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ARTICLE INFO ABSTRACT

Handling editor: Prof. Z.K. Liu Mixed oxides of uranium and plutonium Uy.,Pu,O2 are currently studied as reference fuel for Sodium-cooled
Fast Reactors (SFRs). To predict the margin to fuel melting, an accurate description of both solidus and lig-
uidus temperatures of these materials is crucial. In this work, after a critical review of the literature data, the
parameters of the liquid phase of the CALPHAD models of the Pu-O and U-Pu-O systems are reassessed based on
the model of Guéneau et al.. A good agreement between the calculated and selected experimental data is ob-
tained. Using this model, the melting behaviour of U1.yPuyO2.x oxides is then studied as a function of plutonium
content and oxygen stoichiometry. The congruent melting for the mixed oxides is found to be shifted towards low
O/M ratios compared to the end-members (UO; g7 and PuO; gs5). The temperature of this congruent melting is
nearly constant (3130-3140 K) along a ternary phase boundary from UOj g to Ugs5Pug.4501.82 and then de-
creases with Pu content to a maximum of approximately 3040 K for PuO; g5 This observation is explained by the
stabilisation of the hypo-stoichiometric mixed oxides due to the increase of the configurational entropy at high
temperatures by the formation of oxygen vacancies and related cation mixing. The influence of the atmosphere
used in the laser heating melting experiments on the oxygen stoichiometry of the sample and its solidus and
liquidus temperatures is investigated. The determination of this O/M ratio after laser melting tests using XANES
is also reported. The simultaneous presence of U, US*, U*, Pu®* and Pu** is observed, highlighting the
occurrence of charge compensation mechanisms. The samples are highly oxidised in air whereas close to stoi-
chiometry (O/M = 2.00) in argon. These results are in agreement with the computed solidification paths. This
work illustrates the complex melting behaviour of the U;.yPuyO2. fuels and highlights the need for the CAL-
PHAD method to accurately describe and predict the high-temperature transitions of the U-Pu-O system.
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1. Introduction

Mixed oxide Uj.yPuyO,x fuels are currently studied within the
framework of the development of fourth-generation (GEN-IV) Sodium-
cooled Fast Reactors (SFR) [1]. An accurate knowledge of the thermo-
dynamic and structural properties of these fuels is essential to predict
their behaviour during operation. Indeed, the temperature can reach up
to 2200 K in normal operating conditions at the centre of the fuel pellet,
whereas it remains around 773 K close to the cladding [2]. This large
temperature gradient along 2-2.5 mm within the fuel pellet causes the
redistribution of oxygen and metals atoms under irradiation. Moreover,
the initial O/M (Oxygen/Metal) ratio of the fuel must range between
1.94 and 1.99. The lower limit is set to prevent an insufficient thermal
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conductivity of the mixed oxide that could lead to the fuel melting. The
upper limit is fixed to minimise the corrosion of the stainless-steel
cladding. Upon irradiation, due to oxygen redistribution, the O/M
ratio also varies within the pellet being low at its centre (associated with
a higher Pu content) and close to 2.00 near the rim and close to the
cladding (associated with a lower Pu content) [2]. Thus, an accurate
knowledge and prediction of the solid to liquid transition temperatures
is important to assess the melting fuel behaviour in a wide range of O/M
and Pu content, denoted y, under normal operating conditions but also
in case of severe accidents. However, the determination of these data as
a function of plutonium content and O/M ratio still represents an
experimental challenge, despite improvements over the last decades
[3-5].
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The TAF-ID (Thermodynamics of Advanced Fuel-International
Database) project [6] was initiated to develop a comprehensive ther-
modynamic database on nuclear fuel materials. In this work, the CAL-
PHAD model published by Guéneau et al. in 2011 on the U-Pu-O system
was introduced to describe the thermodynamic properties of Uy.yPuyO;
1x mixed oxides and the phase diagram of the U-Pu-O system [7]. Since
then, other sets of solidus and liquidus temperatures for Uy yPuyOa.iy
were obtained experimentally after 2011 [5,8,9], highlighting the need
for a re-assessment of the model of the U-Pu-O system.

The goal of this work is thus to propose an improved thermodynamic
model of the U-Pu-O system to better reproduce the available experi-
mental data and discuss the influences of several parameters such as the
plutonium content or the O/M ratio on the melting behaviour of
U1.yPuyO2. mixed oxides.

This work first consists in a critical review of the available experi-
mental data on solid to liquid transition temperatures in the Pu-O and
U-Pu-O systems. Then the CALPHAD model of Guéneau et al. is updated
for the liquid phase only, to take into account these new datasets.
Thermodynamic calculations are performed to explain the position of
the congruent melting temperature curve in the ternary. Post-melting
characterisations by XANES of O/M ratio are reported for U1 yPuyO2.00
samples molten under either air or argon by Strach et al. [9]. The in-
fluence of the atmosphere on the change in the O/M ratio and on the
solidus/liquidus temperatures is then determined and compared to
calculated solidifications paths using our model. Finally conclusive re-
marks and perspectives are presented.

These calculations were performed in the framework of the INSPYRE
H2020 project [10].

2. Critical review and selection of the experimental solidus/
liquidus data

The modelling of the U-Pu-O system is based on the assessment of its
binary sub-systems. As no new solidus and liquidus temperatures were
reported on U-Pu and U-O systems since 2011, the state of the art of the
experimental data is here presented only for the Pu-O and U-Pu-O
systems.

2.1. Pu-O

A first review of the available measurements of the PuO, melting
point (by thermal arrest technique) was performed in 2001 by Carbajo
et al., who recommended the value of 2701 + 35 K [11]. In 2008, a
higher value (2822 K) was obtained by Kato et al. using the same
experimental approach but with a Re crucible [4,12]. However, the
authors reported some interactions between the crucible and the PuO5 oo
sample, suggesting an inaccurate melting point determination. In 2011,
using a laser heating set-up and a self-crucible strategy developed by
Manara et al. [13], De Bruycker et al. [12] measured the melting point of
PuO, at 3017 + 28 K. In their critical review of the melting point
measurements performed until 2011 for PuOy4, Konings et al. [14]
discarded the values obtained by thermal arrest technique and recom-
mended the use of the value determined by De Bruycker et al.. This value
was adopted by Guéneau et al. in their CALPHAD assessment [7].

In 2014, Bohler et al. measured a higher melting point for PuO5 oo at
3050 + 59 K [5], using the same laser heating technique.

In the PuO,.x domain, only one experimental study is reported in the
literature. Indeed, Kato et al. [15] measured a melting temperature of
3031 + 20 K for PuO; 76 using a thermal arrest technique. The authors
concluded that the melting temperature was at a maximum at this
composition. The melting temperature then decreased as the samples
were closer to their stoichiometric composition PuO,.

It can be noticed that the temperature obtained for PuO; 76 (3031 +
20 K) is very close to that measured by Bohler et al. for PuOg oo (3050 +
59 K). However, care should be taken while analysing these values, as
they originate from two different techniques: thermal arrest using Re
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crucible and laser heating with a self-crucible system, respectively.

Indeed, when using classical thermal analysis, interactions between
PuO; and its containers due to its high oxygen potential were always
noticed. The result of this interaction is an underestimated melting
temperature [12]. Moreover, even with a closed crucible, considering
the longer time needed to perform the experiments (few hours), a
change in the composition of the sample could have occurred at high
temperatures due to noncongruent vaporisation. Unfortunately, no
post-melting characterisations were reported.

In the case of the laser heating technique, shorter experiment dura-
tions were reported (100-500 ms). However, the exact oxygen stoichi-
ometry of the sample during the melting remains uncertain, as
vaporisation can also occur. Again, no experimental determination of
the exact stoichiometry of the molten PuO, samples was performed.

Based on the literature review performed here, the melting point of
Bohler et al. (3050 + 59 K) was selected for PuOs o9 [5]. Indeed,
compared to the one of De Bruycker et al. using the same technique
(3017 + 28 K) [16], it is considered as the most reliable value as the
authors improved the experimental conditions to ensure the mechanical
stability of the sample and the repeatability of the measurements.

For Puy0s, the melting point recommended by Konings et al. [14] is
2352 + 10 K, based on the consistent measurements of Chikalla et al.
[17] and Riley [18]. The few scattered solidus/liquidus measurements
performed between PuyO3 and PuO, were not selected as uncertainties
remain on the final sample composition [19]. Nevertheless, some of
these melting points will be reported on the calculated phase diagram
for comparison.

