
on the phase diagrams (see Figs. 5 and 6) are puzzling, however.
We would be tempted to assign them to the liquidus equilibria.
But this does not fit with the calculated phase diagram, which fol-
lows the suggestions of Wriedt [14]. The latter points are at the
same level as the sodium oxide first transition temperature, sug-
gesting an incomplete reaction between sodium peroxide and
sodium metal in the container, and therefore inducing an error
on the composition plotted on these figures. The corresponding
measurements can hence unfortunately not be used for the opti-
mization of the liquidus line in the Na,0-Na,O, composition
range.
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Table 6
Summary of thermodynamic data for pure elements and oxides selected in the present work. SER refers to the phase of the element stable at 298.15 K. The optimized coefficients
are marked in bold.

Phase Gibbs energy (J/mol) Ref.

Liquid DG(Na*:VaQ HSER Gllq [39,41]

(Na*,U*"),(0%",Na;02,Va®",0)g Gy, g2 —°Hy ™ — 2°Hy = Gl [24]
°Graz02 — 2°HY ™ — 2°Hyy = G%IZOZ 139
L%Na")p(0%~,Va?)q = 27500+26.3T This work
L'(Na*)p(0*,va? ), = 32000 This work
L°(Na™),(0?" Na0,)q = —21500 This work
L%(Na*)p(Naz0,,0)q = 1250 This work
L! (Na™)p(Naz0,,0)q = —11000 This work
uG(U‘*:VaQ oHSER G"q [40]
Gy oy — 4°HY — 2°HZ™® = 2Gh, [13]
LO(U*)p(0%,Va®"), = 1773475.9-516T (13]
L'(U*)p(0*,Va® ™ )q = 46774.9-120.37888T [13]
L2(U*)p(0%,Va% ) = —500000 [13]
LO(U**)p(0%7,0)q = —370000 (13]
9Go-"HIR = GIR — 2648.9 + 31.44T [40]
LO(Na*,U*)p(Va2™)q = 100000 This work

o-U DG oHSER GSER [40]

p-U °GY UHSER Gtet [40]

bcc-phase G(u‘“ vt ) oHSER Gbcc [40]

(Na*,u**:0,va2") °G(U4» o OHSER QHSER Gbcc + GSER +100000 [13]
OG(Nﬂ‘ Ve HSER GSER [40]
Lo(Na*, U‘”)( a%") = 100000 This work

Gas OGEE _OHR — GG +RTIn(1075P) (62]

(Na,Na,,U,U0,U0,,U03,0,0,,05) oGEs — 2°HER — G, +RTIn(10°°P) [62]
0GE oMK — GS+RTIn(10-°P) [63]
OGEE _OHPR —OHER = G, +RTIn(107°P) [64]
°Gg, —°Hy® — 2°HZF = G, *RTIN(107°P) [64]
0GEs —OHF® — 3°HI® — GGy, +RTIn(107°P) [64]
°GE*—°Hy™ = GG+RTIn(10~°P) (62]
°GE5 — 2°Hy™® = GG, +RTIn(10~°P) [62]
°GE% — 3°Hy™ = GG +RTIn(10-°P) (62]

NaUOs; OG(NHUOK),OHISVEGR,OHISJER _ 301.[ng = Gnauos This work

NasUO4 °Gna3uoa) — 3°HRR—OH{FR — 4°HZF® = Gnasuoa This work

-Na;UO, °G(4-Na2uoa) — 2°Hyg —°HiF — 4°HFR = Gy _naauos This work

#-NaaUO4 °G (s_na2u04) — 2°Hy —°HR — 4°HER = Gy_nazuos This work

Na,U0s °Gnaauos) — 4°Hys —°H™ — 5°HZ ™ = Gaauos This work

-NazU,0; °G(u—Na2uz07) — 2°Hyg — 2°HY® — 7°HER = Gy_na2uz07 This work

B-NazU07 °Gp-na2u207) — 2°Hig — 2°H R — 7°HZ® = Gy_nazuaor This work

GIR =1/2°GS, [40]

GSER = ~11989.434 + 260.548732T — 51.0393608TIn(T) + 7.2306633-10"2T2 — 4.3638283-10°T3 + 132154T " [40]
(298.15K<T<370.87 K)
=-11009.884 + 199.619999T — 38.1198801TIn(T) + 9.745854-10 T2 — 1.70664-10~°T> + 34342T"! [40]
+1.65071-10%*T-%(T>370.87 K)

Glia =GR +2581.02 — 6.95218T (298.15<T<370.87 K) [40]
=-8400.44952 + 192.58736928T — 38.11988TIn(T) + 9.745855-10 3T — 1.70664-10 °T3 + 34342.48T ! [40]
(T>370.87K)

Gla =-401097.3 + 608.877T — 104.6TIn(T) [24]

Gt oo =-530252.15 + 678.6366T — 117.15TIn(T) [39]

GSER =-8407.734 + 130.955151T — 26.9182TIn(T) + 1.25156-10 >T? — 4.42605-10 °T> + 38568T ! (298.15K<T<955K) [40]
=-22521.8 +292.121093T — 48.66TIn(T) (T>955K)

G =-5156.136 + 106.976316T — 22.841TIn(T) — 1.084475-1072T2 + 2.7889-10~8T> + 81944T ' (298.15K<T<941.5K) [40]
=-14327.309 + 244.16802T — 42.9278TIn(T) (T>941.5K)

et =—752.767 + 131.5381T — 27.5152TIn(T) — 8.35595-10>T2 + 9.67907-10 T + 204611T " (298.15K<T<1049K) [40]
=—4698.365 + 202.685635T — 38.2836TIn(T) (T>1049K)

Gl =+3947.766 + 120.631251T — 26.9182TIn(T) + 1.25156-107>T? — 4.42605-10~°T° + 38568T ' (T<955K) [40]

Gl =-10166.3 + 281.797193T — 48.66TIn(T) (T>955K) [40]

Glia = Gyoz + 79775 — 25.0114T — 2.62269566-102'T7 (298.15K<T<2600K) [13]
=—1590418 +3618.8T — 480TIn(T) + 0.07T> — 10~ °T> (T>2600K) [13]

Guoz = —1118940.2 + 554.00559T — 93.268TIn(T) + 1.01704254-102T? — 2.03335671-10~°T> + 1091073.7T" [13]

Gnauo3 =—1536709.4 + 708.03476T — 123.187TIn(T)-0.00318T? + 713705T ! — 2.08206667-10~"T> This work

Gna3uo4 =-2093081.6 + 1161.25595T — 200.388TIn(T)-0.00341T? + 1339645T ' — 8.73891667.10~'T> This work
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Table 6 (continued)

Phase Gibbs energy (J/mol) Ref.

Gy Na2u04 =-1960565.4 + 986.57642T — 170.071TIn(T) — 0.006605T? + 1201780T ' — 1.88046667-10 T3 This work
G/f—Na2U04 = Goc—NaZUOAl +25400 — 21.29086T This work
Gnaavos =-2538960.0 + 1404.35175T — 243.746TIn(T) — 0.008075T? + 1270595T~' — 8.7079-10'T> This work
Gy Na2u207 =-3295702.9 + 1512.22589T — 262.781TIn(T) — 0.01206T + 1860870T " + 1.12823667-10°T° This work
Gp-Na2u207 = Gy Na2u207 +2800 — 4.66667T This work
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Fig. 5. Calculated Na-O phase diagram at 1 bar considering the gas phase, and comparison with the experimental data.

3. Thermodynamic assessment of the Na-U-O system
3.1. Review of literature data

3.1.1. Phase diagram data

The known compounds in the Na-U-O phase diagram are
numerous (Na,UO4, NasUOs, Na,U,07, NaUOs, NazUQ4) and their
structural properties are now well established. A summary of the
crystal symmetries and cell parameters for these phases is pro-
vided in Table 10. Further details on the local coordination geome-
tries for each structure can be found in other publications [65-69].

Pentavalent NaUO3 has a perovskite structure, in space group
Pbnm [70]. NayU,0, has three polymorphs. The stable phase at
room temperature, «-Na,U,07, has monoclinic symmetry in space
group P2;/a [67], and transforms between 573 and 623K to
B-Na,U,07, which is monoclinic in space group C2/m [67,68].
The second transition to the high-temperature y rhombohedral
structure occurs between 1223 and 1323 K [68]. Hexavalent
Na,UO4 shows two polymorphs with a phase transition measured
at 1193 K [71]. The o and g phases are orthorhombic in space group
Pbam and Pbca, respectively [71]. Na4UOs has tetragonal symme-
try, in space group I4/m [72]. In addition, Smith et al. reported

the existence of a low temperature metastable phase for this com-
position, i.e., m-NayUOs, with disordered NaCl cubic type of struc-
ture [66]. The uranium valency in those compounds was moreover
investigated using X-ray Absorption Near Edge Spectroscopy
(XANES) at the U-Ls; edge for NaUOs, ®-Na,U,0,, NasUOs [65],
®-Na,UO4 [73], and at the U-M, edge for m-Na4UOs [66], which con-
firmed the chemical compositions established by X-ray diffraction.

