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Abstract: In the Molten Salt Reactor (MSR) concept, metal fluorides are key components of possible
fuel and coolant salts. The fast reactor option opens the possibility for alternatives to the Li based
matrix salts, avoiding the costly 7Li enrichment and the tritium production from residual 6Li. Such
alternatives can be based on NaF and KF as matrix components. In this study, two pseudo-binary
phase diagrams of NaF-UF, and KF-UFy, and the NaF-KF-UF, pseudo-ternary system were experi-
mentally investigated using Differential Scanning Calorimetry (DSC). The obtained data were used to
perform a full thermodynamic assessment of the NaF-KF-UF, system. The calculated pseudo-ternary
eutectic was found at 807 K and a 68.9-7.6-23.5 mol% NaF-KF-UF, composition. The comprehensive
experimental and modelling data obtained in this work provide further extension of the JRCMSD
thermodynamic database describing thermodynamic properties of key fuel and coolant salts for the
MSR technology.

Keywords: molten salt reactor fuel;, phase diagram; molten fluoride salt; thermodynamics; JR-
CMSD database

1. Introduction

In the Generation IV initiative, six advanced nuclear reactors were selected as promis-
ing candidates for a future nuclear fleet deployment. Among them, the Molten Salt Reactor
(MSR) concept was chosen because of its high safety, reliability, and efficiency [1]. These
favourable properties are largely due to the use of a homogenous salt mixture that serves as
fuel and primary coolant. In the decision process used to select which matrix salt serves the
best, important factors including neutronics, melting point, redox potentials, reprocessing
scheme, physicochemical properties and economics [2] need to be evaluated carefully.

Many early studies focused on thermal breeder reactors, which included the necessity
to use the lithium fluoride based MSR fuel matrix [3]. However, recent developments raised
the interest in reactor concepts that enable the use of alternative alkali and earth alkali
salts [4]. With those salt mixtures, it is possible to avoid the costly ’Li enrichment and also
the in-reactor production of tritium from °Li residuals (always present in small quantities
after enrichment) by neutron capture [5]. The next higher alkali fluorides, NaF and KEF,
might serve as alternative key matrix components of the MSR fuel to replace LiF. For this
reason, the main focus of this study was to extend the existing JRCMSD thermodynamic
database [6] by the full assessment of the NaF-KF-UF, system. With this thermodynamic
description, it is possible to predict relevant properties of a multi-component fuel. This
includes the melting behaviour, which plays a key role for the safety assessment, but also in
economic aspects of MSRs. It is possible to lower the melting temperature of a possible fuel
salt mixture, by using a multicomponent fluoride salt [7-10]. These systems are complex
and need a well-reviewed comprehensive database to be able to model their physico-
chemical behaviour. To obtain the full thermodynamic description of the NaF-KF-UF,
system, thermodynamic optimisations of all related subsystems are necessary.
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The NaF-KF pseudo-binary phase diagram was investigated in detail by Kurnakow
and Zmczuznyj [11], Dombrovskaya and Koloskova [12], and Holm [13]. Holm reported
an eutectic point of X(KF) = 0.62 mol% [13]. The thermodynamic assessment of the NaF-
KF subsystem was presented in our earlier study [14] and the data were further used in
this work.

NaF-UF, phase transitions were first determined from thermal analysis while cooling
by Barton et al. [15]. Thoma et al. [16] investigated the phase boundaries in the KF-UF,
system by quenching after equilibration and identification of the phases by powder X-ray
diffraction and optical microscopy. Thermal analysis and visual observations were used as
supplementary methods.

A first study of the NaF-KF-UF, system was presented by Thoma et al. [17] based on
unpublished thermal analysis data from the period 1950-1958. From their data, the authors
derived a preliminary phase diagram but stated that they could not list invariant points
because their data did not define the phase relationships [17].

In the current paper, an extensive experimental investigation of the two pseudo-binary
phase diagrams for NaF-UF, and KF-UF,, and a pseudo-ternary investigation of the NaF-
KF-UF, system were performed using Differential Scanning Calorimetry (DSC) and based
on the obtained novel phase equilibrium data the full thermodynamic assessment of the
NaF-KF-UF, system was completed. For the NaF-UF, system, 20 intermediate compo-
sitions were synthesised and measured, while for the KF-UF, system, 21 intermediate
compositions were evaluated. Furthermore, 12 different compositions from the pseudo-
ternary field were measured for liquidus point determination and used to further optimise
the calculated phase diagram.

2. Experimental Section
2.1. Sample Preparation

The commercially obtained compounds used in this study were NaF (99.995 w%
metallic purity, source: Alfa Aesar, pr. Nr. 12964) and KF (99.99 w% metallic purity, source:
Alfa Aesar, pr. Nr. 10980). Due to the hygroscopic nature of the fluoride compounds,
moisture can accumulate during transport. To ensure moisture-free initial end-members,
both NaF and KF were heated prior to the mixture synthesis in a Ni crucible under
constant argon flow in a tubular furnace at 400 °C for 4 h. The purity was verified by
melting point determination using DSC and by XRD powder diffraction phase analysis. As
shown in detail in our earlier study [18], both techniques provide complementary purity
control of the starting materials. The determined melting points of the end-members agree
well with the literature values; for NaF the melting point was determined as 1268 K [19]
(ref. value 1269 K) and KF as 1130 K [19] (ref. value 1131 K). The small differences in
melting temperatures are within the experimental precision of the applied method. UF,
was synthesised from UO; by hydro-fluorination with HF using the process described in
detail by Soucek et al. [18]. First, a U(VI) nitrate solution was electrochemically reduced and
precipitated as uranium oxalate. The uranium oxalate was thermally decomposed at 1073 K
to UO, with a large surface area and thus yielding small crystal sizes. This is key to achieve
high conversion rates during fluorination. Then, the UO, was fluorinated at elevated
temperatures in a specially designed fluorination apparatus under a constant HF gas flow.
The melting point of UF; was determined to be 1307.7 K, which is in perfect agreement
with an earlier determined value from Soucek et al. [18]. Furthermore, phase analysis by
X-ray diffraction (XRD) showed the presence of UF,. No other phases were detected.

