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a b s t r a c t

A thermodynamic assessment of the KF-ThF4 binary system using the CALPHAD method is presented,
where the liquid solution is described by the modified quasichemical formalism in the quadruplet
approximation. The optimization of the phase diagram is based on experimental data reported in the lit-
erature and newly measured X-ray diffraction and differential scanning calorimetry data, which have
allowed to solve discrepancies between past assessments. The low temperature heat capacity of
a-K2ThF6 has also been measured using thermal relaxation calorimetry; from these data the heat capacity
and standard entropy values have been derived at 298.15 K: Co

p;m K2ThF6;ð cr;298:15KÞ ¼
193:2� 3:9ð Þ J�K�1 �mol�1 and Som K2ThF6; cr;298:15Kð Þ ¼ 256:9� 4:8ð ) J�K�1 �mol�1. Taking existing
assessments of the relevant binaries, the new optimization is extrapolated to the ternary systems LiF-
KF-ThF4 and NaF-KF-ThF4 using an asymmetric Kohler/Toop formalism. The standard enthalpy of forma-
tion and standard entropy of KNaThF6 are re-calculated from published e.m.f data, and included in the
assessment of the ternary system. A calculated projection of the NaF-KF-ThF4 system at 300 K and the
optimized liquidus projections of both systems are compared to published phase equilibrium data at
room temperature and along the LiF-LiThF5 and NaF-KThF5 pseudobinaries, with good agreement.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The Generation IV International Forum, a group of fourteen
member countries pursuing research and development for the next
generation of nuclear reactors, has selected six nuclear energy sys-
tems [1,2]. Among these, the Molten Salt Reactor (MSR) is, in terms
of safety and performance, one of the most promising nuclear reac-
tor designs presently being studied. Its central characteristic is that
the nuclear fuel is made of a molten fluoride (or chloride) salt
instead of being a solid oxide or a metal. This liquid serves both
as the fuel and coolant for the reactor. Two experimental MSRs
have been built in the past: the Aircraft Reactor Experiment
(ARE) [3] in 1954, and the Molten Salt Reactor Experiment (MSRE),
which operated successfully between 1965-1969 [4]. A compre-
hensive knowledge of the physico-chemical properties of the salt
is needed for the safety assessment and design of modern reactors,
as the irradiated salt constitutes a complex and multi-component
system.
The 7LiF-NaF-KF-ThF4-UF4-AnF3 (An= actinide) system has been
proposed for the fuel of an actinide burner design [5], and still
needs a full thermodynamic characterization. In particular, studies
on many of the KF-containing systems are either absent in the lit-
erature or need to be revisited, namely KF-UF3 (some intermediate
compounds have been synthesized [6]), KF-UF4 (phase diagram
information exists [7], but a CALPHAD model is missing), KF-PuF3
(there is no phase diagram information available), and KF-ThF4.
Two sets of authors, Emelyanov and Evstyukhin [8] and Asker
et al. [9] have studied the potassium fluoride-thorium fluoride bin-
ary system, with fair agreement in some regions of the system.
However, they have reported conflicting interpretations in other
regions, which need to be resolved. To this end, we present a re-
evaluation of the KF-ThF4 binary system, using X-ray diffraction
(XRD), Differential Scanning Calorimetry (DSC), and low tempera-
ture heat capacity measurements. A thermodynamic assessment
using the CALPHAD method is moreover reported for the first time,
where the Gibbs energy of the liquid solution is described using the
quasi-chemical model in the quadruplet approximation. The
assessment of the binary system is subsequently used to extrapo-
late to the ternary LiF-KF-ThF4 and NaF-KF-ThF4 systems.
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Table 1
Provenance and purity of the samples used in this study.

Formula Source State Color Mass fraction Purity analysis
purity* method

LiF Alfa Aesar Powder White 0.9999 � 0.0001 Provided by supplier
KF Alfa Aesar Powder White 0.9999 � 0.0001 Provided by supplier
NaF Alfa Aesar Powder White 0.9999 � 0.0001 Provided by supplier
ThF4 JRC-Karlsruhe Powder White 0.995 � 0.005 ICP-MS, XRD, DSC
K2ThF6 Solid-state synthesis Powder White 0.99 � 0.01 XRD, DSC

aThe secondary phase was K2ThF6.
* The quoted uncertainties correspond to standard uncertainties.