Finally, the case of the trisodium uranate NasUQ, is particularly
complex and requires a more detailed description. Three poly-
morphs were reported in the literature, but their structures were
the subject of controversy until recently. Scholder and Gldser
[74] first reported in 1964 a disordered NaCl type of structure,
obtained at low temperatures (T <973 K), with cell parameter
4,77 A. The investigations of Smith et al. showed that the latter
phase probably corresponded to a metastable m phase and ques-
tioned the assigned chemical composition [66]. Bartram and Fryx-
ell obtained at temperatures ranging from 973 to 1273 K a stable
ordered o phase with many additional reflections, which they
assigned to cubic symmetry with a doubled cell parameter
(9.54 A) and the chemical composition Na;;UsO46 [75,76]. The lat-
ter assignment was ruled out by Smith et al., however, who found
the o form of trisodium uranate to be monoclinic, in space group



102 A.L. Smith et al./]. Chem. Thermodynamics 114 (2017) 93-115

1 500 | | | |
A Uiquidus (Noden 1973)
I 1> Na20 transitions and metting (Bouaziz 1966)
AI L1+Na,O-IIl @Nazoznansinon(ourM)
| ? %N&(H transition (Tallman and Margrave 1961)
1200 — 4 < Na202 melting (this work) -
| L1+Na,O-II X Na202 melting (Bunzel 1947)
'4 A NaO2 melting (JANAF 198)
‘ () Eutectic (this work)
| \ £33 Na20 transition (this work)
é 900 —k L1+Na,0-I Na20 transition (this work) L
\ Na,O-I+
Na,0,-I1
600+ Na,0-I+ \ B
Na,0,-1 |
. . NaO,I+12 |
B-Na+Na,0-I NaO,-I+
3 Na,0,-I
P4
300 I I T I
é 0 0.2 04 0.6 0.8 1.0
x(O)

Fig. 6. Calculated Na-O phase diagram at 1 bar excluding the gas phase, and comparison with the experimental data.

1500 | |
‘ L1+L2
o u Ja
o) / L1+Na,O0-1II
1200 o : B
L1+Na,0-II
O
O
¥ 900 A Liquidus (Noden 1973) —
e~ RAENa 0L Liquidus (Eichelberg 1968)
(O Liquidus (Claxton 1977)
600 3 -
b
5 3-Na+Na,0-I
P
300 : :
0.03 0.06 0.09

A 0

Fig. 7. Calculated Na-O phase diagram at 1bar excluding the gas phase, and
comparison with the experimental data for the oxygen solubility in sodium.

x(0)

P2/c [66]. In addition, the authors showed on the basis of X-ray,
neutron diffraction, XANES, and >>Na MAS NMR data that the o
phase could accommodate some cationic disorder on the uranium
site with the incorporation of up to 16(2)% excess sodium, corre-
sponding to the mixed valence state composition Nas(U; ,Nay)O,
(0.14 < x<0.18). The Nasz(U;_yNa,)O, formula with x = 0 and
x = 0.2 corresponds to the NasUO4 and NasUOs stoichiometric
compositions, respectively. The o — Nas62)Uos4204 compound

synthesized by [66] is hence found on the pseudobinary section
between NazU'0, and Na,U"'O5 end-members, rather close to
the latter composition, as shown in the equilibrium phase diagram
in Fig. 12, corresponding to an uranium mean valence state of
5.69(6) [66]. Finally the semi-ordered high temperature g modifi-
cation of NasUOQ, is cubic, in space group Fd3m as described in
the work of [66,77].

Although the structural properties of the sodium uranates are
now well-known, the phase relationships in the Na-U-O phase
diagram have not been investigated systematically. A sketch of
the isotherm at 1273 K (shown in Fig. 8) has been reported based
on the various crystallographic and thermodynamic studies
[9,78], but the phase boundaries, tri-phasic domains and evolu-
tion with temperature of the equilibrium phases have not been
determined.

3.1.2. Thermodynamic functions

The thermodynamic data available for the sodium uranates are
quite complete as shown in Table 8 [43,79]. Enthalpies of forma-
tion at 298.15 K were determined using solution calorimetry, while
entropies and heat capacities were derived using adiabatic and
thermal relaxation calorimetry.

The high temperature enthalpy increments of NaUO3 [81], o~
and p-Na,UO,4 [71,82], - Xand B-NapU,0; [81] were measured
using drop calorimetry, yielding the fitted heat capacity functions
listed in Table 9. The transition enthalpy for Na,UO4 was reported
as ApH?, (Na,UOy, cr, 1193K) = 25.4 kJ-mol~!, based on the differen-
tial thermal analysis (DTA) measurements by Cordfunke and IJdo
[71] and enthalpy increment measurements by Fredrickson and
O’Hare using drop calorimetry [82]. The transition was found
reversible but very slow near the transition temperature [71].
The enthalpy increment data for Na,U,0 cover only the tempera-
ture ranges 390-540 K (o form) and 681-926 K (p form), respec-
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Table 7
Invariant reactions in the Na-O system (L = liquid).

Invariant reaction Transition type T/K Phases composition x(0) Reference

p-Na=L1 melting 370.98 0 Present work
370.98 £ 0.02 0 [24]

Na,O-I = Na,O-II polymorphic 1020.3 0.333 Present work
1023.2 0.333 [24]

Na,O-II = Na,O-III polymorphic 1241 0.333 Present work
1243.2 0.333 [24]

Na,O-IIl = L2 melting 1403 0.333 Present work
1405.2 0.333 [24]

Na,0,-1 = Nay0,-11 polymorphic 782 0.5 Present work
785+1 0.5 [24]

Nay0,-11=L12 melting 948 0.5 Present work
948 0.5 [24]

NaO,-1=12 melting 826 0.667 Present work
825+10 0.667 [24]

Na,O-lll +L1 =12 monotectic 1402 Na,0(0.333);L1(0.047);L2(~0.333) Present work
1403 Na,0(0.333);L1(0.047);L1(<0.333) [14]

p-Na + Na,0-1=L1 eutectic 370.98 B-Na(0); Na,0(0.333);L1(6.4x1077) Present work
371 $-Na(0); Na,0(0.333);L1(6.7-107°); [14]

Na,O-I + Na,0,-11= L2 eutectic 843 Nay0(;y(0.333); L2(0.47);Na,0, (50) Present work
843 Na,0,(0.333); L2(0.44);Na,0,(;(<50); [29,18]

tively [81]. The a— p transition temperature and associated transi-
tion enthalpy are not known, but should be very small
(AwH®,(600K) — A, HC (298.15K)~1.6 k]-mol~! at 600 K [68]). The
kinetics of the transition were also found to be particularly slow
[68,81]. The values for the enthalpy increments of -Na,U,0,
[81] could in fact not be fitted reliably as the thermodynamic
parameters at 298.15K and at the transition temperature were
not determined [80]. No thermodynamic functions were reported
for the y form. Complementary calorimetric studies covering tem-
peratures above 926 K are required for a proper description of this
phase. In the present thermodynamic model, we have considered
the o- and g-Na,U,0, phases only, and used an extrapolation of
the heat capacity function of Na,U,0; in the temperature range
where the y form is stable. This model can be re-visited in the
future once the Gibbs energy functions of g and y-Na,U,0; have
been determined experimentally. Finally, the heat capacity at high
temperatures of NajUOs was not measured to this date.

The case of trisodium uranate NasUQ,4 requires particular atten-
tion as its crystal structure was the subject of controversy as dis-
cussed in Section (3.1.1) [66]. A single batch of Naz;UO, material
was prepared by O’Hare et al. [84] in 1972, which was used to
determine its enthalpy of formation [84], heat capacity and
entropy at 298.15 K [83], and enthalpy increments in the temper-
ature range 523-1212 K [85] using solution, adiabatic, and drop
calorimetry, respectively.