Samples and purified materials were only handled in glove boxes with monitored
inert argon atmosphere, with O, and H,O levels lower than 2 ppm.

2.2. X-ray Diffraction Analyses

A Brucker AXS XRD D8 ADVANCE instrument was used for qualitative powder
diffraction analysis to assess the purity of the end-members (as discussed above) and
phases in equilibrium of selected pseudo-ternary samples. All XRD measurements were
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performed at room temperature. Prior to XRD measurements all samples were embedded
in an epoxy glue (Hardmann Double Bubble Red Non Sag 04001 type), which is inert to
samples, to protect the sample from O, and H,O absorption from the ambient atmosphere.
The absence of interaction of the analyte with the matrix was confirmed using the NaF
precursor with three consecutive tests, performed at 10 min, 30 min, and 4 h of total
measurement time. No changes in the spectrum with prolonged X-ray irradiation time
were visible, which indicates the stability of the prepared sample, as shown in Figure 1.
XRD measurements were performed in a glove box under nitrogen atmosphere (<2 ppm
Oz and Hzo)
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Figure 1. XRD pattern versus time of embedded NaF used in this study for synthesis of fuel mixtures.
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Plots show stability of the sample prepared under applied conditions at total times of 10 min, 30 min,
and 4 h, respectively, as indicated within the figure.

XRD qualitative analyses of the NaF, KF, UF; end-members, and the pseudo-ternary
mixture were performed for a 20 range of 20°-120°, with a step size of 0.02° and record-
ing time of 9 s per step. Phases in the sample were identified by comparison to single
phase X-ray powder diffraction patterns compiled in the Powder Diffraction File (PDF-2)
database [20]. This database is maintained and continually upgraded by the International
Centre for Diffraction Data (ICDD). The qualitative analyses was carried out using the
ICDD database and Match software, version 1.11f [21].

The calibration of diffraction line positions and shapes determined through powder
XRD was performed using the Standard Reference Material (SRM) 660b [22] provided
by the National Institute of Standards and Technology (NIST). It consisted of lanthanum
hexaboride (LaBg) powder bottled under argon.

2.3. Differential Scanning Caloriemtry for Phase Equilibrium Determination

A pressure resistant stainless steel crucible equipped with a nickel liner and sealed
using a procedure described by Benes et al. [23], ensured precise and reliable measurements
of the fluoride mixtures. To realise accurate compositions of the fluoride mixtures, the
compounds were mixed in the glove box under argon atmosphere directly in the crucible.
The exact weights of each component are given in Tables 1 and 2 in the Appendix A. The
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salt specimens were placed in the gas tight crucibles and measured in a Setaram multi-
detector high temperature calorimeter (MDHTC 96) with an DSC detector using S-type
thermocouples. The DSC detector was calibrated in the range of ca.450 K to ca.1250 K by
using pure standard metals (In, Sn, Pb, Al, Ag) for four different heating rates (3 K/min,
5 K/min, 10 K/min, 15 K/min). This calibration curve was applied to the measured phase
equilibria of all mixtures. For all measurements, a constant heating rate of 10 K/min was
applied with peak temperature of 1525 K, well above the melting point of the highest
melting end-member (i.e., UF;). This heating rate was chosen to ensure consistency in this
systematic study. Each measurement consisted of three heating cycles: the first one had a
dwell time of 2 h at the maximum temperature to achieve homogeneous mixing of the end-
members by melting them together. Therefore, only the second and third heating cycles
were used for determination of the phase equilibria. Finally. the obtained equilibrium
temperatures of the second and the third cycles were averaged. The variation in the peak
shapes can be seen in an exemplary DSC signal in Figure Al in the Appendix A. The
phase transition temperature is derived from tangential analysis of the heat flow signal.
The uncertainties differ depending on the shape of the DSC peak as highlighted in our
earlier study [24]. Eutectic and peritectic transitions as well as -3 and phase transitions
are determined by their onset temperature with an uncertainty of 5 K, while the liquidus
transition is determined by the offset temperature, where the uncertainty can be up to 15 K.
The phase transition data during cooling is often affected by super cooling effects; therefore,
it was only used to verify the number of transitions occurring during crystallisation.

3. Thermodynamic Modelling

The experimental equilibrium data obtained in this work were used as a basis to model
the NaF-UF,; and KF-UF, pseudo-binary phase diagrams and the pseudo-ternary phase
diagram. The modelling work was carried out according to the Calphad method, which is
based on the Gibbs Energy minimisation. All thermodynamic calculations performed in
this study were performed using the Factsage v7.1 software [25]. The thermodynamic data
for the NaF-KF phase diagram were taken from an optimised phase diagram published in
a previous study [14].