2.2. U-Pu-O

In this section, only studies on fresh U;_yPuyOs.y will be presented,
as irradiated fuels are beyond the scope of this present work.

The melting behaviour of the uranium-plutonium mixed dioxides has
been extensively studied over the past decades by Lyon and Baily [20],
Aitken and Evans [3], Reavis [21], Konno and Hirosawa [22], Kato et al.
[4,19] using methods based on high temperature furnaces and later by
De Bruycker et al. [8], Bohler et al. [5] and Strach et al. [9] using laser
heating. Reviews of the literature data were performed by Kato et al. in
2009 [23] and Guéneau et al. in 2011 [7]. The composition range and
the methods for the available measurements are reported in Table 1. The
experimental data are shown in Fig. 1, where only stoichiometric di-
oxides, with an O/M ratio equal to 2.00, are represented for the sake of
clarity. Large discrepancies can be noticed for both solidus and liquidus
temperatures.

The first measurements on U;.yPuyO2x samples were performed by
Lyon and Baily (0 < y < 0.85, O/M = 2.00), followed by Aitken and
Evans (0.20 <y < 0.60), using a thermal arrest technique on stoichio-
metric samples encapsulated in tungsten crucibles [3,20]. Their results
were well described by an ideal solution model between UO; and PuO»,
with a melting point of PuO, around 2700 K and an increase of the
solidus temperatures when decreasing the PuO5 content. In the study of
Aitken and Evans, hypo-stoichiometric fuels were also studied with the
same technique, in the range 1.76 < O/M < 2.00 and 0.2 <y < 0.6 [3].
The maximum melting temperature was observed for the lowest O/M
ratio with values well below 2 (with for example 1.75 for PuOs). The
authors explained this behaviour by the stabilisation of the solid mixed
oxides due to the Pu®" and Pu*" interaction in the hypo-stoichiometric
region.

Reavis et al. studied the effect of the burn-up on the melting tem-
perature of Ug 75Pug 2502« with x = 0.02 and 0.03, using a differential
thermal analysis method [25]. Their results on fresh fuels were found to
be in agreement with the one of Aitken and Evans. Konno and Hirosawa
also used a thermal arrest technique with W crucibles to measure the
melting point of Up 71Pug 2902.x with x = 0.01 and 0.05 [22].

In 2008, Kato et al. performed measurements on samples with 0.117
<y <0.60 and 1.922 < O/M < 2.00 using a thermal arrest method and
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Table 1
Experimental solidus and liquidus data for fresh U;.,Pu,O,. available in the
literature.

Reference Composition Experimental technique Selected for
the re-
assessment

LyonandBaily 0 <y <0.85 Thermal arrest technique No

(1967) [20] O/M = 2.00 using a sealed W crucible
Aitken and 020 <y < Thermal arrest technique No
Evans 0.60 using a sealed W crucible
(1968) [3] 1.76 < O/M
<2.00
Reavis (1972) y =0.25 Differential Thermal No
[21] O/M =1.97 Analysis using W crucible
and 1.98
Konno and y=0.29 Thermal arrest technique No
Hirosawa O/M = 1.95 using a sealed W crucible
(1998) [24] and 1.99
Kato et al. 0117 <y < Thermal arrest technique Yes fory <
(2008) [4, 0.60 using sealed W or Re crucible  0.50
15,19] 1.922 < O/M
< 2.00
De Bruycker 0.75 <y < Laser heating technique No

etal. (2011)  0.90

[8] O/M = 2.00
Bohler et al. 0.037 <y <

(2014) [5] 0.90

under Ar and air using a self-
crucible system

Laser heating technique Yes
under Ar (low Pu contents)

O/M = 2.00 and air (high Pu contents)
using a self-crucible system
Strach et al. 014 <y< Laser heating technique No

(2016) [9] 0.62
O/M = 2.00

under Ar and air using a self-
crucible system

W crucibles [4]. However, as for PuO,y, interactions between the
container and the samples were reported for y > 0.20 [4]. To avoid this
phenomenon, Kato et al. conducted new measurements using Re cap-
sules [19]. However, some chemical interactions were still observed for
Pu content above y > 0.5. The solidus and liquidus temperatures were
higher by 100 K compared to those with W crucibles. An ideal solution
model was derived with a PuOy melting point of 2843 K, as described in
Ref. [19]. Measurements on hypo-stoichiometric fuels were also per-
formed in the same [19]. An increase of the solidus and liquidus tem-
peratures was observed when the O/M ratio decreased from 2 to
approximately 1.9. In all the studies of Kato et al., small fractions of Am
resulting from the p-decay of 24'Pu were systematically found in the
U1.yPuyO2x samples.

Solidus and liquidus temperatures were later measured on
U1.yPuyO2x mixed oxides using the laser heating technique and self-
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crucible system developed by Manara et al. [26]. Similarly to the
PuO; samples, the U;.yPuyOs.x samples were held by means of graphite
screws in a sealed autoclave and the surface of the samples were melted
under controlled atmospheres (argon for low Pu content or air for high
Pu content). This technique was first used in 2011 by De Bruycker et al.
for stoichiometric samples with 0.75 < y < 0.90. As for PuO», the
measured solidus and liquidus temperatures were found much higher
than those obtained by Kato et al. using thermal arrest [8]. Furthermore,
the results of De Bruycker et al. were not consistent with the ideal so-
lution model previously proposed by Kato et al.. In fact, the melting
temperatures were found to be the lowest between y = 0.50 and 0.80. In
2014, Bohler et al. performed further investigations using the same laser
heating technique on stoichiometric samples over the whole plutonium
content range [5]. One difficulty encountered was that in some cases, a
single transition temperature was recorded during the sample cooling. It
was then difficult to attribute the phase transition to a liquidus or a
solidus temperature [8,27]. However, as proposed by Bohler et al., the
single thermal arrest was attributed to the solidus temperature as this
transition is the most energetic one [5]. A minimum in the solid-
us/liquidus curve was also observed between y = 0.40 and 0.70. The
results obtained for plutonium fractions below 0.50 were found to be in
good agreement with those of Kato et al. [4] whereas deviations were
observed for higher Pu contents. More recently, using the same set-up,
Strach et al. performed additional measurements of solidus and lig-
uidus temperatures for stoichiometric samples with 0.14 <y < 0.62 [9].
The results are in agreement with the data of De Bruycker et al. and
Bohler et al.. For low Pu content, the experiments were performed both
under argon and air (blue and green circles in Fig. 1 respectively), and
significantly lower solidus temperatures were noticed in air for all Pu
contents except y = 0.65. As an example, a melting temperature of 2470
K was obtained in air, compared to 3065 K in argon for a Pu content y =
0.14 [9]. This was explained by the progressive oxidation of the samples
along the successive shots. Nevertheless, the results obtained under Ar
are in agreement with the values obtained by De Bruycker et al. and
Bohler et al..

The influence of several parameters on the solid to liquid phase
transitions can be highlighted in these studies:

- As for PuOy, the U;yPuyOzq9 samples interacted with tungsten
crucibles, explaining that lower melting temperatures are systemat-
ically obtained using thermal arrest techniques. Even with rhenium
crucibles, some interactions were found for y > 0.5. Thus, these
experimental data are not selected for the reassessment of the model.

+Lyon & Baily - liquidus (1967)
~ OLyon & Baily - solidus (1967) | Thermal arrest
+Aitken & Evans - liquidus (1968) | (W crucible)

- OAitken & Evans - solidus (1968)

d Kato - liquidus (2008)

4_ O Kato - solidus (2008)
+ De Bruycker - liquidus - Air (2011)

| ODe Bruycker - solidus - Air (2011)
+ Bohler - liquidus - Ar (2014)
OBohler - solidus - Ar (2014)

= + Bohler - liquidus - Air (2014)
O Bohler - solidus - Air (2014)

= O Strach - solidus - Ar (2016)

4 O strach - solidus - air (2016)

Thermal arrest
(W and Re crucible)

- Laser heating
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Fig. 1. Experimental melting data available in the literature for U;_yPu,Os.
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- Plutonium content affects the solidus and liquidus temperatures.
Contrarily to what was previously admitted, a non-ideal behaviour
between UO, and PuOs is observed when using laser heating, with a
minimum of the melting temperature located between y = 0.40 and
0.80.

- The O/M ratio also influences the melting temperatures. The

maximum of the melting temperature is determined at low O/M

ratios (<1.9 by Kato et al. [19]), contrarily to what was reported in

the U-O and Pu-O systems, where the congruent melting is found for

O/M ratios close to 2.