The sample was prepared by heating a mixture of sodium oxide
of composition Na;0;4s, with uranium oxide of composition
UO,.14, and excess sodium in proportions corresponding to the fol-
lowing reaction [84]:

U014 +1.77Na;01 g5 = NasUO,4 + 0.54Na (12)

The authors reported the X-ray diffraction pattern appeared
“fairly complicated”, with the “principal lines [...] indexed as
f.c.c. pattern with a lattice parameter of 4.77 A”, but corresponding
“essentially [to] that reported by Bartram and Fryxell” [84], and to
which the wrong composition Na;;UsO1¢ was initially attributed
[76]. From this description, we deduce that the thermodynamic
measurements were carried out on the « form of the trisodium
uranate [66]. It should also be noted that the compound prepared
was not completely pure, but contained (2.0 £ 1.8) wt% of uranium
dioxide impurity. As for the high temperature g form of the same
compound and metastable m cubic form, there are no data avail-
able. Extending the thermodynamic functions to higher tempera-

3.0 i
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2.5 -

U404

U0,

O/ {Na+U)
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0/ (No+U)
1.0 Na,0,
0.5 4{ Na,0
| | | | Y
U 0.2 0.4 0.6 0.8 Ha
Na/ (Na+U)

Fig. 8. Ternary Na-U-O phase diagram at 1273 K as reported by Blackburn et al. [9],
reproduced with permission by the IAEA.

tures, and estimating the enthalpy of transition to the p phase
would be of particular interest for the safety assessment of the
fuel-sodium interaction.

3.1.3. Vaporization studies

Vapour pressure studies in the Na-U-O system were reported
using Knudsen effusing mass loss (KEML), Knudsen effusion mass
spectrometry (KEMS) and the transpiration technique [86-88,68].
A more detailed description of these investigations can be found
in [68]. The sodium pressure measured over the six ternary phase
fields Na—UOz—Na3UO4, U02—N3U03—N33U04, NaUO3—Na4U05—
NasUO4, NaUOs3-Na,UO04-NazUOs, NaUOs3-Na,UO4-NayU,0-, and
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Table 8
Thermodynamic data for the Na-U-O ternary phases measured experimentally* [80,43], calculated in this work using DFT, and optimized in the CALPHAD model.
Compound AgHY, (298.15 K)/ So, (298.15 K)/ Com (298.15 K)/ AsGp, (298.15 K)/ Reference
kJ-mol ! J-K~1mol ! J-K~t.mol ! kJ-mol !
o-NaUO4 —-1897.7+£35 166.0 £ 0.5 146.7 £ 0.5 —-1779.3 35 [43]
—1858.1 191.5 150.2 —1747.5 DFT-this work
-1901.2 170.0 1471 -1784.0 CALPHAD-this work
$-Na,UO, ~1884.6 +3.6 - - - [43]
—1852.2 181.8 150.1 —1738.9 DFT-this work
NasUOs —2457.0+2.2 2475+6.2 220.6 £6.7 -2301.7+29 [43,79]
—2388.3 2524 216.9 —2234.7 DFT-this work
—2457.0 247.5 2204 -2301.7 CALPHAD-this work
2-Na,U,0, ~3203.8+4.0 2759+1 2273 +1 ~3011.5+4.0 [43]
-3130.5 331.3 229.5 -3130.5 DFT-this work
-3203.8 275.9 228.1 -3011.5 CALPHAD-this work
p-NayU,07 —3130.8 311.1 230.6 —2949.1 DFT-this work
NaUOs3 —-14949+10 132.8 £0.40 108.87 £ 0.40 —-14125%10 [43]
—1494.6 134.3 109.8 —1412.7 DFT-this work
-1494.9 127.0 109.1 -1410.8 CALPHAD-this work
o-NazUOQy4 —-2024.0+£8.0 198.2+04 173.0£04 —-18999+8 [43]
-2014.7 206.3 175.7 —1893.2 DFT-this work
—2024.0 198.2 172.8 —1899.9 CALPHAD-this work

*The reported uncertainties correspond to standard uncertainties.

Table 9

Summary of the heat capacity functions for the sodium uranates derived from drop calorimetry enthalpy increment data.
Compound Cpm =A+BT+ET 2/(JK "-mol ") T/K Reference

A B E

NaUo0s; 115.49 19.167-1073 -10.966.10° 298.15-931 [81]
a-Na3UO, 188.901 25.1788.1072 —-20.801-10° 298.15-1212 [83]
a-Na,UO, 162.5688 25.8588.103 —21.00428-10° 298.15-1165 [71,82]
p-Na,U0, 70.4254 119.4756.103 +102.057-10° 298.15-1273 [71,82]
a-Na,U,0, 262.83 14.653-103 —-35.490.10° 298.15-540 [81]
B-NayU,05 280.57 681-786 [81]

NaUO3-Na,U,0-UO, are shown in Fig. 9 and compared to the data
derived from the model in Figs. 13-15.

3.2. Ab-initio calculations combined with a quasi-harmonic model

3.2.1. Description of the method

The method used to calculate the thermodynamic functions of
the sodium uranate phases using ab initio calculations at 0 K and
a quasi-harmonic statistical thermodynamic model to derive the
temperature dependency of the thermodynamic properties is
briefly described hereafter. A more exhaustive description can be
found in [89].

This method requires only information on the crystal symmetry
and space group, lattice parameters, and atomic position coordi-
nates as starting point. The following three approximations are
used to derive the free energy of a crystal containing N cells with
n atoms per cell:

(i) The adiabatic approximation to calculate the cohesive energy
of the crystal Epesize VETSUS static pressure at zero kelvin, and
correspondingly versus the equilibrium volume V.

(ii) The harmonic approximation to calculate the 3n vibration
frequencies v;(q) (j =1,3n) for N values of wave vector g
in the first Brillouin zone. These 3n frequencies dispersion
branches are divided into three acoustic branches and
(3n — 3) optical branches. Satisfactory accuracy is obtained
by computing optical vibration frequencies at the I' point
only (4§ =0) providing the unit cell is large enough. For

G # 0 we use the Debye model to determine the acoustic
vibration frequencies and the Einstein model for the optical
vibration frequencies. From Eopesive(V) and the frequencies
vj(G=0) (j=1,3n) it is possible to construct the partition
function of the crystal and deduce its free energy at temper-
ature T by the statistical thermodynamic laws:

F= *Emhesive(v)
3n-3

+NksT ng +3In(1—e ) —D(xp) + (’gﬂn(l - e*z))}

j=1

(13)

where x; = hv;(0)/ksT. D(xp) is the Debye function with
xp = 0p/T where 0p is the Debye temperature. ks and h are
the Boltzmann and Planck constants, respectively. For an
ideal isotropic crystal [89] 6p is given by:

h/ 9N/, B\"2/1-g0\" 2-200\*?]""
Op=—|-— 3— — 1+2(—==
ks \4mV o 1+0° 1-20°

(14)
where B is the bulk modulus, p is the density, and ¢? is the
Poisson ratio (close to 0.33).

(iii) To account for the thermal expansion while maintaining the
simplicity of the harmonic model, the quasi-harmonic
approximation is used assuming that the vibration frequen-
cies change with the volume of the unit cell:
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Table 10

Parameters and results of the ab initio calculations using the CASTEP Code [90]. DFT lattice parameters (nm) and equilibrium volume of unit cell (nm*) at zero temperature and
pressure, in italics, are compared to the reference experimental data. Note that all volumes calculated with DFT are systematically larger than the experimental data. This well-
known behaviour is related to the generalized gradient approximation form of the exchange/correlation energies. Experimental lattice parameters were obtained at atmospheric
pressure (0.10 + 0.01) MPa. Vol. = volume of the unit cell. RT = (295 + 2)K.