3.1. Compounds

The Gibbs energy of the stoichiometric compounds can be described as
T T ¢ (T)
G(T) = A;H°(298 —50298~T—|—/ c TdT—T‘/ g, 1
(T) = apH(298) = "298)- T+ [ ep(myar—T- [ o o

where AfH 0(298) and S(298) are the standard enthalpy of formation and standard abso-
lute entropy both at the reference temperature of 298.15 K and hydrostatic pressure of 1 bar.
These thermodynamic parameters were manually optimised in this study for all interme-
diate compounds for those thermodynamic data that do not exist in the literature. The
heat capacity was estimated based on the Neumann-Kopp rule (i.e., the additivity rule for
the end-members). Thermodynamic data of all compounds stabilised in the NaF-KF-UF,
system used in the current assessment are listed in Table 1.
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Table 1. Thermodynamic data (AfH?%8,52%8 and cp(T)) of the compounds stabilised in the NaF-UF,, KF-UF4 and NaF-KF-

UF, systems.

Compound A¢H?%8/KJ mol—1 $2%8/J K1 mol—1 cp(T)/J K~1 mol~1 Reference
NaF (cr.) —576.65 51.21 47.63 + 0.01479-T — 464,300-T2 [26]
NaF (liq.) —557.73 52.76 72.989 [26]

68.757 — 0.05776-T — 766718-T~2 +
KF (cr) —568.61 66.55 75405-10-5-T2 — 2.3886.10~8.T° [18]
KF (liq.) —554.37 67.77 71.965 [18]
UF; (cr.) —1914.20 151.70 114.519 + 0.02055-T — 413,159- T2 [27]
UF, (liq.) —1914.66 115.40 174.74 [27]
Nay[UF¢] (cr.) —3095.98 265.30 209.779 +0.05013-T — 1,341,759-T2 This study
Nas[UF;] (ax—cr.) —3649.90 347.30 257.409 + 0.06492-T — 1,806,059-T2 This study
Nas[UF7] (B—cr.) —3649.40 347.91 257.409 + 0.06492-T — 1,806,059-T 2 This study
Na[U,Fy] (cr.) —4434.45 350.90 276.669 + 0.055900-T — 1,290,618 T2 This study
Nas[U3Fy7] (cr.) —8690.25 757.40 581.708 + 0.135615-T — 3,560,977-T 2 This study
Nay[UgFa1] (cr.) ~15,715.139 1255.984 1020.526 + 0.22686-T — 5,729,054- T2 This study
252.034 — 0.094959-T — 1,946,596 T2 + .
Ky [UFg] (ex—cr.) —3092.856 318.97 1.5081.10-4-T2 — 4.77713.10-8.T5 This study
252.034 — 0.094959-T — 1,946,596-T 2 + .
Ky [UFg] (B—cr.) —3092.36 319.56 1.5081.10-4-T2 — 4.77713.10-8.T5 This study
320.791 — 0.15272.T — 2,713,314 T2 + .
K5[UFg] (cr.) —3668.41 404.34 226211042 — 7.16569-10-8.T3 This study
297.796 — 0.016647-T — 1,593,036-T 2 + .
K[UyFo] (cr.) —4434.01 382.95 754049-10~5.T2 — 2.38856.10~8.T3 This study
1168.418 —0.28097-T — 7,845,982- T2 + .
K7[UgF31] (cr.) —15,680.03 1486.03 5278341042 — 1.67199.10~7.T3 This study
230.907 — 0.022412-T — 1,644,177-T2 + .
NaKUFg (cr.) —3,114,000 269.46 7 540486-10-5-T2 — 2.38856.108.T3 This study
278.537 — 0.007622-T — 2,108,477-T2 + .
Na,KUFy (cr.) —3,700,000 320.67 7 540486-10~5-T2 — 2.38856.108.T3 This study
3.2. Solutions
The Gibbs energy of a binary solution can be described as
G(T) = GU(T) + AG" + AG™, )

where G(T) is the standard Gibbs free energy of the mixing end-members, AG™ is the
ideal mixing term, and AG** is the excess Gibbs energy function.

The solid solutions in the NaF-KF system have been assessed earlier [14], and neither
the NaF-UF, nor the KF-UF, system contain solid solutions. Thus, the only solution, which
was subjected to thermodynamic assessment in this study, was the liquid solution. We
note here that it is also likely that partial or full solubility in the solid state might occur
between NagU7F3; and K¢U7F31, and between NaU,Fg and KU,Fg; however, since we
could not experimentally address the presence of such solution(s), we did not include them
in the assessment of the NaF-KF-UF, pseudo-ternary system. This area may require further
attention in future studies.

The excess Gibbs energy parameters of the liquid solution were described by the
modified quasi-chemical model with a quadruplet approximation [28,29]. This is on
the one hand claimed a suitable model for describing ionic liquids, and on the other
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hand, it allowed us to maintain compatibility with the extensive JRCMSD thermodynamic
database [6] describing fluoride and chloride salt systems. The basis of this quadruplet is a
polynomial formalism using the excess Gibbs energy parameters for the second nearest
neighbour pair-exchange reaction:

(Na-F-Na) + (U-F-U) = 2(Na-F-U) Agnau/E, 3)

(K-F-K) + (U-F-U) = 2(K-F-U) Aggur- 4)

As an example, for the NaF-UFy, system the Agy,i;,/r parameter can be expanded as
a polynomial:
Agngs = D Y 8 X gt Xy (5)
F (l +]) qu F F F
Furthermore, the model requires definition of a composition of the strongest short
range ordering. This is achieved by defining cation-cation coordination numbers ZZ’.]’.] ,in
which 7 and j are the mixing cations. At this composition, the excess Gibbs energy of the
liquid solution tends to have its minimum and thus is generally related to the eutectic
point, i.e., to the lowest melting region. The coordination numbers are composition and
temperature independent, and they are defined during the phase diagram optimisation.
The selected coordination numbers used in this study are listed in the Table 2 below:

Table 2. Cation-cation coordination numbers Z;]] , for the mixing cations i and j used for the thermo-
dynamic modelling.