The influence of the atmosphere in the laser heating tests was also

highlighted. Uranium-rich samples tend to oxidise under air, which

leads to a progressive decrease of the melting temperature [9]. In
case of Pu rich samples, air was used to maintain the O/M ratio close

to 2.

In the studies of De Bruycker et al. [8] and Bohler et al. [5], the final

O/M ratio value was assessed at room temperature, after melting

under argon and air, by combining XRD, XANES, and Raman spec-

troscopy measurements. Based on their findings, a final O/M ratio
close to 2 or slightly below was determined. Unfortunately, no in-situ
measurements of the O/M ratio at high temperature are available.

Thus, the exact O/M ratio at which the solid/liquid transition occurs

is still unknown.

In conclusion, as indicated in Table 1, the following data were
selected for the re-assessment:

- For y < 0.50, the melting temperatures measured by Kato et al. [23]
using Re crucibles and containing less than 1 at.% Am were used, as
well as the data determined by Bohler et al. [5] using laser heating;
For y > 0.50, only the measurements of Bohler et al. [5] were
considered and preferred compared to the former results of De
Bruycker et al. [8]. Data of Strach et al. obtained using the same
technique were omitted due to the lack of detailed information in
Ref. [9].

The solidus and liquidus temperatures measured by Kato et al. [23]
and Bohler et al. [5], as well as the O/M ratios and Pu contents of these
samples, selected for the re-assessment performed in this work can be
found in Table 3 (Appendix).

3. Thermodynamic modelling

The starting point of this reassessment is the model developed by
Guéneau et al. in 2011 [7]. Indeed, additional melting experiments were
performed since this last re-assessment with a better control of the
experimental conditions, giving new inputs for the thermodynamic
modelling. In addition, a better description of the melting behaviour as a
function of the O/M ratio was given experimentally by Kato et al. [23]
and was needed to be considered in the re-assessment performed in this
work.

The CALPHAD method was used in this work. The latter is commonly
used to build a database containing the Gibbs energies of all the solid,
liquid and gas phases as a function of temperature, composition and
pressure [28]. In the present work, the Thermo-Calc software (version
2020b) was used [29]. Based on the solidus and liquidus experimental
data selected in Section 2, only the parameters of the liquid phase for the
Pu-O and the U-Pu-O systems will be modified. For the U-Pu and U-O
sub-systems, the last versions of the models of Kurata [30] and Guéneau
et al. [7], are used respectively, without modification.

In this section, the Gibbs energy model of the liquid phase will be
first described. Then the re-evaluation of the Pu-O system will be pre-
sented. Finally, based on this re-evaluation, the reassessment of the
model parameters for the liquid phase of the U-Pu-O system will also be
described. The reassessed thermodynamic parameters are reported in
Annex 1.
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3.1. Gibbs energy model for the liquid

All the Gibbs energy functions are referred to the enthalpy of the
pure elements in their stable standard state (standard element reference,
SER), i.e. at 298.15 K and at 1 bar.

To describe the liquid phase of a metal-oxide system, the ionic two-
sublattices model is used [31], represented by

(C)p(4;, VaQ’,Bk)Q (@)

In this model, the first sublattice contains a mixture of cations (C;)
whereas anions (4;, here 0?"), charged vacancies Va® and neutral
species (By) are introduced in the second sublattice.

For each metallic element, the oxidation state of the cation is chosen
to be that of the cation in the first stable oxide compound to form in the
system. For example, for Pu-O, Put is selected as Pu,03 is the first
oxide to form in the binary system. Pu** could have been added in the
first sublattice but it is not recommended, as having several oxidation
states for an element in the first sublattice can lead to the formation of
metastable miscibility gaps. Thus, PuO, was added as a neutral species
in the second sublattice.

In order to maintain the electrical neutrality of the liquid phase, the
site numbers P and Q are defined as the average charges on the opposite
sublattice

P=> "vyys + Qv (@)
Aj

0=> veye (3)
Ci

where v; is the charge of species i, y; corresponds to its site fraction, C;
stands for any cation and A; for any anion. The sum of the constituent
site fractions in each sublattice is equal to one.
The corresponding Gibbs energy (4) is described by the sum of three
terms:
Gliq — rchqu + idGliq + e.n‘Gliq (4)
The reference term G is defined as

ref Glia — ZZYCyAOG](ig‘)(A) + Q)’VaZyCOGl(ig) + QZ)’EOG?E) 5)
T A c B

where OGl(ig)( ) Tepresents the Gibbs energy of (v4 + v¢) moles of liquid
CvaAuc, OG](ig) the Gibbs energy of the pure liquid C and OGI(;;’) the Gibbs
energy of the liquid neutral species B.

The ideal term “G'9 corresponds to the configurational entropy on
each sublattice:

UG =RT {PZyc Inyc+0Q (ZyA In 4 +yva In yvo + Y _ypIn ygﬂ
C A B

(6)
The excess term *°G is
e i . it | 2 rli
FG=) Y D yeye L@ cym DD YaYe ki, cym
C; C A C G
1i i
20D verniaLlia, a + DD yeyavvaliavy
C A A C A @)

+ ZZZyCyAyELl(ig)(A_B) + ZZyCyByVaLl(ig)(B,v,,)
Cc A B C B
+ ZZ)’B,Y&LI(?.‘BZ)

By By

The interactions between the different species on each sublattice are
represented by the L parameters. When several species are interacting in
the same sublattice, a coma is used to separate them. The parameters of
the model are detailed in the next section for both Pu-O and U-Pu-O
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systems.
3.1.1. Pu-O system
The two-sublattice model
(Pu*), (0%, Va®",0,Pu0s), 8)

is adopted to describe the liquid phase in the Pu-O system, with P
and Q coefficients equal to

P=2yp- + Qyyse- and Q =3 (C)]
According to equation (4), the Gibbs energy of the liquid phase G is

Glia :yOZ*OGl(iL:,uM )(o) +Qyvee "Gy}

+ QYPuozoGl;i’joz + 0y0" Gy

+RT [Q (}’02* In yo2- + yyae- In yyuo- + yruo, In yruo, +yo In yo)} (10)

+ Yor- Yvae- [OL(pu3+ Y(orvao-) T (Yor- = Yvae-) ‘L(puz- ) (02 vao- )]

+ Yor-Yruo, ()L(p,ﬁ ) (0> Pu0y)

The Lpys+(02- vae-) interaction parameters describe the liquid phase
in the Pu-Puy0O3 region whereas Lpys+)02- puo,) i used to model the
Puy03-PuO, composition range.

3.1.2. U-Pu-O system
The liquid phase of the ternary U-Pu-O is described using the
extended two-sublattice model

(Pt U*) (07, Va?", 0, Pu0;) 0 11)

A schematic representation of the model is presented in Fig. 2, where
the interactions between the different species to describe the ternary
liquid phase are shown.

The Gibbs energy function for the liquid phase is

Gla =y OGl(iiqu)(og,) + Yu++Yor OG]E(:,4+)(03,) + QYVuQ*OGg?, + Q)’VUQ*OGl(i/q
+ OVpu0,"Gao, + QY0 Gy + RT [P(ypar In ypae + yysr Inyyss )
+ Q()’ozf In yoo- + yyae- In yyae- +yruo, In ypuo, +yo In YO)]

+ Y+ Yor-Yvae- [UL(puzf)(oz—,vﬂaf) + o — yVaa—)IL(PML)(O},VHQ,)]
+ Ypit+Yor )/PuozUL(p“xA)(oz—,puoz) + Yyt Yor- Yvae- {OL(UAA)(OZf,Van)
+ (o — yvdef)]L(Uu)(ozf_v,,gf) + (o — Yve- )’ 2L(U4+)(02—_VaQ—)]
+ yu4+yo:—ya°L(U4< )(020) T Yra+Yus Yvao- [OL(p,.u U4+ (vae-)
+ Yvao- 'L(pus+.u4—)(we—)] + Ypu+ Yus+Yor- Yvae- “L(pus—‘uu) (0% va2-)
+ Yy Yor- Yruo, [OL(UH)(()Z*'pM()Z) + (Voo 7yl"u02)IL(U4+)(()Zf=pu()2):|

(12)

In addition to the interaction parameters in the binary U-O, Pu-O [7]
and U-Pu [30] sub-systems, the following ternary parameters have been
introduced to describe the ternary system:

- The "Lys+)0>- puo,) Parameters to describe the solidus/liquidus
temperatures along the UO2-PuO, composition line;

- The 0L(pu3- U*)(0> vee-) Parameter to improve the description of the
melting temperatures of mixed oxides in the hypo-stoichiometric
range (O/M < 2.00).