Phase Sym. z Space a/nm b/nm c/nm BI° Vol./nm? T/K DFT Ref.
group Exp. Exp. Exp. Exp. Exp. Exp. band
calc. calc. calc. calc. calc. calc. gap
(eV)
NaU0; Ortho. 4 Pbnm (62) 0.57739% 0.59051? 0.82784% 90 0.28226° RT [70]
0.58321 0.59742 0.83699 90 0.29187 0 1.809 DFT
m-NazUQ,4 Cubic 1 Fm3m (225) 0.477° 0.477° 0.477° 90 0.10853 RT [74]
o-Nas 162 Uosa(2)04 Mono. 2 P2/c (14) 0.5892¢ 0.6772¢ 0.5916¢ 110.65¢ 0.22083¢ RT [66]
2-Na3UO, Mono. 2 P2/c (14) 0.5937 0.6845 0.5978 110.540 0.22730 0 1.873 DFT
B-Nasz ,U;_,Oy4 Cubic 8 Fd3m (227) 0.9589¢ 0.9589¢ 0.9589¢ 90 0.88191¢ RT [66]
B-NasUO, Cubic 8 Fd3m (227) 0.956¢ 0.956¢ 0.956¢ 90 0.8737¢ RT [77]
2-Na,UO, Ortho. 2 Pbam (55) 0.97623¢ 0.57287¢ 0.34956° 90 0.195496° RT [71]
1.00103 0.57628 0.35236 90 0.203352 0 2.253 DFT
B-Na,UO, Ortho. 4 Pbca (61) 0.58079f 0.59753f 1.17179° 90 0.406650" RT [71]
0.58598 0.60265 1.18836 90 0.419514 0 2.489 DFT
m-NayUOs Cubic 1 Fm3m (225) 0.47648 0.47648 0.47648 90 0.108128 RT [66]
Na,UOs Tetra. 2 14/m (87) 0.75172" 0.75172" 0.46325" 90 0.26178" RT [72]
0.76950 0.76950 0.46325 90 0.27542 0 2522 DFT
a-NayU,0; Mono. 4 P2, /a (14) 1.27617' 0.78384! 0.68962! 111.285' 0.64278 293 [67]
1.31322 0.78815 0.69292 110.994 0.66918 0 2.169 DFT
B-Na,U,07 Mono. 4 C2/m (12) 1.2933} 0.7887 0.69086' 110.816/ 0.65880' 773 [67]
1.3125 0.7881 0.69291 110.967 0.66933 0 2.161 DFT
y-Na,U,0, Rhombo. 3/2 R3m (166) 0.3987% 0.3987% 1.8491% 90 0.25461% 1323 [68]

Standard uncertainties u are %u(a) = 0.00002 nm, u(b) = 0.00002 nm, u(c) = 0.00002 nm, u(Vol.) = 0.00001 nm°.

Standard uncertainties u are Pu(a) = 0.002 nm, u(b) = 0.002 nm, u(c) = 0.002 nm, u(Vol.) = 0.0001 nm>.

Standard uncertainties u are ‘u(a) = 0.0002 nm, u(b) = 0.0002 nm, u(c) = 0.0002 nm, u(f) = 0.02, u(Vol.) = 0.00001 nm>.
Standard uncertainties u are 9u(a) = 0.004 nm, u(b) = 0.004 nm, u(c) = 0.004 nm, u(Vol.) = 0.0001 nm?>.

Standard uncertainties u are ¢u(a) = 0.00003 nm, u(b) = 0.00002 nm, u(c) = 0.00001 nm, u(Vol.) = 0.000011 nm>,

Standard uncertainties u are fu(a) = 0.00003 nm, u(b) = 0.00003 nm, u(c) = 0.00006 nm, u(Vol.) = 0.000034 nm>.

Standard uncertainties u are fu(a) = 0.0003 nm, u(b) = 0.0003 nm, u(c) = 0.0003 nm, u(Vol.) = 0.00001 nm>.

Standard uncertainties u are "u(a) = 0.00001 nm, u(b) = 0.00001 nm, u(c) = 0.00002 nm, u(Vol.) = 0.00001 nm?>.

Standard uncertainties u are ‘u(a) = 0.000014 nm, u(b) = 0.000010 nm, u(c) = 0.00009 nm, u(f) = 0.009 , u(Vol.) = 0.00010 nm?>.
Standard uncertainties u are Ju(a) = 0.0001 nm, u(b) = 0.0001 nm, u(c) = 0.00008 nm, u(f) = 0.010, u(Vol.) = 0.00013 nm>.
Standard uncertainties u are *u(a) = 0.0003 nm, u(b) = 0.0003 nm, u(c) = 0.0003 nm, u(Vol.) = 0.00001 nm>.

T T T T T T T T T T
NaUO3+NazU207+U02 (Smith etal. 2015)

1r- . N211103+N;|2[]04+N;14UOS (Battles et al. 1972) 1

NaU03+Na3UO4+Na4U05 (Battles et al. 1972)

NaUO,+Na,UO,+Na,U,0

-2 3772774 7 AN -
(Pankajavelli et al. 2012) AN .
-3+ NaU03+Na2UO4+Na2U207 (Battles et al. 1972) \ =
| NaUO3+Na2UO4+Na2U207 (Jayanthi et al. 1994) “\Q J
-4 1 . 1 . 1 . 1 . 1 .

94 10 11 12
10*K/T

Fig. 9. Sodium partial pressure measured in the ternary phase fields of the Na-U-O phase diagram [86-88,68].
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Fig. 10. Calculated heat capacity data using the DFT and quasi-harmonic model (%), and comparison with the experimental heat capacity data reported in the literature
(®, O). The regression laws used for the CALPHAD model and reported in Table 11 are shown as plain red lines.

dEcohesi ve ( V)

Where yeosic a0d Y, are the Griineisen coefficients. For an
av

ideal isotropic crystal these Griineisen coefficients are given
by [89]:

pv=V

3n-3

9 %, X
+ NkT Vacoustic (ng +3D(XD)> +'yopticz (ij+ : >
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Fig. 13. Sodium and oxygen partial pressures calculated in the ternary phase field
NaUO3-Na,U,07-UO, and comparison with literature data [68].

_ 2 1 d dzEcohesiUe(V)

yacoustic - 7§ Zvdvln< dvz (16)
1 d dzEcohesiue(V)

Vopiic = 5 V g7 1N (de (17)

The volume V is calculated iteratively for a given pressure
and temperature, knowing E gpesive(V) and the vibration fre-
quencies at I" point, as well as the Poisson ratio ¢° for the
crystal to zero static pressure. From F(T,V) and pV we can
calculate the entropy S= —(dF/dT),, the internal energy
U=F+TS, the heat capacity at constant volume
Cy = (dU/dT),,, the bulk modulus B = —V(dp/dV);, and the
heat capacity at constant pressure C, = Cy + TVBo?.

3.2.2. Results
Our calculations were performed using the CASTEP code [90],
which solves the electronic Schrodinger equation for a compound

4 ® Pankajavelli et al.(2012)
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Fig. 14. Sodium and oxygen partial pressures calculated in the ternary phase field
NaUO03-Na,U04-Na,U,07 and comparison with literature data [86-88].
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Fig. 15. Sodium and oxygen partial pressures calculated in the ternary phase field
NaUO3-Na,U04-Na4UOs and comparison with literature data [86].

with a periodic lattice within the electronic density functional
(DFT) theory using a plane-wave pseudo-potential method. The
tightly bound core electrons are represented by non-local ultrasoft
pseudo-potentials as proposed by Vanderbilt [91]. The exchange/-
correlation energies are calculated using the Perdew et al. (PBE)
form of the generalized gradient approximation [92]. Due to the
presence of oxygen, the cutoff energy is taken as 410 eV through-
out all the calculations. The first Brillouin zone is approximated
with finite sampling of k-points using the Monkhorst-Pack scheme
[93]. Furthermore, when the electron spins of the ions are
unpaired, the calculations are carried out using polarized spins.
The pentavalent uranium compounds NaUO3 and «-NasUO,4 have
an unpaired spin. In this case, the spin polarization calculation is
performed based on ferromagnetic order. Ab initio calculations
for compounds with hexavalent uranium, i.e., Na4UOs,o-
Na,UQy,, f-NayUOQ,4, a-Na,U,0; and p-NapU,0,, are non-spin-
polarized.

The unit cell parameters obtained for the different sodium ura-
nate structures at zero temperature and pressure are listed in
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Table 11

Regression coefficients to fit the theoretical heat capacity data derived in this work using DFT.
Compound Cpm=A+B- T+ C- T> E T ?/(]- K- mol™") T/K

A B C E

NaUO3 123.187 6.36.1072 1.24924-10°° —1.42741.10° 250-2000
o- NasU0,4 200.388 6.82-1073 5.24335.10°° —2.67929-10° 250-2000
Na,U0, 170.071 13.21.10°3 1.12828-10°° —2.40356-10° 250-2000
Na,U,0-, 262.781 24121073 —6.76942-10° —3.72174-10° 250-2000
Na,UOs 243.746 16.15.10°3 5.22474.10°6 —2.54119.10° 250-2000

Table 11. The calculated volumes with DFT are systematically lar-
ger than the experimental data, which is a well-known behaviour
related to the generalized gradient approximation form of the
exchange/correlation energies.

The standard enthalpy of formation for the various composi-
tions was obtained using Hess’s law and the cohesive energy
Econesive(V) of the crystal calculated as a function of the static pres-
sure or the corresponding equilibrium volume.