) . i ij
i j z; z;

Na U 3 6
K U 3 6

To maintain electro neutrality in the system, once the cation-cation coordination
numbers are selected the anion coordination numbers are calculated according to the
following equation:

i 9i 29r

i + -
Zijjer Z

i zE
ij/FF ij/FF

The excess Gibbs energy parameters A g?\] quyF and g% a1,/ Were obtained by optimisation
of the experimental data of the (Na,U)Fy and (K,U)Fy liquid solutions and the obtained
values are given below (in J-mol~1):

SN = —25104 + 4.184-T, (6)
SNaur = —26961 + 18.184-T, )
§Nau = —40200 + 32.276-T, ®)
g%, = —30304, ©)

gky = —15101 + 4.866T, (10)

gRy = —5417 —5.276'T. (11)

The X ng11/F term from Equation (5) was determined by the composition of the solution;
here, Xnana, XNau, and Xy represent the cation-cation pair mole fractions, given by

XNuNa (12)

ANall/F = XNaNa + Xnau + Xuu'

All optimisations of the excess Gibbs parameters of the liquid solution and the ther-
modynamic data of the intermediate phases (as discussed above) were carried out using
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the so-called trial-error method until good agreement between the experimental data and
the calculation was achieved.

For the pseudo-ternary system calculation, the mixing cations were subdivided into
two groups: (i) first containing the highly ionic Na and K constituents and (ii) the second
one containing U constituents with a more molecular-type behaviour. Taking this into
account, the asymmetric Kohler-Toop formalism was used to extrapolate the excess Gibbs
parameters of the pseudo-ternary solutions of the NaF-KF-UF, phase diagram from its
pseudo-binary sub-systems. The extrapolated pseudo-ternary system was further opti-
mised based on novel experimental data obtained from DSC measurements. The assessed
pseudo-ternary parameters (in J/mol) are:

8K (Na) = 2000. (13)

4. Results
4.1. Phase Equilibria Determination of the Pseudo-Binary NaF-UF, and KF-UF, Mixtures

The phase equilibria temperatures experimentally obtained in this study by DSC for
the NaF-UF, and KF-UF, system are presented in Tables 3 and 4 and in Figures 2 and 3,
respectively. The type of equilibria were identified by the phase diagram assessment
and comparison to earlier studies [15,16]. For comparison, the equilibrium temperatures
calculated from the thermodynamic assessment performed in this study are shown in
Tables 3 and 4 as well. They demonstrate good agreement with the experimental data for
the whole composition range.

Table 3. Experimental phase equilibria and temperatures obtained by DSC for the NaF-UF, system and the calculated

transition temperatures at these compositions for comparison.

Temperature/K
x (UF4)/mol% Type of Equilibria
Experiment Calculation
Formation of Naz[UF;] 737 £5K 738
0.100 « — 3 transition of Naz[UF;] 825 + 5K 823
Eutectic 887 £5K 888
Liquidus 1201 +£ 15K 1198
Formation of Nag[UF] 738 £ 5K 738
0.150 o—p transition of Naz[UF;] 825+ 5K 823
Eutectic 885 £ 5K 888
Liquidus 1120 + 15K 1122
Formation of Naz[UF7] 738 £ 5K 738
0.175 o—f transition of Naz[UF;] 826 + 5K 823
Eutectic 884 £5K 888
Liquidus 1064 £ 15K 1064
Formation of Naz[UF;] 739 £ 5K 738
unidentified 761 £15K n.a.
0.201 o—p transition of Nas[UF;] 824 + 5K 823
Eutectic 886 = 5K 888
Liquidus 974 £ 15K 980
Formation of Naz[UF7] 736 £ 5K 738
0.950 unidentified 770 £15K n.a.
o—f transition of UNazF; 820+ 5K 823

Melting 887 £ 5K 910
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Table 3. Cont.

Temperature/K
x (UF4)/mol% Type of Equilibria Experiment Caleulation

Formation of Nag[UF] 733 £ 5K 738
0.280 unidentified 770 £15K n.a.
o—f transition of Naz[UF;] 819 £ 5K 823
Eutectic 884 £5K 894
Formation of Naz[UF7] 734+ 5K 738
unidentified 775 £15K n.a.
0.299 o—P transition of Naz[UFy] 819 £ 5K 823
Eutectic 882 +5K 894
Liquidus 921 £ 15K 915
0.333 Peritectic 918 £5K 926
Formation of Nas[U3F7] 893 + 5K 891
0.371 Peritectic 925+ 5K 926
Liquidus 952 £ 15K 960
Formation of Nas[U3F;7] 894 + 5K 891
0.400 Peritectic 942 + 5K 943
Liquidus 977 £15K 978
Formation of Nas[U3F;7] 890 + 5K 891
0.430 Peritectic 944 + 5K 943
Liquidus 992 £ 15K 990
0.466 Melting 988 £ 5K 993
Eutectic 951 £5K 952
0499 Liquidus 997 £15K 990
0.559 Eutectic 951 +£5K 952
Eutectic 950 £ 5K 952
0.601 Liquidus 1007 + 15K 1015
Stability limit of Na[U,Fg] 942 +5K 936
0.633 Eutectic 953 + 5 K 952
Liquidus 1087 + 15K 1081
Eutectic 947 £ 5K 952
0667 Liquidus 1134 + 15K 1128
Stability limit of Na[U,Fo] 937 £5K 936
0.700 Eutectic 947 £ 5K 952
Liquidus 1160 + 15K 1161
Stability limit of Na[U,Fo] 933 £5K 936
0.802 Eutectic 946 £ 5K 952
Liquidus 1231 + 15K 1230
Eutectic 948 £5K 952