Table 2
Synthesis conditions.

Composition Starting reagentsa High-temperature instrumentb Conditionsc

K5ThF9 + K2ThF6 (KF:ThF4) = (0.833:0.167) Furnace 923 Kfor 12 h
K5ThF9 + K2ThF6 (KF:ThF4) = (0.750:0.250) Furnace 1073 K for 12 h
K2ThF6 (KF:ThF4) = (0.667:0.333) Furnace 873 K for 12 h
K2ThF6 + K7Th6F31 (KF:ThF4) = (0.582:0.418) DSC Max T = 1373 K, cooling 2 K/min
KTh2F9 + KTh6F25 (KF:ThF4) = (0.250:0.750) DSC Max T = 1373 K, cooling 2 K/min
KTh2F9 + KTh6F25 (KF:ThF4) = (0.143:0.857) Furnace 1073 K for 12 h

a Standard uncertainty on the composition of the starting reagents was u(X(ThF4)) = 0.005.
b The DSC measurements were performed at a pressure P = (0.10 � 0.01) MPa. The syntheses in the furnace were carried out at a pressure P = (0.10 � 0.04) MPa in the

furnace. The quoted uncertainties correspond to the standard uncertainties.
c Standard uncertainties u are u(T) = 15 K for the furnace and u(T) = 10 K for the DSC temperature.

Table 3
Comparison between measured and available data for enthalpies of fusion of different
salts at their respective fusion temperatures and (0.10 � 0.01)a MPa.

Salt Measureda DfusH(Tfus;salt)/kJ�mol�1 Referenceb DfusH(Tfus;salt)/kJ�mol�1

LiF 25.9 � 2.1 27.087 [17]
NaF 33.9 � 2.8 33.3 [17]
KF 27.8 � 2.3 27.2 [17]
ThF4 38.7 � 3.2 41.9 � 2.0 [16]

a The quoted uncertainty corresponds to the standard uncertainty.
b Standard uncertainty not reported when not found in the reference.
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2. Experimental methods

2.1. Sample preparation for DSC measurements

The purity of the four constituent salts, LiF (ultra-dry), NaF, KF,
(all from Alfa Aesar, 0.9999 0.00010.9999 � 0.00011 mass fraction
purity) and ThF4 was confirmed using X-ray diffraction (XRD) and
Differential Scanning Calorimetry (DSC). NaF and KF had to be dried
further, for 4 h at 673 K in an open nickel boat under Ar flow, in order
to reach the adequate purity for thermodynamic measurements.
ThF4 was synthesized in JRC-Karlsruhe as described in [10]. All salts
were of white color, and were handled in either powder or pressed
pellet form. The experimental compositions reported hereafter were
prepared by mixing either powder or pellet fragments of the pure
salts in the corresponding stoichiometric ratios. As fluoride salts
are highly sensitive to water and oxygen, handling and preparation
of samples took place inside the dry atmosphere of an argon-filled
glove box, where H2O and O2 content were kept below 1 ppm.
(See Table 1)

2.2. Synthesis

The samples whose X-ray diffraction patterns are shown in this
work were made by two methods. The first consisted in grinding
powder mixtures and heating them inside a closed stainless steel
1 The reported uncertainty corresponds to the standard uncertainty.
crucible with a Ni liner in a tubular furnace under Ar flow. The sec-
ond method consisted in heating powder mixtures in a DSC cru-
cible above melting. The conditions are given below in Table 2.

2.3. Powder X-ray diffraction

X-ray powder diffraction (XRD) data were collected at room
temperature (T = 293 � 5 K2) using a PANalytical X’Pert PRO X-
ray diffractometer and a Cu anode (0.4 mm x 12 mm line focus, 45
kV, 40 mA) by step scanning at a rate of 0.0104 ��s�1 in the range
10� < 2h<120� in a Bragg-Brentano configuration. The X-ray scattered
intensities were measured with a real time multi strip (RTMS) detec-
tor (X’Celerator). Structural analysis was performed with the Riet-
veld and LeBail methods using the FullProf suite [11].