NG 4yl {2085 _, Nq, U, 005 AHm (Na U, 057
XNG™ +yU™ ! + 208 — XNG* +yUS™ +220° XArHyp (NG*) +yAgHin (U**) + 220 Hpn (0°°)
XNa&* + yUE™ +270°" — Na, U, 052" —AH geomisation (Nay Uy 052

(18)

From Hess law we obtain at temperature T:

ArHpn(NayU, 025!y =xAH,y (NGE) + yAsHo (US%) + 22A;Hpn (05%)

— AHgomisarion (NG, Uy 052 (19)
where ArHpn (Na®®), ApHp (US), AfHin (05%) are known.
AHafomisat,-on(Nanyongy““’) is derived from the model:

dE.on(V) 5
AHatomisation (Nanyngysml) :Ecohesive(v) + v c:ll‘z/( ) + inNkBT
9
— NkgT {(*/ac +1) <§Xp + 3D(xD)>
3n-3
XX
1)) (2*@14)} (20)

Using the optimized total energy for sodium uranate oxides
E(Na,U,0,;,) calculated using the CASTEP code for a given pressure,
and the energy of pure sodium E(Na), uranium E(U) and oxygen
E(O) atoms as references, we obtain the cohesive energy Econesive
of the crystal as a function of the static pressure or the correspond-
ing equilibrium volume V:

Ecohesive(v) = E(NanyOZZ) - XE(NG) - yE(U) - ZZE(O) (21)

The reference atomic energy (xE(Na) + yE(U) + 2zE(0)), which
is identical for a given compound for all static pressures, can be cal-
culated from the formation enthalpies of Na,0, UO,,y-UO3, Na, U,
O gas tabulated [94] ideally at zero Kelvin, and the optimized total

energies E(Na,0),E(UO,) and E(y-UOs) calculated using the CASTEP
code:

XE(Na) +yE(U) 4 2zE(0) =xA¢HC, (Na®) +y AcHS, (UE*)
4 22AHS, (05°%) — ’zﬁAfH; (Na, 0™t
— UAGHS, (UOS*' ™Y — wAcH?, (7 — UOT*™)
+gE(Na20”ym) +UE(UOS> ™ + pE(UOT¥™
(22)
with u = (34+3y—2z) and v = (-3 — 2y + 22)
The calculated standard enthalpies of formation are generally in

good agreement with the experimental values obtained using solu-
tion calorimetry (Table 8), which gives confidence to the results

obtained by the (ab initio + quasi-harmonic) approach. The agree-
ment is very good for pentavalent NaUOs3 (0.3%), and very satisfac-
tory for pentavalent NasUOQO,4 (0.5%). The values obtained for the
hexavalent compounds are slightly overestimated by 1.7-2.8%.
These differences are related to the electronic structure calcula-
tions of UO, and y-UOs; using the CASTEP code. For the latter com-
pounds the calculation of cohesion energies constitutes a difficulty
in itself (private communication [95]), and much efforts were nec-
essary to calculate them [95]. We can only speculate that the cal-
culated total energy of y-UOs is probably tainted by a mistake,
which is difficult to appreciate, and seems to impact all the calcu-
lated data for the hexavalent uranium compounds.

The heat capacity data calculated with the quasi-harmonic
model are compared in Fig. 10 to the experimental data measured
at low temperatures (T < 350 K) using adiabatic or thermal relax-
ation calorimetry, and to the values reported at high temperatures
(T>300K) after derivation of the experimental enthalpy incre-
ment data. The corresponding standard heat capacity and entropy
functions at 298.15 K are also listed in Table 8. The agreement with
the low temperature data (T <350K) is reasonably good for all
compositions, with a deviation below 2.4% for the heat capacity
values at 298.15 K. The calculated standard entropies at 298.15 K
show a tendency towards a larger overestimation (especially for
®-Na,UO4 and «-Na,U,05), which is related to the definition of
Sn(298.15K), obtained by integration of C,n,/T=f(T) between
T=0 and 298.15 K. The heat capacity data derived at high temper-
atures (T > 300 K) show a regular increase and reasonable evolu-
tion, although the calculated values are slightly lower than
reported experimentally.

In this work, the mathematical heat capacity functions imple-
mented in the CALPHAD model (listed in Table 11) were obtained
using a regression law in the temperature range (T = 250-2000 K),
combining the experimental low temperature heat capacity data
reported in the literature in the range (T =250-350 K) with the
heat capacity values obtained with the DFT and quasi-harmonic
model in the range (T =350-2000 K). We believe that our calcu-
lated values give a more reasonable estimation at high tempera-
tures compared to the extrapolation of the experimental heat
capacity functions listed in Table 10. The standard enthalpies of
formation and entropies at 298.15 K measured experimentally
were considered more accurate than the calculated ones, however,
and therefore used as starting values for the CALPHAD optimiza-
tion presented hereafter.

3.3. Thermodynamic modelling

3.3.1. Na-U binary phase diagram

To the best of our knowledge, only one experimental study has
been reported in the literature on the Na-U binary system [96], and
there are probably no compounds formed [97]. Uranium metal
exists in three allotropic forms: orthorhombic «-U, tetragonal S-
U, and cubic y-U, with transition temperatures and melting points
at Ty(a—p)=(941+2) K Tu(f—y)=(1049£2) K, Tps(y)=
(1407 £2) K [98], respectively. Douglas found the solubility of
uranium in liquid sodium at 370.8 K to be less than 0.05 wt% and
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probably many times smaller [96], while uranium and sodium did
not react when heated at 823 K for long periods of time [97].

Metallic Na and U were described as regular solution using the
following expression:

Go(T) =Y %Gl (T) +RT > xilnx; + XyXnaL{) y, (23)

where x; corresponds to the atomic fraction of i, G"(T) the Gibbs
energy of the pure species i in the phase ¢, and L]\, the interaction
parameter between U and Na in this phase.

The parameters of Dinsdale, also adopted for the TAF-ID data-
base, were used to model pure uranium [40]. Na and U metal were
assumed to be immiscible in the present work. Large positive val-
ues were thereafter assigned to the interaction parameters L, a
listed in Table 6.

3.3.2. Liquid

To describe the composition variation from a metallic liquid
(Na,U) to an oxide liquid (Na,U,0), U** cations were added to the
ionic two-sublattice model.

(U*",Na*)p(0*",Na,0,,Va®", 0), (24)

where P and Q are equal to the average charge of the opposite
sublattice:

The Gibbs energy of the liquid phase is given by the following
expression:

Gliq _ref Gliq + id Gliq + ex Gliq (2 5)

G =D YA G T Qrad_ye G + Q) v Gy (26)
c A C B

idGlia _pT {PZ)/C[”YC +Q <ZyAlnyA +YvalYye + Zysln}’g>] (27)
eXth ZZDQ}/QJ’A (C1,G2)(A +ZZ’yC1yC2yvaLhCl G)(Va) (28)

G G G G
29)
C)(A,Va) (

+Z ZDCyAlyAz O)(A1 A2) +ZD/CyAyVa

Al Ay

+ ZZ § yCyAyBL(C)(A,B) + Z E yCyByVaL?C)(Va.B) (30)
C B
+ZZMBZ L, 5, (31)
l 2

where A is an anion, C a cation and B a neutral species. OGE%’)(A) cor-
responds to the Gibbs energy of (vc+v,) moles of liquid
CvaAve, °Gd is the Gibbs energy of the liquid phase for the pure ele-

ment corresponding to the C cation and OGgq the Gibbs energy of the
liquid phase for the neutral species B.

The parameters relative to the (U*"),(0°",Va®", 0), oxide liquid
phase in the U-O system were taken from the work of Guéneau
et al. [13]. Metallic liquid Na and U were assumed to be immiscible
as discussed previously, so that a large interaction parameter

L?g“*,Na*)(vm was assigned between uranium and sodium metal as

listed in Table 6. No ternary interaction parameters were intro-
duced in the absence of experimental information on the ternary
liquid phase.

3.3.3. Non stoichiometric uranium dioxide UO,.

UO, adopts a fluorite type lattice with a marked ionic character
and a wide homogeneity range [13,99]. UO,., was described using
the compound energy formalism with ionic species as recom-
mended in [13].

(U, U*,U°") (0%, Va),(0*, Va) (32)

We refer the reader to the latter work [13] for further descrip-
tion of the model and optimized enthalpy, entropy, and interaction
parameters for this phase.