0.901

Liquidus 1273 £5K 1275
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Table 4. Experimental phase equilibria and temperatures obtained by DSC in the KF-UF, system and the calculated
transition temperatures at these compositions for comparison.

Temperature/K
x (UF4)/mol% Type of Equilibria - -
Experiment Calculation
Eutectic 989 + 5K 988
0.050 ..
Liquidus 1103 £ 5K 1102
Eutectic 992 + 5K 988
0.100 ..
Liquidus 1066 £ 5K 1045
Eutectic 993 £ 5K 988
0.150 ..
Liquidus 1018 £ 5K 1045
Eutectic 992 + 5K 988
0.200 ..
Liquidus 1170 £ 5K 1172
0.250 Congruent melting 1218 £ 5K 1217
Formation of Ky[UFg] 704 £ 15K 702
0.500 o—f transition of Ky [UF] 854 £ 5K 855
' Peritectic 1016 £ 5K 1028
Liquidus 1188 £ 5K 1181
Formation of K;[UFg] 700 £ 15K 702
0.333 * o~ transition of Ky[UFg] 855 + 5K 855
Peritectic 1026 £ 5K 1028
Formation of K;[UFg] 705 £ 15K 702
0.385 o—f transition of Ky [UF] 882 £ 5K 855
' Eutectic 1013+ 5K 1026
Liquidus 1039 £ 5K 1038
Formation of Ky[UFg] 701 £15K 702
0.400 o—f transition of Ky [UF] 854 + 5K 855
' Eutectic 998 + 5 K 1026
Liquidus 1050 £ 5K 1049
Formation of K,[UFg] 706 = 15K 702
0.430 o—f transition of Ky [UF] 881 £ 5K 855
' Eutectic 1002 £ 5K 1026
Liquidus 1062 £ 5K 1062
0.462 Melting of K7[UgF3] 1056 + 5K 1068
Eutectic 995 + 5 K 1019
0.500 ..
Liquidus 1047 £ 15K 1062
Eutectic 1016 = 5K 1019
0.545 .
Liquidus 1049 +£ 15K 1040
0.573 Eutectic 1018 £ 5K 1019
Eutectic 1005 £ 5K 1019
0.603 .
Liquidus 1033 £ 15K 1028
Eutectic 1014 £ 5K 1019
0.667 Peritectic 1032 £ 5K 1039
Liquidus 1076 £ 15K 1065
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Table 4. Cont.

Temperature/K
x (UF4)/mol% Type of Equilibria - -
Experiment Calculation
Peritectic 1031 £5K 1039
0.702 .
Liquidus 1122 £ 15K 1105
Peritectic 1032 £ 5K 1039
0.741 Unidentified ** 1075 + 15 K n.a.
Liquidus 1150 £ 15K 1150
Peritectic 1027 £ 5K 1039
0.800 Unidentified ** 1175 + 15K n.a.
Liquidus 1193 £ 15K 1201
Peritectic 1028 £ 5K 1039
0.850 Unidentified ** 1073 £ 15K n.a.
Liquidus 1235 + 15K 1237
Peritectic 1060 £ 5K 1039
0.900 o
Liquidus 1265 £ 15K 1266

* Liquidus not detected, ** could be another peritectic due to a formation of another U-rich intermediate compound, which would need to

be confirmed by another technique (e.g., high temperature XRD).
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Figure 2. The calculated NaF-UF, phase diagram superimposed with our experimental data (purple
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Figure 3. The calculated KF-UF, phase diagram superimposed with our experimental data (purple
solid circles) and experimental data from Thoma et al. [16] (hollow circles).

4.2. Phase Equilibria Determination of the Pseudo-Ternary NaF-KF-UF, Mixtures

Twelve pseudo-ternary compositions were measured with DSC to evaluate the lig-
uidus behaviour of the NaF-KF-UF, system. The obtained data of the liquidus points of
all measured compositions are reported in Table 5 and graphically represented in Figure 4.
Similar to the two studied pseudo-binary systems the calculated temperatures based on
our thermodynamic assessment are provided for comparison. Although other types of
equilibria (other than the here presented liquidus equilibria) were detected during DSC
measurements, additional complementary analyses would be required to clearly identify
the type of equilibria. The confirmation of the nature of the invariant equilibria for most of
the measured transitions was identified for potential future work. As this study focuses on
the melting point behaviour of the pseudo-ternary system, which is of great importance for
the MSR systems, the obtained experimental data on the liquidus behaviour provides the
right benchmark. Only for one selected composition (close to the suggested lowest pseudo-
ternary eutectic point) all equilibria were investigated to clarify the solidus temperature.
More details are given in the discussion section.