2.4. Differential Scanning Calorimetry

3D-heat flow DSC measurements were performed using a
Setaram Multi-Detector HTC module of the 96 Line calorimeter
under argon flow at a pressure of (0.10 � 0.01 MPa3). All samples
were placed inside a nickel liner and encapsulated for the calorimet-
ric measurements inside a stainless steel crucible closed with a
screwed bolt as described in [12] to avoid vaporization at high tem-
peratures. Two kinds of information were sought using the DSC tech-
nique: phase diagram equilibria points and mixing enthalpies. In all
cases the measurement program began with one heating cycle
reaching 1483 K and was maintained at that temperature for at least
300 s to ensure complete mixing and melting of the end-members.
In general, this first cycle was followed by three successive heating
cycles with a heating rate ranging between 4 to 10 K�min-1, and
20–15-10–5 K�min-1 cooling rates. The procedure followed for the
mixing enthalpy measurements is described in detail in Section 2.5.

Temperatures were monitored throughout the experiments by
a series of interconnected S-type thermocouples. The temperature
on the heating ramp was calibrated by measuring the melting
points of standard high purity metals (In, Sn, Pb, Al, Ag, Au). The
2 The reported uncertainty corresponds to the standard uncertainty.
3 The reported uncertainty corresponds to the standard uncertainty.



Table 4
Thermodynamic data for end-members and intermediate compounds used in this work for the phase diagram assessment: DfH

o
m(298 K)/(kJ �mol�1), Som(298 K)/(J�K�1 �mol�1), and

heat capacity coefficients Cp;m(T/K)/(J�K�1 �mol�1), where Cp;m(T/K) = a + b�T + c�T2 + d�T�2 + e�T3. Optimized data are shown in bold.

Compound DfH
o
m(298 K)/ Som(298 K)/ Cp;m(T/K)/(J�K�1 �mol�1)= a + b�T + c�T2 + d�T�2 + e�T3 Reference

(kJ�mol�1) (J�K�1 �mol�1) a b c d e

LiF(cr) �616.931 35.66 43.309 0.016312 5.0470� 10�7 �5.691� 105 [14]

LiF(l) �598.654 42.962 64.183 [14]
NaF(cr) �576.650 51.21 47.63 0.01479 �464300 [14]
NaF(l) �557.730 52.755 72.989 [14]
KF(cr) �568.606 66.547 68.757414 �5.775688�10�2 7.540486�10�5 �766718.34 �2.38856�10�8 [14]

KF(l) �554.374 67.769 71.965 [14]
ThF4(cr) �2097.900 142.05 122.173 0.00837 �1.255�106 [15]

ThF4(l) �2103.654 101.237 170 [15,16]
Li3ThF7(cr) �3960.259 236.1 282.100 0.05730 1.514 � 10�6 �2.962�106 [24]

LiThF5(cr) �2719.490 181.89 165.482 0.02468 5.047 � 10�7 �1.824�106 [24]

LiTh2F9(cr) �4822.329 324.29 287.655 0.03305 5.047 � 10�7 �3.079�106 [24]

LiTh4F17(cr) �9021.140 609.0 532.001 0.04979 5.047 � 10�7 �5.589�106 [24]

Na4ThF8(cr) �4355.195 450.4 312.693 0.067530 �3.11220�106 [26]

Na7Th2F15(cr) �8285.600 677.6 577.756 0.12027 �5.76010�106 [26]

Na2ThF6(cr) �3282.870 255.9 217.433 0.037950 �2.18360�106 [26]

Na3Th2F11(cr) �5910.275 526.4 387.236 0.061110 �3902900 [26]
Na7Th6F31(cr) �16653.219 1364.0 1066.448 0.15375 �1.07801�107 [26]

NaThF5(cr) �2693.871 199.2 169.803 0.023160 �1.71930�106 [26]

NaTh2F9(cr) �4791.776 348.3 291.976 0.031530 �2.97430�106 [26]

K5ThF9-a(cr) �5048.000 473.0 465.960 �0.28041 3.77024�10�4 �5.088592�106 �1.19428�10�7 This work

K5ThF9-b(cr) �5038.700 483.0 465.960 �0.28041 3.77024�10�4 �5.088592�106 �1.19428�10�7 This work