3.3.4. Stoichiometric compounds

U409, U30g, UO3, Na,UO4, NazUOs, Nap,U,05, NaUOs, and Nas-
UO4 were described as stoichiometric compounds in this work.
The temperature dependence of the molar Gibbs energy G? for
one mole of formula unit is described by a power series in temper-
ature as follows:

2(T) = > nf°H¥*(298.15K) =a+b-T+c-T-InT+ > d,T"

(33)

where n{ is the number of atoms of the ith element in the oxide for-
mula. The coefficients a, b, c and d, for the uranium oxides are listed
in the work of [13]. Those for the sodium uranates were derived
using the enthalpies of formation, entropies, and transition enthal-
pies measured experimentally (Table 8), and the heat capacity func-
tions obtained after regression of the DFT and quasi-harmonic
model data (Table 11). The enthalpies of formation and entropies
were further optimized in this work as described below.

3.3.5. Gas

The gas phase was described by an ideal mixture of (U, UO, UO,,
UOs3, Na, Nay, Nay0, O, 0,, O3) gaseous species. The Gibbs energy is
expressed by:

G’ = Zy;°G! + RT Zy;Iny; + RTInP/P° (34)
1

where y; is the fraction of the species i in the gas phase. °Grepre-
sents the standard Gibbs energy of the gaseous species i. P° is the
standard pressure. The Gibbs energy functions for U(g), UO(g),
UO,(g), UOs(g) were taken from the recent reviews by [63,64].
Those for Na(g), Nay(g), Na,0(g), O(g), 0x(g), 03(g) were taken from
the SGTE database [62].

3.4. Optimized Na-U-O thermodynamic model

The Na-U-O ternary phase diagrams calculated at (T = 300, 700,
900, 1350, 1400, 1750, 2350, 2500 and 2550K) are shown in
Figs. 11a,b,c,d,12, 11e,f, Bla and b. Temperatures are expected to
reach 773-1373 K at the pellet edge of SFRs [100], and the phase
equilibria in this range of temperatures are therefore particularly
relevant for the safety assessment of the SFR.

The calculated phase boundaries between the ternary phase
fields are in good agreement with the predictions of Blackburn
[9] except for those involving the NazUO,4 phase. The authors sug-
gested three-phase equilibria between UO,-NaUOs-Na3UO, and
NaUO3-Na3UO4-NasUOs (dotted line in Fig. 12), whereas the calcu-
lation predicts three-phase equilibria between UO,-NaUOs-
NasUOs and UO,-NazUO4-NayjUOs. The latter phase boundaries
are in fact in better agreement with the results of Smith et al. on
the trisodium uranate phase [66]. When mixing sodium oxide with
uranium oxide in a (2.1:1) ratio and heating under argon at 1273 K
for 24 h, the authors obtained a phase mixture corresponding to
21.8 wt% UOZ +78.2 Wtk o — N33_16(2)U0_34(2)O4 [66], which is found
within the three-phase field UO,-NasUO4-NajUOs as shown in
Fig. 12.

The standard entropy functions of NaUOs; and o«-Nay,UQOy,
enthalpy of formation of a-Na,UO4 at 298.15 K, and enthalpy of
transition of «-Na,U,0, were optimized in this work to fit the
sodium partial pressures measured experimentally in the
NaUO3-Na,U,07-U0, [68] and NaUO3-Na,U04-Na,U,04 [88]
phase fields: AfH) (x-Na,UOy,, cr, 298.15K)=—-1901.2 kJ-mol~1,
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Table 12

Decomposition reactions and temperatures of the sodium uranates calculated in the present model (A for P, = 10° Pa; B for n(He) = 0.016 mol), and measured experimentally
(KEMS=Knuden effusion mass spectrometry under high vacuum conditions at a pressure P=(5-10"° + 4.1075) Pa; HTXRD=High temperature X-ray diffraction measurements
under helium atmosphere at a pressure Py, = (0.065 +0.015) MPa in a furnace chamber of volume 0.5 L.

CALPHAD calculation (closed system)

Experimental data (open system)

Decomposition reaction T/K Decomposition reaction T?/K Ref.

2NaUOs3 = Na,U04 + UO, 1701.9% 3NaUO0s; = Na,U,07 + UO; + Na(g) 1550 KEMS,HTXRD

3NaUO0s = Na,U,0, + UO, + Na(g) 1645.68 [65,68]

2Na3U0, = NagUOs + UO, + 2Na(g) + 1/204(g) 1358.3% NasUO, = NaUO; + 2Na(g) + 1/20(g) 1173 HTXRD [69]
944 4B

NasUOs = Na,UO, + 2Na(g) + 1/204(g) 2341.6% Na4UOs = NaUOj5 + 3Na(g) + O(g) >1273 HTXRD [65]
1756.38

Na,UQ,4 = UO, + 2Na(g) + 0,(g) 253247

2Na,U0, = Na,U,07 + 2Na(g) + 1/205(g) 1827.18

Na,U,0- = Na,UO,4 + UO, + 1/205(g) 2476.2% Na,U,0- = 2U0, + 2Na(g) + 3/204(g) 1620 KEMS [68]

Na,U,07 = 2U0, + 2Na(g) + 3/20,(g) 1913.48

9Standard uncertainties u are u(T) = 20 K for HTXRD data, u(T) = 10 K for KEMS data.

S°m(a-NaUOy4, cr, 298.15K)=170.0J-K 'mol~!, S°,(NaUOs;,
cr, 298.15K)=127.0]J-K 'mol', A;HS,(«-NayU,07, cr, 600K)=
2.8 k]-mol 1.

The recent Knudsen effusion mass spectrometric studies of
Smith et al. in the NaUOs-Na,U,0,-UO, phase field [68] have ques-
tioned the reported value for the standard entropy of NaUOs. The
authors found a poor agreement between second law and third
law analysis of their data, and attributed the discrepancy to the lat-
ter function. They derived S3,(NaUOs, cr, 298.15K) = 126.4 ] K-
-mol~!, which is about 6J-K 'mol~! lower than the value
reported by [101] using low temperature adiabatic calorimetry,
ie, (1328+0.4) ]’ K mol~'. The former value, like the one
derived from the present optimization, are in better agreement
with the additive rule using the data of UO, [64], UO3 [64] and
Na,0O [24] (124.1]-K "mol™'). The optimized value for the
enthalpy of formation of %-Na,UQ, is within experimental uncer-
tainties. The optimized standard entropy for the latter compound,
S° (1-NayU0y, cr, 298.15K)=170.0]-K "mol !, is in very good
agreement with the trend shown by the series of alkali and
alkaline-earth uranates A,UQ,4 (A = Mg, Sr, Ba, Cs) [102-105]. Previ-
ous studies by Popa et al. [102] and Konings et al. [103] have evi-
denced a regular evolution as a function of the ionic radius of the
alkali and alkaline earth cation, and the value predicted from this
trend is 169.9 J]-K~"-mol~! [105]. Finally, the small value of the
transition enthalpy of Na,U,0; at 600 K reflects the fact that the
o and B forms have closely related structures.

Using those optimized functions, the present model reproduces
very well the partial pressure data of Smith et al. in the NaUOs-
Na,U,0,-UO,; phase field [68] and Pankajavelli et al. in the NaUOs-
Na,UO4-Na,U,07 phase field [88] as shown in Figs. 13 and 14. The
data of Jayanthi et al. [87] are of the same order of magnitude as
the calculation, but the slope of the sodium partial pressure is
much steeper (Fig. 14). This feature is also reflected in their second
and third law results for the enthalpy of formation of NaUOs(cr),
ie, —(1481.4+13.4) kl-mol~! and —(1476.7%13.4) kJ-mol ',
respectively, which are only in moderate agreement and about
15 kJ-mol~! lower than the recommended value. The partial pres-
sures measured by Battles et al. [86] are subject to a rather large
uncertainty as detailed in the work of [104]. We have preferred
not to optimize the thermodynamic functions of the sodium ura-
nates based on the latter data and recommend repeating those
measurements. The reported partial pressures in NaUO3-Na,UO4-
Na,U,0, phase field are lower than reported by [88,87], and
calculated herein. The sodium partial pressures reported in the
NaUO3-Na4UOs-Na,UOQ,4 phase field are in very good agreement
with the calculation, without further optimizing the thermody-
namic functions of Na4UOs, but this situation might be fortuitous.

Moreover, the authors reported partial pressures for the NaUOs-
NasUO4-NasUOs and NaUO3-NasUQO4-UO, phase fields, but the lat-
ter are not stable according to the present thermodynamic model.