3.2. Results
The modified models for both the Pu~O and U-Pu-O systems will be

described here and a comparison with the experimental data will be
presented.
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Fig. 2. Schematic representation of the model of the liquid phase for the
U-Pu-O system.

3.2.1. Pu-O system

In 2008, Guéneau et al. published a first CALPHAD model of the
Pu-O system [32] based on the critical analysis of the experimental data
performed by H.A. Wriedt [33]. This version was revised in 2011 [3], to
improve the description of the miscibility gap in the fluorite PuOo
phase and to take into account the melting temperature of PuO, (3017
+ 28 K) measured by De Bruycker et al. in 2010 [16]. Only the pa-
rameters of the liquid phase are modified in the present work.

The Gibbs energy function of the liquid phase is described by
Equation (10).

In a first step, the melting enthalpy AH,,; and entropy ASg. in the
Gibbs energy function for the two end-members, pure liquid PuyO3

CGipo )0 ) = Grus0s +AHme +TASmer ) liquid PuO,

(OGEEOZ = Gpyo, + AHpeic + TASpen), were slightly modified. The values
recommended for the enthalpies of melting of PuyOs and PuOy by
Konings et al. were used [14]. The entropies of melting were then
adjusted to reproduce the selected melting points for the two compounds
[5,14] (see section 2.1).

In a second step, the PuyO3-PuO- solidus and liquidus curves were
modelled by adjusting the interaction parameter between both end-

and pure

members °Lgpyai)02- puo,) to reproduce the melting temperature
measured by Bohler et al. [5]. With this model, a shift of the congruent
melting to lower O/Pu ratios is observed, due to the high oxygen po-
tential of PuOs.4 and its ability to lose oxygen above 2000 K. The new
parameters are reported in Table 4 (Appendix). The calculated phase
diagram is presented in Fig. 3(a) and a comparison with the experi-
mental data is shown in Fig. 3(b).

With the updated parameters, the melting behaviour is well repro-
duced in the PuyO3-PuOs region. Indeed, the melting point of PuyOs is
calculated at 2350 K in agreement with the data of Chikalla (2360 + 20
K) [17] and the recommendation of Konings et al. (2352 + 10 K) [14].
The eutectic reaction (Liquid — PupO3 + PuOs4) temperature is found at
2325 K in agreement with the experimental data of Chikalla (2303 K).
The calculated solidus and liquidus curves are also in good agreement
with the experimental data for O/Pu = 1.62 and 1.65 measured by
Chikalla et al. [17]. The dioxide is found to melt congruently at 3042 K
for O/Pu = 1.95 (compared to 3000 K for O/Pu = 1.96 in Ref. [32]), in
agreement with the data of Bohler et al. (3050 + 59 K) [5]. The calcu-
lated invariant reaction (Liquid — PuO2 x + O2(g)) occurs at 3015 K, but
no experimental data exist for comparison.

This model does not reproduce the melting temperature measured by
Kato for PuO; 7¢. However, in the measurements performed by Kato
et al. [19] and Bohler et al. [5], the O/Pu ratio in the samples is
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Fig. 3. (a) Calculated phase diagram of the Pu-O system as a function of the O/
Pu ratio and (b) Zoom on the 1.4 < O/Pu < 2.2 composition range.

unknown. Furthermore, a change in the composition due to incongruent
sublimation in the Pu-O system could have occurred in both cases [34].
Thus, the liquidus and solidus curves between PuyO3 and PuO, remain
uncertain and further measurements are needed to improve this present
model.

3.2.2. U-Pu-O system
The Gibbs energy parameters of the model of Guéneau et al. [7] were
used as a starting point in this study. In a first step, the modified

32004 - bbb
31504 -
3100 >
3050

b 4
= 3000

2950- B &
2900 -

2850 - Guéneau (2011) B
— This study

T T ] T T T T T T
0 01 0.2 03 04 0.5 06 0.7 0.8 09 1.0
0,97 X(PuO, g5) PuO, g5

2800

Fig. 4. Calculated UO; 97-PuO; 95 phase diagram compared to Guéneau et al.
(dashed line) [7].
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parameters for the Pu-O liquid phase previously described were intro-
duced in the model. In a second step, the ternary interaction parameters
of the liquid were reassessed to better reproduce the data selected in
section 2.

The interaction parameters Ly )0z puo, and 'Liyesyioz- puo,)s
describing the UO,-PuO, composition line, were first modified to fit the
selected experimental data for U;.yPuyO2 0o samples of Bohler et al. [5]
for y > 0.5 and Kato et al. for y < 0.5 [5,19] (see section 2.2). The
calculated isopleth section between UO; g7 and PuO; g5 (corresponding
to the congruent melting compositions for U-O and Pu-O) is presented
in Fig. 4 with the previous model of Guéneau et al. (dashed line) [7].
Both solidus and liquidus curves are shifted towards lower temperature
in the U-rich region whereas, on the contrary, the calculated tempera-
tures are higher in the Pu-rich zone. Fig. 5 illustrates the comparison
between the calculations and the selected experimental data. Overall, a
very good agreement is obtained with the data of Kato et al. [23] and
Bohler et al. [5]. Moreover, in agreement with De Bruycker et al. [8] and
Bohler et al. [5], a minimum in the solidus temperature is observed
around y = 0.7.

To describe the hypo-stoichiometric region, the interaction param-
eters, namely °Lpya+ yory(02-) and Lipga+ yor)(02- puo,)» Used in the model
of Guéneau et al. of 2011, were removed and replaced by a single
interaction parameter: OL(pu3<,U4<)(Oz vee ). This parameter, stabilizing
the liquid phase towards the metallic liquid. It was assessed to describe
the solidus/liquidus data of Kato measured in the hypostoichiometric
region (1.925 < O/M < 2) for y = 0.118, 0.199 and 0.397 [23].

The new thermodynamic parameters for the liquid are reported in
Table 5 (Appendix).

The calculated isopleth sections for y = 0.12, 0.20 and 0.40 are
compared with the selected data of Kato in Fig. 6 (a), (b), (c) respec-
tively. A good agreement is found within the experimental uncertainties
(respectively + 35 K and +50 K for the solidus and liquidus tempera-
tures). However, the model tends to systematically underestimate the
solidus temperatures in the near-stoichiometry region. Moreover, large
uncertainties remain on the experimental data, in particular on the exact
O/M ratio of the samples, as no detailed information nor uncertainties
are given by the authors.

Calculated isothermal sections of the U-Pu-O system at 1500, 2500
and 3000 K are shown in Fig. 7. It can be noticed that the tie lines (in
green), giving the compositions of the two phase region (U1.yPuyO2.y +
Liquid), do not lie along the UOy-PuO, composition line. Thus, the
UO2-PuO4 system is not a pseudo-binary system and the simplified ideal
model described by Carbajo et al. is considered as not reliable [11]. The
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Fig. 5. UO; 97-Pu0; g5 phase diagram compared with the selected experimental
data of Kato et al. [19] and Bohler et al. [5].
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Bohler et al. [5]. The experimental uncertainties (+30 K) are not represented here for clarity.

benefit of a CALPHAD model to provide an accurate description of the
solidus/liquidus surface in the U-Pu-O system is highlighted here.

Moreover, the isothermal sections illustrate the complex melting
behaviour in the metal-oxide region. Indeed, at 2500 and 3000 K, a
biphasic domain with two oxide and metallic liquid phases, is high-
lighted. It arises from the existing miscibility gap above T = 2088 K in
the Pu-O binary system [7]. The miscibility gap, appearing first in Pu-O,
is then shifted towards high uranium contents when increasing the
temperature. However, care should be taken when considering this
composition range of the phase diagram, as no experimental data are
available.

This re-assessment presents some limitations due to the lack of
experimental data, particularly in the high plutonium content range.
Moreover, no measurement was performed in the hyper-stoichiometric
range, for which the model is only tentative. Further investigations
are also needed in low oxygen stoichiometry range (O/M < 1.90) to
better localise and model the maximum in the melting temperature.
Moreover, as no in-situ experiments were performed during the melting
tests, the exact oxygen stoichiometry at which the phase transitions
were measured remains unknown. Thus, uncertainties linger in broad
areas of the system and the model can be considered valid from 0 <y <
0.50 and for O/M ratios between 1.90 and 2.00. Outside this range, this
re-evaluation constitutes only a preliminary re-assessment.