Table 5. Experimentally determined liquidus equilibria of the NaF-KF-UF, pseudo-ternary system
obtained by DSC and calculated liquidus temperatures at these compositions for comparison.

Tliquidus/K
X (NaF) X (KF) X (UFy) - -
Experiment Calculation
0.453 0.100 0.448 971 £ 15 950
0.101 0.450 0.449 1026 £ 15 1027
0.200 0.400 0.400 1025 £ 15 982
0.497 0.279 0.224 906 £ 15 846

0.450 0.450 0.100 1051 £ 15 1048
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Table 5. Cont.

X (NaF) X (KF) X (UFy) Tiiquidus/K
Experiment Calculation
0.428 0.381 0.190 969 + 15 925
0.537 0.210 0.253 853 + 15 849
0.523 0.187 0.290 834 + 15 832
0.549 0.171 0.280 845 + 15 835
0.572 0.157 0.271 834 + 15 836
0.601 0.136 0.263 842 + 15 834
0.633 0.121 0.246 863 + 15 832

Eutectic point
T=538°C

_74‘

‘ I.r" | e \

" Liquidus point

NasUF7 formation

,' T=561°C
T=471°C
Rate 2 K/ min
480 500 520 540 560 580

Temperature / °C

Figure 4. A DSC analysis of the phase equilibria determination of the selected NaF-KF-UF; (52.3-18.7-29.0 mol%) composition.

4.3. Phase Diagram Assessments of the NaF-UF, and KF-UF, Systems

Using the experimental equilibrium data obtained in this study and the data from
the literature [15,16], the pseudo-binary NaF-UF, and KF-UF, phase diagrams were ther-
modynamically assessed. They are presented in Figures 2 and 3, respectively. Overall,
our experimental data agree well with most of the data presented in the literature, only
a slight discrepancy was found for the equilibrium related to the formation of the K, UFg
compound. We decided to use our obtained data for the modelling of the KE-UF, system
but to verify this decision, independent measurement of different research group would
be useful.

Good agreement between the measured experimental data (purple solid circles in the
figures) and the model is evident, indicating a maximum discrepancy of about 15 K on the
liquidus, but with most of the liquidus points within the £5 K range.

The NaF-UF, system is characterised by 3 eutectic points and 2 peritectic points. The
lowest eutectic is at a temperature of T = 888 K and a composition of about X(UFy) = 22.2 mol%.
The other two eutectic points are found at T = 894 K with X(UF,) = 27.6 mol% and T =952 K
with X(UFy) = 57.6 mol%. In total, 5 intermediate phases stabilise in the system. Nay[UgF31]
and the high temperature phase Naz[UF;] melt congruently at T = 995 K and T = 910 K,
respectively. Nay[UF¢] and the second high temperature phase Nas[U3F;7] exhibit peritectic
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melting at T = 926 K and T = 943 K, respectively. Na[U,Fg] decomposes into UF4 and
Nay[UgF31] at 936 K.

In the KF-UF, system, three eutectic and two peritectic points were identified. The
lowest eutectic was found at T = 988 K with X(UF,)= 13.2 mol%, while the other eutec-
tic points were calculated at T = 1026 K with X(UF4)= 37.4 mol% and T = 1019 K with
X(UFy) = 57.7 mol%. Of four total intermediate compounds, K3[UF¢] and K7[UgF31] show
congruent melting points at T = 1217 K and T = 1068 K, respectively. The high temperature
stoichiometric phase K;[UF¢] decomposes at the peritectic point at 1028 K. The second
peritectic point is at 1039 K where K[U,Fg] decomposes into UF; and liquid.

All calculated pseudo-binary phase equilibria of the NaF-UF, and KF-UF, systems
and their exact compositions are summarised in Tables 6 and 7, respectively.

Table 6. Invariant equilibria obtained from the calculated NaF-UF, phase diagram.

X(UFy) Temperature Equilibrium
222 888 K Eutectic
25.0 738 K Na3UF; formation
25.0 823 K o—f transition
25.0 910 K Congruent melting
27.6 894 K Eutectic
32.6 926 K Peritectic
354 943 K Peritectic
37.5 891 K NasU3F;7 formation
46.2 995 K Congruent melting
57.6 952 K Eutectic
66.7 936 K NaU,Fg9 decomposition

Table 7. Invariant equilibria obtained from the calculated KF-UF, phase diagram.

X(UFy) Temperature Equilibrium

13.2 988 K Eutectic

25 1217 K Congruent melting
33.3 702 K K, UFg formation
33.3 855 K o—f3 transition
37.1 1028 K Peritectic
37.4 1026 K Eutectic
46.2 1068 K Congruent melting
57.7 1019 K Eutectic
64.9 1039 K Peritectic

4.4. Phase Diagram Assessment of the NaF-KF-UF, System

The pseudo-ternary NaF-KF-UF, system was thermodynamically assessed based on
the thermodynamic assessments of the pseudo-binary sub-systems (NaF-KF, NaF-UF,
and KF-UF,) and the experimental data measured in this study. The liquidus projection,
together with the indicated measured data, is shown in Figure 5.
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NaF

mole fraction

Figure 5. The calculated liquidus projection of the NaF-KF-UF, system. Isotherms are calculated in
K with intervals of 20 K. The solid circles represent measured compositions and their determined
liquidus temperature can be found in Table 5. The calculated primary crystallisation phase fields:
(1) UF4,‘ (2) UzKFg; (3) Na7U6F31; (4) K7U6F31; (5) K3UF7; (6) KF_S.S.} (7) NaF_s.s.; (8) NazKUF7;
(9) NazUFé; (10) Na5U3F17; (11) oc—Na3UF7; (12) B- Na3UF7; (13) KzUF6.