The decomposition temperatures and decomposition mecha-
nisms of the sodium uranate ternary compounds are not known
precisely to this date. These can only be roughly estimated as listed
in Table 12 based on the Knudsen effusion mass spectrometry
measurements of [68,69] under high vacuum conditions
(P=10"7-10"8 mbar), and high temperature X-ray diffraction
(HTXRD) measurements of [65] under helium atmosphere
(Pye = 500-800 mbar in a furnace chamber of volume 0.5 L). Those
are compared in Table 13 to the decomposition reactions and
temperatures calculated from the thermodynamic model under
standard conditions (P =1 bar) and in the presence of He gas
(n(He) = 0.016 mol), simulating the conditions in the HTXRD exper-
iments. The hexavalent phases Na,UOs, Na,U,0,, Na,UO,4 are the
most stable according to these calculations, which is also reflected
in the experimental results. The more reducing conditions in the
presence of He gas results in a significant lowering of the decompo-
sition temperatures, and a different decomposition mechanism for
NaUOs, Na,UO,4 and Na,U,0, compared to the standard conditions.

The calculated decomposition mechanisms are the same as
observed experimentally for NaUOs; and Na,U,05, but they lead to
different decomposition products for Na3UO,4 and NayUOs. The com-
parison is not ideal as the calculations refer to a closed system, in
other words they are computed at fixed composition, whereas the
KEMS or HTXRD experiments correspond to open systems where
weight losses occur, meaning that the compositions change during
the measurements. Looking at the calculated three-phases equilib-
riain the Na-U-0 system, one can nevertheless predict the evolution
of the samples by effusion and compare the prediction with the
experimental observations. According to the calculations, NaUO;
evolves by effusion and loss of Na(g) in the ternary phase field
UO,-Na,U;07,-NaUO5 until all NaUOs; has disappeared, in good
agreement with the KEMS and HTXRD results of [65,68]. When it
looses {2Na(g)+3/20,(g)}, Na,U,07 evolves on the pseudo-binary
section UO,-Na,U,0, until only uranium dioxide remains, as
observed in the KEMS studies of [68]. Furthermore, Na,UOs evolves
by effusion and loss of {3Na(g)+0,(g)} on the pseudo-binary section
Na,UOs-NaUOs, as observed in the HTXRD studies of [65]. Finally,
NasUQ4 evolves by effusion and loss of {2Na(g)+1/20,(g)} in the
ternary phase field NazUO4-Na4UOs-UO- until all NazUO4 has disap-
peared, and only NajUOs and UO, remain. NajUOs subsequently
decomposes to NaUOs by effusion as described previously. In the
HTXRD experiment of [69], only NaUOs is observed as remaining
product as the decomposition is too fast during the heating ramp
to vizualise the intermediate decomposition product NasUOs.
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Finally, it is worth pointing out that the calculated decomposi-
tion temperatures in the presence of He are of the same order of
magnitude as observed experimentally, and respect the observed
relative stabilities (Na,U,0; > NagsUOs > NaUO3 > NazUQ,). Further
experimental investigations of the ternary phase fields, and
decomposition temperatures of the ternary compounds would
finally be extremely beneficial to confirm the predicted stable
phase boundaries in this system and refine the present model
above T~ 1700 K.

4. Margin to the safe operation of SFRs

Based on the thermodynamic assessment of the Na-U-O system,
the oxygen potential thresholds required for the formation of the
sodium uranate phases are calculated and compared to the oxygen
levels expected in the sodium coolant. Such calculations are essen-
tial if one wants to predict the consequences of the nuclear fuel-
sodium interaction in a Sodium-cooled Fast reactor.

4.1. Oxygen potential thresholds of formation

The condition of occurrence of the reaction between fuel and
sodium is dictated by the amount of oxygen available within the
nuclear fuel and liquid sodium. This is expressed by the equilib-
rium thermodynamic oxygen potential Aﬁg‘i for the three-phase
region containing liquid sodium, urania (respectively urania—plu-
tonia), and sodium uranate (respectively urano-plutonate) [4-8].
The latter oxygen potential can be expressed either in terms of
oxygen-to-metal ratio in the oxide phase O/M, plutonium valency
in the MOX fuel Vp,, or in terms of oxygen concentration Cj in the
liquid sodium [4-8]. Mignanelli and Potter [8], and Adamson et al.
[4] reported that the threshold oxygen potentials for the formation
of NasMO4 (M = U,U;_,Pu,) were very similar for the ternary Na-
U-O and quaternary Na-U-Pu-O systems. The authors showed that
the contact between the metallic coolant and the urania-plutonia
solid solution leads to an oxygen concentration increase in the liq-
uid sodium in conjunction with the reduction to a lower valency of
the plutonium in the oxide phase.

Stoichiometric uranium dioxide UO, g is stable relative to lig-
uid sodium, but hyperstoichiometric UO,,, can react, which can
be expressed as follows [8,4]:

Na(l) + 0,(g) — Na(l,0in sln) (35)
3xNa(l,0in sln) + 2U0;,(cr) — xNasUOq(cr) + (2 — x)UO; go(cT)
(36)

corresponding to the equilibrium reaction:
3Na(l,0in sln) + UO;(cr)
+ 0y(dissolved in Na or oxide) = Na;UO4(cr) (37)

Considering the sodium quasi-pure, with very little oxygen dis-

solved, the partial Gibbs energy of sodium AGy, is taken to be zero,
and the equilibrium oxygen potential for this reaction is given by:

AGY(T) = RTIn(Po, /P°)
— AsG® (NasUOy, cr, T) — A;G (U0, cr, T) (38)

where Py, is the pressure of oxygen, P° the standard partial pressure
equal to 1bar, A;Gy,(NasUO4,cr,T) and AsG,,(UO,,cr,T) the Gibbs
energies of formation of NazUO4 and UO,, respectively, R the uni-
versal gas constant, and T the temperature.

Using the thermodynamic functions of the present CALPHAD
model for «-Na3UQ,, and the most recent updates for the thermo-
dynamic functions of UO, [64], the calculation performed in the

temperature range (600-1200K) yields AGY (T/K) = —948630+

Table 13
Oxygen potential thresholds of formation in the temperature
range 600-1200 K.

Compound AGH(T/K)

(J-mol ™)
o-Na3UO, —948630 + 263.28T
NaUOs; —827396 +225.16T
o-NaU0, —821463 +229.64T
Na,UOs —921285 +247.31T
Na,U,07 —689968 +197.62T

0-Naz 16Ug 8404 —926000 + 246.48T

263.28T J-mol !, which is very close to the equation established
by Adamson et al. in 1981 AGg (T/K) = —944951 + 261.34T
J-molX~1.

The oxygen potential thresholds were also estimated for
NauOs, «-NaU0O,4, NagUOs, and NayU,07, using the thermody-
namic functions optimized in the CALPHAD model. The derived
equations are listed in Table 13.

Finally, the calculation was also performed for the mixed
valence state composition Nasz 15Ugg404. The necessary thermody-
namic functions, i.e. enthalpy of formation, entropy, and heat
capacity, were approximated, supposing an ideal behaviour, with
a linear combination of the thermodynamic functions of NazUQg4
and Na4UOs as detailed in Appendix A. The associated equilibrium
reaction is:

316Na(l) + 0.84U0, (CT) + 1.]602(di$$011/ed) ;‘N03V15U0_3404(CT‘)
(39)

and the derived oxygen potential is AGT’)Z(T/K)=7926000 +246.48T
J-mol~!. The obtained oxygen potential lines are shown in Fig. 16.

4.2. Oxygen levels in liquid sodium

The oxygen potential, which corresponds to the threshold for
the onset of the reaction between fuel and sodium, should be com-
pared with the concentration levels of oxygen dissolved in liquid
sodium. The relationship between the two is defined by the oxygen
solubility equation as a function of temperature on the one hand,
and by the Gibbs energy of formation of sodium oxide on the other
hand [4]. Sodium oxide forms when the solubility limit of oxygen
in sodium is reached:
2Na(l) + %02 (g) = Na,0(diss) (40)

The Na,O saturation corresponds to an oxygen concentration of
the order of 6000 wppm [76,106], which is, however, well above
the normal operating conditions of SFRs (where oxygen levels are
kept below circa 3 wppm [106] to avoid corrosion issues of the
containment material [14]).

At equilibrium, the following relationship holds:

1
2:uNa + ilqu = :u“NazO = Gom (NaZO) + RTlnaNazo (41)

with fiy,, lo,and iy, the chemical potentials of liquid sodium,
oxygen, and sodium oxide, respectively, and ang,o the activity of
Na,O0 in liquid sodium.