To overcome this lack of data and try to determine the O/M ratio
change of the fuels during melting, experimental investigations on post-
melting samples were performed by means of XANES. The procedure
and findings will be presented in the following section.

4. Determination of the sample composition after the laser
heating tests

The melting temperatures of four U;.yPuyO3 0 samples y = 0.14,
0.46, 0.55 and 0.62 were measured by Strach et al. using laser heating
under air and under argon as described in Ref. [9]. For the
manufacturing of these samples, UO5 and PuO3 powders were mixed in
various proportions to obtain the targeted Pu content, grinded and
pressed into pellets. A sintering step of 24h at 1700 °C under a mixture of
Ar/Hz 5% + z ppm H20 was performed, with z the required amount of
H,0 to obtained stoichiometric mixed oxides. Further details about the
preparation of these samples can be found in Refs. [9,35].

Post-melting characterisations using X-ray Absorption Spectroscopy
were performed on these samples and are presented here, where the
samples are referred to as MOXy-atm (example: MOX14-Air for
Up.g6Pup.1402.x melted under air). The aim is to determine the changes in
the oxygen stoichiometry of the samples due to the laser melting tests
performed at JRC Karlsruhe [9].

Although the solidus and liquidus temperatures obtained by Strach
et al. [9] were not considered because of the lack of detailed information
about the melting conditions in Ref. [9], the XAS results obtained were
used in this work only for comparison with the modelling predictions
and not for the re-assessment.

4.1. XANES method
The molten part of the samples was extracted from the rest of the

molten disk of pellet, from which a small amount of powder was
collected at JRC Karlsruhe. The powder was then mixed with boron
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Fig. 7. Calculated isothermal sections at (a) 1500 K (b) 2500 K and (c) 3000 K of the U-Pu-O system.

nitride and pressed into pellets. Polyethylene sample holders (double
confinement) were used to contain the samples. The measurements were
performed at the INE beamline [36] at the KIT Light Source (KARA
storage ring, Karlsruhe, Germany), under dedicated operating condi-
tions (2.5 GeV, 120-150 mA) at room temperature. Spectra were
collected at the U-Lg (17166 eV) and Pu-L3 (18057 eV) edges, with an
interval of 400 eV centred on the nominal edge and a step of 0.8 eV.
Transmission mode was used to acquire the spectra, thanks to
argon-filled ionisation chambers. A Ge(422) double crystal mono-
chromator coupled with collimating and focusing Rh-coated mirrors
were used for energy selection. Metallic foils with K edges close to the
edges of interest, yttrium (17038 eV) and zirconium (17998 eV), were
employed for calibration. The references were placed between the sec-
ond and third ionisation chambers and measured at the same time as the
samples, in transmission mode. From 3 to 6 spectra were acquired for
each sample and edge to improve statistical sampling.

The X-ray Absorption Near Edge Structure (XANES) data were ana-
lysed using the Athena Software [37]. The normalisation of the spectra
was performed using a linear function for pre-edge and post-edge signals.
The white line inflection point (E) was determined by the use of first zero
crossings of the second derivatives. The average oxidation states of the
cations were determined by fitting the XANES data by linear combination
of reference spectra. Fits were performed in the Eg - 30 eV < E < Ej
+ 30 eV range. U405, (U5 %3, U6 1/3),04 and (UH* %, U ¥),404 [38]
were used as reference for the U-L3 edge, as well as Put*0, and Put3PO,
[39] for the Pu-L3 edge.

4.2. Results

The XANES spectra collected on the melted samples under air and Ar
are presented in Fig. 8, respectively for the U-L3 and Pu-Lg edges. The
starting materials (before melting) were manufactured by Strach et al.
and found to be stoichiometric (O/M = 2.00), i.e. containing only utt
and Pu™ [9].

For the spectra collected at the U-L3 edge shown in Fig. 8 (a) and (b),
a shift of the white line (WL) towards higher energies was observed,
compared to the position of the UO; reference, for the two atmospheres
studied in this work. This indicates an increase in the oxidation state of
uranium. In the case of samples molten under Ar, this difference in WL
position ranges between +0.05 eV for MOX14-Ar and +0.45 eV for
MOX62-Ar. For the samples molten under air, a higher gap is observed
with +1.89 eV for MOX14-Air, indicating a higher O/U ratio. The
spectra of these samples molten under air are more similar to UO5 and
U40g than to U30sg.

On the spectra at the Pu-Lg edge of the MOX14-Air and MOX14-Ar
samples, both WL inflection point and maxima are similar to the PuO2
reference, indicating that plutonium remained purely tetravalent. For
samples with y > 0.14, a shift of the WL towards lower energy is
observed, indicating the reduction of the plutonium. Only a slight
displacement of the WL maxima of a few tenths of electronvolts was
noticed in case of melting under air, whereas under argon a more sig-
nificant shift of the WL from the PuOs inflection point was observed and
increased with Pu content.
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Fig. 8. XANES spectra collected at (a), (b) U-L3 and (c), (d) Pu-L3 edges for the melted samples under air ((a) and (c)) and Ar ((b) and (d)).

The oxidation states of the samples, determined by linear fitting of
the reference spectra, as well as the resulting O/M ratios, are summar-
ised in Table 2.

The oxidation state of uranium was found to be a mixture of +4, +5
and + 6 in the samples molten under air, as can be seen in Table 2. In the
case of melting under argon, uranium remains mainly tetravalent,
although a small fraction of pentavalent uranium was noticed in the
sample. No hexavalent uranium was observed for these samples.

In the case of plutonium, as previously stated, only tetravalent
plutonium Pu™ is observed in the MOX14-Air and MOX14-Ar samples.
However, when increasing Pu content, an increase in the proportion of
trivalent plutonium is observed. For samples molten under air, this
contribution remains low, as air exhibits a tendency to oxidise the ma-
terial at high Pu content. However, in the case of argon, the proportion
of Pu*? is increasing when increasing the plutonium content, from 7.5%
for MOX46-Ar to 38.1% for MOX62-Ar. This observation is consistent
with the fact that argon is a reducing atmosphere for materials with high
Pu content.

The co-existence of U*, U, UT®, Pu** and Pu™® is observed in this
work for the first time for Uy PuyO2iy samples. This behaviour is
noticed even for hyper-stoichiometric and near stoichiometric samples.
It is contradictory to what is expected, as the plutonium is found only in
its tetravalent form for O/M > 2.00. This observation indicates that
partial charge compensation mechanisms are occurring in the samples.
Prieur et al. already observed this phenomenon for U;.,Am,05.x samples
of similar fluorite structure [40,41]. The slight hyper-stoichiometry
observed for MOX14-Ar can be linked here to the instrumental uncer-
tainty (£0.02).

Thus, contrarily to what was reported by Bohler et al. [5], where the
post-melting composition of strongly oxidised samples was not
measured, changes in the O/M ratio occur during the melting. Indeed, as
it can be seen in Table 2, the molten materials all exhibit an O/M ratio
different from the initial one (O/M = 2.00).

For samples melted under air, a significant increase in the oxygen
stoichiometry was noticed, with O/M ratios higher than 2.00. These
high O/M ratios indicate the formation of hyper-stoichiometric oxides,
such as M3Og and M409. This oxidation of the samples explains the
decrease of the melting temperature under air, driven by the preferential
oxidation of uranium. The non-reproducibility of the solidus tempera-
tures reported under air (see green circles in Fig. 1) can be explained by
the progressive oxidation of the samples occurring during the successive
shots. The opposite behaviour was observed for samples melted under
argon. Except for MOX14-Ar, all the samples are hypo-stoichiometric.
The effect of the atmosphere on melting behaviour will be discussed
in the next section.

5. Discussion on the melting behaviour of U;_yPuyO2,, mixed
oxides

In this section, the influence of the plutonium and oxygen content on
the melting behaviour of Uj.yPuyOs.x mixed oxides will be first dis-
cussed based on the reassessment of the U-Pu-O model performed in
this work. Then, calculations results reproducing the experimental
conditions of the laser heating melting and studying the influence of the
atmosphere during the measurements will be discussed. Finally,
computed solidification paths will be presented to understand the
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Average oxidation states of uranium (U " % with z = 4, 5 or 6) and plutonium (Pu * %, with z = 3 or 4) and corresponding O/M ratio after melting for MOXy-Atm. The
sum of the cations is equal to 1 for each element and the uncertainty on the cationic proportion is equal to +5%. The O/M ratio before melting and the solidus

temperatures measured by Strach et al. are also indicated [9].