The calculated pseudo-ternary phase diagram contains 13 invariant equilibria and
13 phase fields of primary crystallisation. Two pseudo-ternary intermediate solid phases
stabilise in the pseudo-ternary field; the equi-molar NaKUF, phase and the Na,KUF;
phase. The latter phase was revealed by a XRD analysis performed in the current study.

The calculated lowest pseudo-ternary eutectic was found at 807 K and NaF-KF-UF,
(68.9-7.6-23.5 mol%) composition. The temperature is in good agreement with the ex-
perimentally determined eutectic temperature of 811 K, illustrated below in Figure 4.
Although the shown example does not represent the exact composition of the eutectic
point, the eutectic temperature corresponds to the onset point of the melting peak of the
heat flow signal.

All calculated pseudo-ternary invariant equilibria are given in Table 8, while the
primary crystallisation phases are listed in the caption of Figure 5.

Table 8. Calculated invariant equilibria, temperatures, and compositions of the NaF-KF-UF, system.

X (NaF) X (KF) X (UF4) T/K Equilibrium
32.6 11.1 56.3 898 Eutectic
30.4 18.8 50.8 893 Eutectic
21.8 66.0 12.2 893 Eutectic

60.0 6.5 335 891 Quasi-Peritectic
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Table 8. Cont.

X (NaF) X (KF) X (UF4) T/K Equilibrium
31.7 36.6 31.7 855 Quasi-Peritectic
50.4 27.5 22.1 841 Quasi-Peritectic
66.8 7.2 26.0 823 Peritectic
70.6 6.2 23.2 823 Quasi-Peritectic
36.8 32.2 31.0 820 Eutectic
66.0 8.2 25.8 810 Quasi-Peritectic
47.3 20.3 324 810 Quasi-Peritectic
45.0 22.2 32.8 808 Eutectic
69.0 7.5 23.5 807 Eutectic

5. Discussion

The experimental re-investigation and thermodynamic modelling of the pseudo-
binary NaF-UF, and KF-UF, systems provided the basis for extrapolation to the NaF-KF-
UF, system. Only small ternary excess Gibbs parameters of the liquid solution were used
for the thermodynamic assessment. The calculated liquidus projection was correlated with
12 experimentally measured data points (highlighted in Figure 5), which were further used
for the optimisation of the pseudo-ternary system. The direct comparison of experimental
and calculated liquidus temperatures is shown in Table 5. It is clear that seven points
agree within a 10 K discrepancy, four points are within 45 K error, and one point has a
discrepancy of 60 K. When the point with the highest discrepancy is plotted against the
liquidus projection of the phase diagram, it is revealed that it belongs to a phase field
with a steep liquidus increase. Hence, the composition margin for both experimental
and modelling results can likely be the main cause. In this region, a small change of
composition has significant impact on the melting temperature. With this note, we conclude
that the preliminary assessed pseudo-ternary system provides a good estimate on the
liquidus propagation.

Although fairly good general agreement between the calculated phase diagram and
the measured data has been achieved, still a few items were identified for potential future
investigations. First of all, as already mentioned in Section 3, we had no experimental
evidence for the solid solution behaviour in the pseudo-ternary field, and therefore it was
not considered in the current assessment. The presence of a solid solution might affect the
liquidus surface of the pseudo-ternary field. More experimental data of the solid solution
and its composition extension, with a primary focus on the phase analysis, is needed and
we suggest this as a possible topic for future studies.

The same is true for the definition of stability limits of the pseudo-ternary intermediate
compounds. Thoma et al. suggested that the NaKUFg intermediate compound was stable,
but not many details are available on its stability range [17]. The phase diagram suggested
by Thoma et al. [17] indicates a sub-liquidus stability limit (i.e., no congruent melting was
observed); however the exact range is unknown. In the current study, we followed these
suggestions and with novel experimental data measured in this study, we optimised the
thermodynamic data of this intermediate compound leading to a stability limit of 714 K.
Similarly to the solid solution, the need for more data on stability of this phase (or its
presence) is suggested for future investigations.

Furthermore, we performed XRD phase analyses of one selected composition from the
mid-range region (namely the NaF-KF-UF; (52.3-18.7-29.0 mol%) mixture) using a sample
that has been analysed by DSC earlier and cooled down to room temperature. The obtained
diffractogram is shown in Figure 6 and clearly indicates ternary equilibrium between
NayUFg4, NazUF; and KNayUF;. We took the evidence of the presence of the KNa, UF;
pseudo-ternary phase into consideration and optimised its thermodynamic parameters to
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fit the obtained DSC data of the measured composition from that crystallisation domain.
This was a key point for the NaF-KF-UF, pseudo-ternary assessment, as only with the
presence of the KNa, UF; pseudo-ternary compound we could reach good agreement to
the measured lowest pseudo-ternary eutectic temperature.

1000
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Figure 6. XRD pattern of the NaF-KF-UF, (52.3-18.7-29.0 mol%) pseudo-ternary mixture measured
after the DSC experiment. Qualitative analysis was performed using Match software and PDF2
database to define the nature of phases present in the sample [20,21].