K2ThF6-a(cr) �3340.000 256.9 208.616 0.03925 3.04459�10�6 �2.434407�106 This work

K2ThF6-b(cr) �3318.000 280.0 208.616 0.03925 3.04459�10�6 �2.434407�106 This work

K3ThF7(cr) �3837.250 411.5 328.445 �0.16490 2.26214�10�4 �3.555155�106 �7.16569�10�8 This work

K7Th6F31(cr) �16938.800 1327.0 1214.340 �0.35408 5.27834�10�4 �1.2897028�107 �1.67199�10�7 This work

KTh2F9(cr) �4830.425 346.0 313.103 �0.04102 7.54049�10�5 �3.276718�106 �2.38856�10�8 This work

KTh6F25(cr) �13223.100 913.9 801.795 �7.53688� 10�3 7.54049�10�5 �8.296718�106 �2.38856�10�8 This work

KNaThF6-a(cr) �3322.100 252.2 238.560 �0.03460 7.54049 � 10�5 �2.486018�106 �2.38857�10�8 This work, from [25]

KNaThF6-b(cr) �3306.800 270.7 238.560 �0.03460 7.54049 � 10�5 �2.486018�106 �2.38857�10�8 This work, from [25]

J.A. Ocádiz-Flores et al. / J. Chem. Thermodynamics 145 (2020) 106069 3
temperature on the cooling ramp was obtained by extrapolation to
0 K�min-1 cooling rate. The melting temperatures of pure com-
pounds and transition temperatures of mixtures were derived on
the heating ramp as the onset temperature using tangential analy-
sis of the recorded heat flow, while the liquidus temperatures of
mixtures were taken as the minimum of the last thermal event
as recommended in [13]. The data measured on the cooling ramp
were not retained for the phase diagram optimization due to the
occurrence of supercooling effects. The uncertainty on the mea-
sured temperatures is estimated to be � 5 K for the pure com-
pounds and � 10 K for mixtures4.

The DSCmeasurements support the purity indicated by the sup-
pliers and XRD data, as the heat flow signal for each of the four
salts (LiF, NaF, KF, ThF4) showed only one peak corresponding to
the melting event, and no peaks that could be assigned to impuri-
ties. The measured onset temperatures are in good agreement with
the literature: (1118 � 5 K), (1268 � 5 K), (1129 � 5 K), and
(1381 � 5 K5), respectively, vs. 1121.3 K (LiF, [14]), 1269.0 K (NaF,
[14]), 1131.0 K (KF, [14]), and 1383.0 K (ThF4, [15]).

2.5. Enthalpy of mixing measurements

Enthalpies of mixing measurements were made in the same
DSC calorimeter as the aforementioned equilibrium data, using a
technique described in detail in [16]. The starting end-members
4 The reported uncertainty corresponds to the standard uncertainty.
5 The reported uncertainties for LiF, NaF, KF, and ThF4 correspond to the standard

uncertainty.
KF and ThF4 materials were pressed into pellets. The KF pellet
(compound with the lowest melting point) was placed under the
ThF4 pellet, with a Ni liner separating them to avoid eutectic melt-
ing upon heating. Upon melting of KF, the Ni liner sank to the bot-
tom and solid ThF4 came into contact with molten KF, and melted
too. The enthalpy of mixing is then calculated as the difference
between the measured heat and the melting enthalpies of the
end-members:

DmixH
o Tfus;KF
� � ¼ DmeasH

o Tfus;KF
� �� x 1�ThF4ð ÞDfusH

o KF; Tfus;KF
� �

� xThF4DfusH
o ThF4; Tfus;KF

� � ð1Þ

The values used for the enthalpies of fusion of KF and ThF4 were
taken from the SGTE database [17] and the work by Capelli et al.

[16], respectively: DfusH(KF) = 27.2 kJ�mol�1 and DfusH(ThF4) =

(41.9 � 2.0) kJ�mol�1. As in the work by Capelli et al., the main
assumption used in this method for ThF4 is that the enthalpy of
fusion is invariant with temperature, at least down to the melting
point of the lower-melting salt, KF (Tfus = 1131 K). This assumption
is supported by the fact that supercooling of ThF4 is observed until
1081 K during cooling at 10 K/min, while the area of the peak is
almost as large as for the 10 K/min heating curve which resulted
in a melting event at the expected temperature of fusion
(1381 � 5) K6.