Sample y(Pu) Ut?4+5% (X =1) 0/U Put?+5% (X =1) O/Pu
U+ Uts ute Putt Put?

MOX14-Air 0.14 32 56 12 2.40 100 0 2.00
MOX14-Ar 0.14 94 6 0 2.03 100 0 2.00
MOX46-Air 0.46 25 58 17 2.46 99 1 2.00
MOX46-Ar 0.46 96 4 0 2.02 93 7 1.96
MOX55-Air 0.54 38 54 8 2.35 92 8 1.96
MOX55-Ar 0.54 99 1 0 2.01 90 10 1.95
MOX62-Air 0.62 30 56 14 2.42 94 6 1.97
MOX62-Ar 0.62 99 1 0 2.00 62 38 1.81
Sample O/M before melting [9] O/M after melting (+0.02) Solidus temperature + 50 K [9]
MOX14-Air 2.00 2.34 2900

MOX14-Ar 2.00 2.02 3065

MOX46-Air 2.00 2.25 2875

MOX46-Ar 2.00 1.99 2970

MOX55-Air 2.00 2.14 2930

MOX55-Ar 2.00 1.97 2995

MOX62-Air 2.00 2.14 2920

MOX62-Ar 2.00 1.88 2940

change in oxygen stoichiometry occurring during the cooling of the
samples.

5.1. Influence of the Pu content and O/M ratio

Calculated 3D maps of the solidus (in blue) and liquidus (in green)
temperatures of the U-Pu-O system as a function of temperature, Pu
content and O/M ratio are shown Fig. 9. These calculations were per-
formed using a Python script developed using the TC-Python software.

To understand the melting behaviour of the ternary system U-Pu-O,
the binary systems U-O (Fig. 9 (a)) and Pu-O (Fig. 9 (b)) have to be
investigated first. In the U-O system, the congruent melting point
(where the composition of liquid is equal to the one of the solid) is
calculated at 3139 K for a slightly hypo-stoichiometric dioxide (O/M =
1.98) [7]. As observed in Fig. 9 (a), from this maximum, the solidus and
liquidus temperatures decrease towards both the hypo- and
hyper-stoichiometric regions. For the Pu-O system, at high temperature,
PuO; tends to lose oxygen above 2100 K. This results in a shift of the

(a) A=
P O1.\9‘5

(b)

congruent melting composition, determined at 3042 K, to a slightly
lower O/M = 1.95 (see Fig. 3(b)).

For the U-Pu-O system, the melting temperature and the O/M ratio
at the congruent melting are plotted in Fig. 10 (a) and (b), respectively.

On Fig. 10(a), starting from UO; gg, the congruent melting temper-
ature is nearly constant in the 3130-3140 K range up to U 55P19.4501 .82,
where it decreases when increasing the Pu content up to 3042 K for
PuO; g5. A maximum in the melting temperature was found at 3134 K for
Up.67Pup 3301 85. As it can be seen in Fig. 10(b), the O/M ratio at con-
gruency follows a “V” shape: it decreases when Pu content increases to a
minimum value of 1.797 for y = 0.6, and then increases for higher Pu
contents (Fig. 10(b)). This line represents the summit of the 3D maps
represented in Fig. 9 (a) and (b) and a decrease of both the solidus and
liquidus temperatures is noticed from this peak when increasing or
lowering the O/M ratio.

These calculations clearly show that the oxygen stoichiometry and
the Pu content have significant influences on the melting behaviour of
the uranium-plutonium mixed dioxides. As also shown in the calculated

-»
1
|

?.'061.97

T/K

Fig. 9. 3D map of the liquidus (in blue) and solidus (in green) temperatures in the U-Pu-O system, (a) from the UO,. side and (b) the PuO,. side. The dashed red
lines correspond to the congruent melting composition. The boundaries of the 3D maps are 0.61 < x(0) < 0.69, 0 < x(Pu) < 1 and 2500 < T < 3200 K.
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Fig. 11. Maps of (a) the Gibbs energy, (b) the enthalpy, (c) the entropy of U;.;Pu,O,., mixed oxide as a function of the composition in mole fraction at 3000 K.

isopleth sections on Fig. 6, for a fixed Pu content ranging between 0.12
and 0.40, the solidus and liquidus temperatures increase from O/M =
2.00 to a maximum located around 1.8-1.9.

To understand the origin of this shift of the congruency towards the
hypo-stoichiometric region, the stability of the mixed oxides was
investigated as a function of the Pu content and O/M ratio.

Using the model proposed in this work, a map of the Gibbs energy at
3000 K of Uy.yPuyOa.x is plotted in Fig. 11(a). The existence of a min-
imum for UgssPug 4501 82 can be observed, away from stoichiometry

11

(indicated by the dashed line). This observation shows that, at high
temperature, the mixed oxide is stabilised in the hypo-stoichiometric
region. This could explain the location of the highest melting tempera-
ture in this O/M range.

Maps for the enthalpy and entropy of configuration of U;.yPuyOa.x
calculated at 3000 K are shown in Fig. 11(b) and (c). Regardless of the
Pu content, the enthalpy of the mixed oxide shows a minimum for O/M
= 2.00, from which it increases for both positive and negative de-
viations. On the contrary, the entropy follows a different trend, with a
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continuous increase when decreasing the O/M ratio. It can be concluded
that the minimum of the Gibbs energy observed for Ugs5Pug.4501.82
results in the combination of both enthalpic and entropic contributions.
Moreover, the entropic contribution is predominant at 3000 K and can
explain the stabilisation of the mixed oxide in the hypo-stoichiometric
region.

In this work, based on the model of Guéneau et al. [7], the Gibbs
energy of Uy yPuyOs.y is described using the three-sublattice model

(U3, Ut U put Putt) (0%, Va), (0?7, Va)

The first sublattice contains uranium and plutonium cations with
different oxidation states. The second sublattice corresponds to the
normal tetrahedral oxygen site. The third sublattice is the interstitial
oxygen site. The occupation rate of both oxygen sites can vary thanks to
the introduction of vacancies, denoted “Va”. Starting from an O/M ratio
equal to 2, the reduction of the mixed oxides leads to the increase of the
oxygen vacancy concentration in the second sublattice. To compensate
this oxygen loss, because of the higher oxygen potential of PuOy
compared to the one of UO,, the plutonium is first reduced from Pu*t to
Pu** according to reaction

(U Pu*) (072),(Va) = (U™, Pu**, Pu*) (07, Va),(Va) + 302
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Once all the Pu** is reduced into Pu*, for lower O/M ratio, uranium
is then reduced from U*" to U3". At high temperature, in stoichiometric
UO,, a significant fraction of defects is observed, with U3* and U in
the first sublattice, oxygen vacancies Va and interstitial oxygen in the
second and third sublattices. Thus, the configurational entropy S of U;.
yPuyO2.y is the result of disorder on both metallic and oxygen sites and
can be described as a sum of the following contributions:

For plutonium :  Sp, = — R (yps Iy + Y 10 ype) (15)
Foruranium : Sy = — R (yy+ Inyyss +yp= Inyy= +yyss Inyyss)  (16)
2 (yva In yva +yo2 Inyo-2) sublatti
For oxyeen : S,= — normal O sublattice
ve ¢ +0va In yva + Yo-2 10 Y0-2)iersiiiat 0 subtarice
a7n

where R is the gas constant (equals to 8.314 J mol ™! K1) and y; are
the site fractions of the species occupying the different sublattices.

Thus, when decreasing the O/M ratio, the increase of both oxygen
vacancies and Pu®" fractions leads to the increase of the total configu-
rational entropy, as shown in Fig. 11.

As an example, the configurational entropy for Pu, U, and O, as well
as the total one, was calculated in Fig. 12. The dashed lines indicate the
limit of stability of the solid phase at this temperature. A maximum in
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Fig. 12. Configurational entropy of (a) Pu, (b) U, (c) O and (d) total at 3000 K as a function of the O/M ratio for y = 0.50.
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the configurational entropy of Pu (Fig. 12(a)) is observed for O/M =
1.84, while a minimum is observed at this O/M ratio for the one of
uranium (Fig. 12(b)). Moreover, the entropic contribution of the oxygen
vacancy formation (Fig. 12(c)) appears to be predominant in the total
configurational entropy (Fig. 12(d)).