Comparing the currently assessed pseudo-ternary phase diagram with the one sug-
gested by Thoma et al. [17], generally good agreement among the phase field domains is
obtained, but a slight discrepancy between the lowest melting point (the lowest pseudo-
ternary eutectic) is observed. To explain the possible source of this discrepancy, we per-
formed careful analyses of one of the DSC runs obtained for the close-to eutectic com-
position, in particular the NaF-KF-UF, (52.3-18.7-29.0 mol%) composition. As shown on
the heat flow signal in Figure 4, at 744.15 K (471 °C), a first transition occurs, and we
consider it is due to the formation of the UNazF; compound. The thermodynamic model
supports this statement, and the temperature is in close agreement with the UNa3F; for-
mation temperature measured at 738 K, as depicted in the NaF-UF, pseudo-binary phase
diagram. We consider that this could be the source of the disagreement for the lowest
melting temperature between the calculated pseudo-ternary phase diagram presented in
this study (i.e., Figure 5) and the earlier suggested phase diagram by Thoma et al. [17]
in which the lowest pseudo-ternary eutectic was estimated to be between 450 and 500
°C (i.e., 723-773 K, deduced from their figure). Since only few details were given by the
authors and all data were based solely on thermal analysis, we think that the lowest melting
point identified earlier could be the detected solid phase transition instead. Therefore, we
suggest the eutectic temperature as the onset point of the second peak on the heat flow
signal represented in Figure 4, thus 811 K (538 °C).

6. Conclusions

In this work, a substantial amount of novel experimental data on the phase equilibria
of the NaF-UF,, KF-UF, and NaF-KF-UF, systems was obtained. Based on these data, new
pseudo-binary thermodynamic assessments of the NaF-UF; and KF-UF, systems were
performed, and the optimised Gibbs energy models of the relevant phases were presented.
Excellent agreement between the pseudo-binary phase equilibria data and the calculated
phase diagram was achieved for both systems.

Furthermore, the full NaF-KF-UF, pseudo-ternary system was thermodynamically
described. The lowest pseudo-ternary eutectic was found at 807 K (experimentally con-
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firmed at 811 £ 5 K). Although we could not experimentally identify the exact lowest
eutectic composition, the thermodynamic assessment points towards a composition of
68.9-7.6-23.5 mol% NaF-KF-UF,. This temperature is fairly low, thus NaF and KF might
serve as alternative components to LiF. Further research on this particular system is recom-
mended to confirm the composition of the lowest eutectic point and to fully determine the
stability range of pseudo-ternary solid solutions and pseudo-ternary intermediate phases.

With the few identified issues left for further research, the thermodynamic assessment
of the full NaF-KF-UF, system presented in this study is a valuable contribution for further
extension of the JRCMSD thermodynamic database. It describes well most of the phase field
regions and provides a detailed experimental investigation of the surrounding region of
the lowest melting point. The JRCMSD thermodynamic database, with this extension, can
serve, e.g., nuclear regulators for their thermodynamic properties predictions needed for
safety assessments. At the same time, it may be consulted by companies developing molten
salt reactor technologies for the fuel composition optimisation of their multi-component
fuel mixture.
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Figure Al. Experimental DSC signal of a representative heating cycle of a NaF-UF4 sample with
X(UF4) = 10mol%. The four equilibria are at 737 £ 5 K formation of Na3[UF7], at 825 £+ 5 K & — 3
transition of Na3[UF7], at 887 £ 5 K eutectic equilibrium and at 1201 + 15 K liquidus point.
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Table 1. Intermediate NaF-UF, compositions subjected to DSC measurements within this study.

Nr. X (UF4)/mol Fraction m (Mixture)/mg Nr. X (UF4)/mol Fraction m (Mixture)/mg
1 0.100 1154 £ 0.2 11 0.430 110.3 £ 0.2
2 0.150 111.9 £ 0.2 12 0.466 112.6 £0.2
3 0.175 110.7 £ 0.2 13 0.499 106.8 + 0.2
4 0.201 1143 +£0.2 14 0.559 110.3 £ 0.2
5 0.250 107.2£0.2 15 0.601 105.8 £0.2
6 0.280 108.1 £0.2 16 0.633 1119+ 0.2
7 0.299 113.6 £ 0.2 17 0.667 1152+ 0.2
8 0.333 1102 +£0.2 18 0.700 103.4 £0.2
9 0.371 101.7 £ 0.2 19 0.802 109.1 +£0.2
10 0.400 103.6 0.2 20 0.901 101.7 £ 0.2

Table 2. Intermediate KF-UF4 compositions subjected to DSC measurements within in this study.

Z
=

X (UF4)/mol Fraction m (Mixture)/mg Nr. X (UF4)/mol Fraction m (Mixture)/mg

0.050 1144+ 0.2 12 0.500 104.6 £ 0.2

0.100 108.9 + 0.2 13 0.545 99.7 £0.2

0.150 1151 £ 0.2 14 0.573 1074+ 0.2

0.200 107.5+ 0.2 15 0.603 108.0 £ 0.2

0.250 106.5 + 0.2 16 0.667 108.3 £ 0.2

0.300 103.6 £ 0.2 17 0.702 979 £0.2

0.333 109.7 £ 0.2 18 0.741 108.9 £ 0.2

0.385 1114+ 0.2 19 0.800 101.6 0.2

O | (||| =W |[N|~-

0.400 106.2 £ 0.2 20 0.850 1041 £ 0.2

—_
o

0.430 107.1 £ 0.2 21 0.900 112.7 £ 0.2

—_
—_

0.462 1039 £ 0.2
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