Taking liquid sodium as the reference state, and considering
that the oxygen levels are very low, AGy, can be approximated to
be zero. The activity of Na,0 is expressed assuming that Henry’s
law is obeyed:

CNaZO(dissolzxed) COZ (42)

Ngyo == ==+
CNaz O(saturated) C02 K
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Fig. 16. Calculated oxygen potential thresholds for the formation of Na-U-O ternary
1000 wppm), considering the solubility equation of Noden [36].

with Co, the concentration of oxygen dissolved in liquid sodium and
Co,s the concentration of oxygen at saturation, both expressed in
wppm (weight ppm). After substitution into Eq. (41), we obtain
the general expression:

Co,

0,8

AGY(T) = 247Gy, (Na,0) + 2RTIn

(43)

The calculation leads to AG_‘E,Z(T/K) =—-735691.3 + (33.232+
38.287l0gC,)T J-mol~! using the solubility data of Noden [36,37].
Those oxygen potential lines are drawn in Fig. 16 for oxygen levels
Co in sodium ranging from 0.1 wppm to 1000 wppm, together with
the oxygen potential required for the formation of the various
sodium uranate phases.

4.3. Discussion

The temperature on the surface of a fuel rim in a SFR is in the
range 893 to 923 K, while it may exceed 2273 K at the centre [3].
The temperature range where the fuel-sodium reaction product
is susceptible to form is 893-1373 K [100]. From Fig. 16, we deduce
that an oxygen concentration of about 0.7 wppm is sufficient at
900 K for the formation of «-NasUQ,4, while an oxygen concentra-
tion of 3 wppm is necessary at 1000 K (5 wppm at 1050 K). The lat-
ter values are in the typical operating range of SFRs, which is why it
is essential to fully understand the physical and chemical proper-
ties of the sodium uranate and urano-plutonate products. The
results are the same using the recommended data of Eichelberg
[33]. With the data of Claxton, we find circa 0.3 wppm at 900 K,
1.2 wppm at 1000 K, and 2 wppm at 1050 K.

It is interesting to compare these results with those of Smith
[107] who measured directly the oxygen concentrations in sodium
in equilibrium with Ug75Pug250,, and in sodium at the three
phases field Na-MO,_,-NasMO, (M=U,_,Pu,) by the vanadium
equilibration method in the temperature range 923-1173 K. Smith
found oxygen concentrations ranging from 0.1 to 0.4 wppm, which
is slightly lower than calculated herein, but in fair agreement.

900
T/K

1000 1100 1200

phases, and comparison with the oxygen levels in liquid sodium (C, from 0.01 to

Looking at other sodium uranate compositions, we observe that
the oxygen thresholds are much higher: above 1000 wppm for
Na,U,0-, between 100 and 1000 wppm for NaUO5; and «-Na,UO4
in the temperature range 900-1050 K. Surprisingly, the oxygen
threshold for hexavalent Na,UOs (about 1.5 wppm at 900 K, 5.5
wppm at 1000 K, and 10 wppm at 1050 K) is very close to the
one for pentavalent NasUQ,4 and below the one for pentavalent
NaUOs. The threshold for the Nas 16(2)Uos42)04 compound synthe-
sized by [66] is between that of NazUO, and NasUOs. It is closer
to the threshold of NasUOs around 600 K, but approaches the one
of NasUO,4 with increasing temperature. These results have to be
related to the structural similarities between the Naz;UO,4 and Nas-
UOs end-members, which are both derived from a NaCl type of
structure. The present calculation shows that relatively low oxygen
concentrations in liquid sodium can also lead to the formation of U
(VI) phases within the fuel, which was never considered in past
studies. The consequences (in terms of corrosion, thermal expan-
sion behaviour, etc) need to be considered for a thorough safety
assessment of the sodium fuel interaction.

5. Conclusions

A thermodynamic model for the Na-O system is reported, which
is consistent with the experimental data available on this system
as reviewed by Wriedt [14]. The model reproduces the oxygen sol-
ubility limit determined by Noden [36], the phase transitions and
melting temperatures of sodium and its oxides, as well as the sug-
gested monotectic and eutectic equilibria. The present DSC mea-
surements moreover argue for the existence of a {Na,O-I
+ Nay0,-II = liquid} eutectic equilibrium at 843 K as anticipated
by Wriedt [14].

A CALPHAD model for the Na-U-O system was also developed,
which is particularly relevant for the safety assessment of the
sodium-fuel chemical interaction in SFRs. The calculations predict
slightly different stable phase boundaries than reported in the lit-
erature. In particular, the three-phases equilibria UO>-Na3UO4-
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Na,UO:s is suggested, which is consistent with the results recently
obtained by Smith et al. [66]. Ab-initio calculations combined with
a quasi-harmonic model were performed, which have allowed to
derive the standard enthalpies of formation, standard entropies,
and heat capacity functions of the sodium uranate compounds.
The heat capacity data derived with this method at high tempera-
tures were implemented in the CALPHAD model for this system, as
for most phases experimental measurements are limited to
T ~ 1000 K, and cannot be extrapolated with sufficient confidence
at high temperatures. The CALPHAD model was moreover opti-
mized to fit the sodium partial pressures measured in the ternary
phase fields NaUOs-Na,U,07-UO, and NaUOs-Na,UO4-Na,U,04.
The optimized thermodynamic functions for NaUOs; and
0-Na,UQ4 are in good agreement with literature data.

Finally the oxygen potential thresholds required for the forma-
tion of the sodium uranate phases from liquid sodium and hyper-
stoichiometric urania were determined in this work. This potential
was estimated as AGy (T/K) = —948630 + 263.28T J-mol " for -
NasUQ4, which corresponds to oxygen levels of 0.7 wppm in liquid
sodium at 900 K, and 3 wppm at 1000 K. The latter levels being
typically encountered in SFRs, it is crucial from a safety perspective
to have a thorough knowledge of the NasUO, reaction product. The
oxygen thresholds for the o — Nas 162)Uos42)04 and NayUOs phases
were found very close to the latter values (around 1.5 wppm at
900K and 5.5 wppm at 1000 K), which must be related to the
structural similarities between the Na;UO4 and Nay,UO5 end mem-
bers. This suggests that low oxygen concentrations in liquid
sodium can also lead to the formation of U(VI) within the fuel,
which was not anticipated in past studies. These results have evi-
dent consequences from safety perspectives, and should be consid-
ered in the computer codes simulating an accidental event scenario
from the initiating event to the potential release of radioactive ele-
ments into the environment.

-Na,U0,+gas

- A A
0 0.2 04 0.6 0.8 1.0
x(Na)

(a) T=2500 K

Appendix A. Thermodynamic functions of « — Na; 162)Uo.34(2)04

The thermodynamic functions of Nas 62 Uosa2)04 at 298.15 K
were approximated using a linear combination of the functions
of NazUO4 and Na4UOs supposing an ideal behaviour:

AfH; (Na3v15 U0_3404) = OZAngI (Na3 UO4) + OSAfH?n (Nag_z U0_804)
—0.2A¢H° (NasUO,) + 0.64A,H°, (Na,UOs) (A1)

S:)n (Nagvls U0_8404) = 02531 (Na3 UO4) + 085:),1 (Nagvz Uovg 04) + S:’nix
=025 (Na;UO,) +0.64S°, (Na,UOs) + 5%, (A2)

mix

where S, is a configurational entropy term equal to
—R(0.2In0.2 + 0.8In0.8), and R the gas constant.

The calculation yielded: A/H;, (Nas16Ups404,cr,298.15K) =
—(19773 + 2.1)1<J'mol’], and  S; (Nas16Ugs404,cr,T)=(202.2
+4.7) ]- K .mol~".

The heat capacity of NasiszUoss20s was estimated using
Neumann-Kopp's rule:

C;m (Nﬂg_16Uo_g404) = 02Cgm (Na3 UO4) + 0.64Cgﬁm(Na4U05) (AB)

which yielded:
€3 n(Nas 16Uos404,cr,T)/(J- K~ -mol ")
=196.075+1.17-107%.T+4.39250-107°. 72 -2.16222-10° . T2
(A4)
€3 n(Nas 16U0s404,r,298.15K) /(J-K ' -mol ) = (175.6 +4.2)
(AS5)

Appendix B. Na-U-O ternary phase diagram

liquid + gas + UO,,,

u x(Na) Na

(b) T=2550 K

Fig. B1. Calculated Na-U-O phase diagrams at T=2500K and T =2550K and 1 bar.
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