For a better understanding, the site fractions of the different species
are plotted for the same Pu content and temperature (y = 0.50 and 3000
K) as a function of the O/M ratio, as illustrated in Fig. 13. At O/M =
1.84, the site fractions of Pu™ and Pu™ are equal, which explains the
maximum of the configurational entropy of Pu (Fig. 12(a)). Moreover,
the site fraction of U™ remains constant over the O/M range described
here, in agreement with the reduction of Pu™*® first.

The simultaneous presence of U, U**, Pu®* and Pu** at 3000 K can
be observed in Fig. 13 for 1.90 < O/M < 2.00. This is in agreement with
the site fractions already determined experimentally at 298 K in 4.2,
except for US" which was also observed in samples molten under air.
This indicates that the cations present at high temperatures correspond
to those determined at low temperature, with only their proportions
varying due to the reduction of the sample with temperature. A charge
compensation mechanism is also supposed to occur at high temperature
in the near-stoichiometric region. The presence of U®* is not shown in
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the calculations as it is not considered as a stable cation in the U;.yPuyO2
+x phase. The formation of M3Og could explain its presence.

These calculations illustrate the stabilisation of Uj.yPuyOz.yx with
increasing Pu content and decreasing the O/M ratio. This trend is in
agreement with the one observed for the congruent melting, i.e. when
increasing Pu content, the congruent melting temperature is shifted
towards lower O/M ratios (see Fig. 6). This observation is also in
agreement with the study of Aitken and Evans [3], who explained the
congruent melting by the stabilisation of the oxide and the formation of
oxygen vacancies and Pu>*/Pu** disorder.

In addition, the influence of the stability of the liquid phase on the
melting temperature of the mixed oxide also has to be taken into ac-
count. However, as no thermodynamic data exist on the liquid phase,
this influence could not be discussed in the present work.

5.2. Influence of the atmosphere

5.2.1. Argon or air

To represent in the most accurate way the experimental conditions of
the laser heating measurements, calculations of the solidus temperatures
of Uy.yPuy02.« mixed oxides and O/M ratio as a function of the pluto-
nium content were performed using the model of this work. These re-
sults are summarised in Fig. 14 (a) and (b), respectively. The
thermodynamic equilibrium between the samples and the atmosphere
was considered for two atmospheres: argon (green) or air (red) at a
pressure of 0.3 MPa. For these calculations, 5 mol of gas were used as
input, as well as 1 mol of metal (U + Pu) and 2 mol of oxygen.

Under air, a significant increase of the solidus temperature is noticed
when increasing the plutonium content. On the contrary, under argon, a
slight decrease occurs towards higher Pu contents, where a minimum is
observed around y = 0.50. A good agreement is obtained with the
experimental data available under air and argon for the calculated sol-
idus temperatures. The results for the liquidus temperatures, not pre-
sented here, follow the same trend.

When looking at the variation of the O/M ratio as a function of Pu
content in Fig. 14(b), the same trend is observed for the two atmo-
spheres. In air, the uranium-rich samples are oxidised up to y = 0.15,
where the reduction of the mixed oxides starts. The hyper-stoichiometry
noticed for high uranium contents is explained by the tendency of UO; to
oxidise into UOy, x, whereas PuO5 4 is not stable. On the contrary, under
argon, the mixed oxides are predicted to be all hypo-stoichiometric in
oxygen, regardless of the plutonium content.

Thus, for uranium-rich compositions, argon is the most reliable
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Fig. 14. Calculated (a) solidus temperatures compared to the experimental data of Kato et al. [19] and Bohler et al. [5] and (b) O/M ratio at the solidus temperature
as a function of Pu content, under air in red and argon in green. The calculations were performed for 5 mol of gas and 3 mol of samples.
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atmosphere to maintain an O/M ratio as close as possible to 2. On the
contrary, air is more appropriate in case of plutonium-rich mixed oxides
(y > 0.50) to avoid the loss of oxygen due to the high oxygen potential of
PuO,, and thus to maintain the oxygen stoichiometry as close as possible
to 2.00.

5.2.2. Number of moles of gas

The section proposes a determination of the number of moles of gas
reacting with the samples and its effect on the solidus temperature and
O/M ratio of the melting.

An estimation of the number of moles of gas reacting with the molten
pool of the sample was proposed by Quaini et al. in their investigation of
melting temperatures in the UOy-PuO,-ZrO, system by laser heating
[42]. Considering a laminar gas flow, a ratio of 3/1 was determined
between the numbers of moles of gas reacting with the sample within a
boundary layer. Using the same approach, the following amounts of
samples and gas were calculated in the present work:

- 1.8:107° mol for the sample pellet of composition Uy 75Pug 2502
(M = 271.5 g mol~}, density = 10.5 g cm >, diameter = 8 mm,
thickness = 1 mm);

1.1-10~* mol for the molten pool calculated from the volume of the
molten pool equal to 3 mm® (diameter = 5 mm in (corresponding to
the laser spot) and depth = 150 pm [27]);

1.6-107! mol of gas in the whole chamber (cylinder of 20 cm long
and 10 cm diameter, filled with a gas of ideal behavior);

5.9-10~% mol of gas in the boundary layer. A laminar flow of buffer
gas was assumed in the boundary layer, represented by a cylinder of
5 mm diameter and 3 mm thickness, from the surface of the molten
pool.

The solidification paths of Ug 75Pug 2502 (T as a function of the O/M
ratio) were calculated and are plotted in Fig. 15, considering a ther-
modynamic equilibrium with the gas phase. For these calculations, 1.1
x 10~* mol of sample was assumed (corresponding to the molten pool).
The amount of mole of gas was taken equal to 5.10~* mol of gas, cor-
responding to an intermediate value between the amount of gas in the
boundary layer and in the whole chamber. The two atmospheres (P =
0.3 MPa) used experimentally were considered: argon and air. As ex-
pected, the liquidus temperature calculated under argon (3077 K) is

Calphad 80 (2023) 102523

higher than the one calculated under air (2898 K), in agreement with
previous literature works [5,9,43].

The influence of the number of moles of gas on the liquidus tem-
perature and associated O/M ratio of Ug75Pug 2502 are illustrated in
Fig. 16, by taking values between the boundary layer and the whole
chamber.

Under air (in red on Fig. 16), a decrease of the liquidus temperature
was noticed when increasing the number of moles of gas. For high
amount of gas (1072 and 107! mol), no liquidus temperature was
observed on the solidification paths. For 10> mol of gas, a liquidus
temperature of 2914 K was determined, enhancing the oxidation of the
sample and leading thus to an increase of the O/M ratio. These results
are in agreement with the measurements of Strach et al., where the
melting temperature was found to decrease with the number of suc-
cessive shots under air [9].

Under argon (in green on Fig. 16), a liquid temperature was observed
also for the highest amount of gas studied here. In addition, an increase
of the temperature associated with a decrease of the O/M ratio was
observed when increasing the number of moles of gas. Indeed, the lig-
uidus temperature is determined at T = 3050 K in the case of an equi-
librium with the boundary layer, and at T = 3130 K for 102 mol of gas.

Moreover, the liquidus temperature (3050-3060 K) and the O/M
ratio (1.95-1.96) remain stable in the range 5.9 x 107°-10~* mol of gas.
This is in agreement with the reproducibility of the melting tempera-
tures observed by Bohler et al. [5].

As it is not possible to determine experimentally the amount of gas
reacting with the samples, the only approach available to determine this
quantity is the use of calculations, as performed here. Thus, the range
5.9-107%-107* mol of gas can be considered as realistic and illustrating
accurately the experimental conditions.

5.2.3. Solidification paths

To get further insight into what is happening during cooling, solid-
ification paths for y = 0.14, 0.46, 0.55 and 0.62 were calculated with n
= 5.10~* mol of air (red) and Ar (green) (Fig. 17). The results obtained
were compared to the O/M ratio determined by XANES (dashed lines) in
section 4.2 after melting under air and Ar (Strach et al. [9]). It is
important to note that in this case, the solidus temperatures and O/M
ratios determined experimentally are only given as comparison with the
modelling predictions and were not used in the re-assessment. The O/M

1: GAS + LIQUID
2: GAS + LIQUID + (U,Pu)0,
3: GAS + (U,Pu)0,

3500 S 1 .
Liquidus
Solidus

3000 - —
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= Solidus

2500 B

2000 T T T
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Fig. 15. Solidification paths for Ug 75Pug 2502 under 10~ mol of gas (red: air — green: argon).
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calculations are compared to the experimental results in dashed lines (O/M ratios determined at room temperature by XANES (section 4.2) and the solidus tem-

peratures obtained by Strach et al. [9]).

ratio calculated in the solidification paths corresponds to the global 0/M
ratio of the sample (U;.yPuyO2.x and possible other phases).

The calculations indicate that the samples are hypostoichiometric at
the solidus and liquidus temperatures regardless of the atmosphere or Pu
content, and thus tend to reoxidise during cooling.

In the case of a melting under argon, the samples of y = 0.14, 0.46

15

and 0.55 show a measured O/M ratio close to 2.00 at room temperature.
The calculations are in good agreement with these experimental data
(1.97-2.02), when considering that the samples were reoxidised whilst
cooling. According to the calculations, the O/M ratio determined
experimentally should be reached at approximately 2500 K. For the
highest plutonium content studied here (y = 0.62), the O/M ratio
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determined at 1.89 could correspond to the composition at the solidus/
liquidus temperature, indicating that no reoxidation occurred during the
cooling.

As expected, under air, the calculations indicate the important
oxidation of the samples during cooling, in agreement with the O/M
ratios determined experimentally. According to the calculations, the
oxide U3Og could form below 1700 K. This is consistent with the high O/
M ratios (2.12-2.34) measured in the present work and the formation of
M30g was already assumed by Strach et al. [9]. The proportion of the
M30g phase increases when increasing the U content. Indeed, Strach
et al. measured a quantity bigger for y = 0.14 (100 wt %) than for y =
0.62 (20 wt%) [44].

According to the calculations, the O/M ratios determined by XANES
after the laser heating tests under air are not representative of the O/M
ratio at the solidus temperature. Indeed, as already discussed by Epifano
et al. [27], uncertainties remain on the oxygen stoichiometry at the
solidus/liquidus temperature. In fact, the O/M ratio determined at room
temperature corresponds to the one of the entire heat treatment (heat-
ing + cooling) and reflect the re-oxidation of the samples occurring
during cooling. Nevertheless, these calculations indicate that the O/M
ratios observed at room temperature correspond to the one at approxi-
mately 1500 K under air and at approximately 2500 K under Ar.

6. Conclusion

As the margin to fuel melting is crucial for the fast reactor design, the
prediction of the solid to liquid transitions temperatures of the U-Pu-O
system as a function of plutonium and oxygen compositions is manda-
tory. To this aim, the thermodynamic model of the Pu-O and U-Pu-O
systems of Guéneau et al. [7] was improved to take into account the
recent sets of experimental data.

First, a critical review of the available experimental data was per-
formed, highlighting important discrepancies between the various
techniques used for the determination of the melting points. Based on
this review, experimental data were chosen for the re-assessment of the
models of the Pu-O and U-Pu-O systems. The parameters of the liquid
phase for the two systems were re-evaluated using the CALPHAD
method. Overall, a good agreement between the selected experimental
data and the calculated data was obtained. The complex melting
behaviour of UjyPuyOs.y mixed oxides was highlighted, confirming
that UO2-PuO; is not a pseudo-binary system. The congruent melting
was found to be shifted towards lower O/M ratio for Uy yPuyO2.x (1.90)
compared to the end-members (UO; g7 and PuOj g5). This was explained
by the stabilisation of the mixed oxide in the hypo-stoichiometric region
(O/M < 2), due to the increase of the configurational entropy by the
formation of oxygen vacancies and increasing Pu®*/Pu** disorder
occurring at high temperature.

This reassessed model was then used to calculate solidification paths
for samples molten by laser heating under both argon and air. The in-
fluence of the amount of gas reacting with the sample was discussed and
it was evidenced that a limited amount of gas was reacting with the
sample.

In the present work, O/M ratios of post-melted samples were also

Appendix A. Supplementary data
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determined by X-Ray Absorption Spectroscopy (XANES). An oxidation
of the samples was noticed for the samples molten under air, whereas a
reduction was observed under argon. The simultaneous presence of U**,
US*, U, Pu* and Pu** was also evidenced, highlighting partial charge
compensation mechanisms. These O/M ratios determined experimen-
tally were compared to calculated solidification paths. In the case of air,
the samples were highly oxidised with O/M > 2 with the formation of
U3Og, while the O/M ratios of the samples molten under argon were
slightly hypo-stoichiometric or close to 2. The calculations suggested
that a reoxidation of the samples occurred during cooling. Thus, the
exact O/M ratio at which the solidus and liquidus temperatures are
measured remain unknown. Further experimental work with in-situ
measurement of the oxygen release and absorption of the samples
would be helpful to conclude on this point.

This updated model of the U-Pu-O system will allow a better
description of higher order systems such as U-Pu-MA-FP-O systems (MA
= minor actinides, FP = fission products), to predict the high tempera-
ture behaviour of the fuel materials in Sodium-cooled Fast Reactors. The
current results will be further taken into account in the Fuel Perfor-
mance Codes in order to improve the models for the margin to fuel
melting as well as the thermal conductivity.

Although experimental data are available on the high-plutonium
range of the U-Pu-O system, this work highlights the need to perform
new experimental campaigns. Moreover, the determination of the O/M
ratio during the melting represents a real challenge and dedicated
experimental studies are needed. These new data would help validating
the current models and thus reducing the uncertainties on the margin to
fuel melting.
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Appendix

Table 3
Pu content, solidus and liquidus temperatures, O/M before and after the melting of the samples used for the re-assessment of the model of the U-Pu-O system.

Calphad 80 (2023) 102523

Reference y (Pu content in Uy yPuyO2.y) O/M ratio before melting Solidus temperature (K) Liquidus temperature O/M ratio after melting
Bohler et al. [5] 0 2.00 3126 + 55 2.00
0.037 2.00 3107 + 55 3129 + 55 2.00
0.09 2.00 3097 + 55 3116 + 55 2.00
0.25 2.00 3015 + 55 3052 + 55 2.00
0.40 2.00 2993 + 55 3015 + 55 2.00
0.50 2.00 2985 + 55 3007 + 55 2.00
0.80 2.00 3023 + 55 3023 + 55 2.00
0.90 2.00 3012 + 55 3037 + 55 2.00
1 2.00 3050 + 55 2.00
Kato et al. [23] 0 2.00 3140 £ 9 3145 £ 16 2.00
2.00 3111 +9 3130 + 16 2.00
2.00 3134 +£9 3173 + 16 2.00
0.118 2.00 3077 £ 9 3117 £ 16 2.00
3093 + 9 3135 + 16 2.00
3084 + 9 3105 + 16 2.00
1.989 3093 + 20 3135 + 55 1.989
1.983 3084 + 20 3105 £ 55 1.983
1.975 3085 + 20 3107 + 55 1.975
1.971 3100 + 20 3124 + 55 1.971
0.199 2.00 3052+9 3090 + 16 2.00
3059 + 9 3089 + 16 2.00
1.982 3059 + 20 3089 + 55 1.982
1.967 3066 + 20 3079 £ 55 1.967
1.954 3074 + 20 3109 £ 55 1.954
1.954 3079 + 20 3097 + 55 1.954
1.942 3092 + 20 3118 + 55 1.942
0.298 2.00 3030 £9 3074 £ 16 2.00
0.397 2.00 2997 +£ 9 3117 + 16 2.00
3009 + 9 3020 + 16 2.00
1.972 3035 + 20 3071 £ 55 1.972
1.959 3025 + 20 3037 £ 55 1.959
1.925 3073 + 20 3102 + 55 1.925
Table 4

Interaction parameters of the liquid phase of the Pu-O system.

Parameters

Previous version (2011)

New version (2021)

G(Liq,Pu®":0%7;0) -3.H2%8(0)-2.H2%8(Pu)
G(Liq,Pu0,;0) -2.H>?§(0)-H?*8(Pu)
L(Lig,Pu®*:0%",Va;0)
L(Liq,Pu®*:0%",Va;1)
L(Liq,Pu®":0%",Pu02;0)

+GPU203 + 113 000-47.9219678*T
+GPUO2 + 67 000-22.2*T
77 451.8 + 23.4798*T - 20 231.6*(Yo2. - Yva)

+60 000-20 000 (yo2. - Ypuo2)

+GPU203 +72 000-30.187*T
+GPUO2 + 68 320-22.3*T
77451.8 + 23.4798*T

—20231.6

-+60 000
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