The sensitivity of the calorimeter, from which the measured
enthalpies are calculated, was determined on each individual
6 The quoted uncertainty corresponds to the standard uncertainty.



Table 5
Cation-cation coordination numbers of the liquid solution.

A B ZA
AB=FF ZB

AB=FF

Li+ Li+ 6 6
Na+ Na+ 6 6
Kþ Kþ 6 6

Th4þ Th4þ 6 6

Li+ Kþ 6 6
Na+ Kþ 6 6
Li+ Th4þ 2 6

Na+ Th4þ 2 6

Kþ Th4þ 3 6
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run by using a silver standard in the reference crucible, as
described in [16]. The sensitivity coefficient used to determine
the mixing enthalpies was validated by testing on the end-
members. The enthalpy of fusion of ThF4 was measured to be:

(38.7 � 3.2)7 kJ�mol�1, while that of KF was measured as

(27.8 � 2.3)8 kJ�mol�1. Thus both measurements were within the
stated uncertainties in agreement with the published values.
Moreover, enthalpy of fusion measurements for LiF and NaF also
gave values in agreement with the literature. The results are listed
in Table 3 along with those of KF and ThF4. These results give us
good confidence in the chosen calibration factor. The errors
reported in Table 7 are based on the propagation of the standard
uncertainty of the sensitivity coefficient obtained from the calibra-
tion process.

2.6. Low temperature heat capacity

Low temperature heat capacity measurements were performed
on m=7.29 mg9 of K2ThF6 in the temperature range T= (1.8-298.5) K
using a PPMS (Physical Property Measurement System, Quantum
Design) instrument with no applied magnetic field. A critical assess-
ment of this thermal relaxation calorimetry method can be found in
[18]. The contributions of the sample platform, wires, and grease
were taken into account by a separate measurement of an addenda
curve. From previous studies with standard materials and other
compounds [19,20], the relative standard uncertainty was estimated
at about 2 % above 270 K, 1% from 100 to 270 K, and reaching about 3
% at the lowest temperatures [18,19].

3. Thermodynamic modelling

Optimizations of the phase diagrams were carried out by the
CALPHAD (CALculation of PHase Diagram) method [21] using the
Factsage software [22]. To carry out such an optimization, the iden-
tity of the phases present in the system of interest must be known,
as well as their respective Gibbs energy functions.

3.1. Pure compounds

The Gibbs energy function of a pure compound is given by:

G Tð Þ ¼ Df H
o
m 298ð Þ � Som 298ð ÞT þ

Z T

298
Cp;m Tð ÞdT � T

Z T

298

Cp;m Tð Þ
T

dT

ð2Þ
where Df H

o
m 298ð Þ is the standard enthalpy of formation, Som 298ð Þ is

the standard absolute entropy, both evaluated at a reference tem-
perature, in this case 298.15 K (throughout this work 298 will be
understood to mean 298.15 K for simplicity), and Cp;m is the isobaric
heat capacity expressed as a polynomial:

Cp;m Tð Þ ¼ aþ bT þ cT2 þ dT�2 þ eT3 ð3Þ
with more terms added if necessary.

In this work, the Neumann-Kopp rule [23] applied to KF
and ThF4 was used to estimate the heat capacities of interme-
diate compounds in the absence of experimental data. The only
exceptions were a-K2ThF6(cr) and b-K2ThF6(cr), for which a fit
was made. The fit included the low temperature heat capacity
points measured herein in the 250-300 K range as well as high
7 The quoted uncertainty corresponds to the standard uncertainty.
8 The quoted uncertainty corresponds to the standard uncertainty.
9 Standard uncertainties u are u(m) = 0.05 mg.
temperature points given by the Neumann-Kopp rule in the
500-1500 K range. Moreover, the temperature-independent
term of the heat capacity, a, was optimized such that (Cp(K2-

ThF6,(cr),298.15 K) = 193.2 J�K�1 �mol�1, the same value found
by fitting of the low temperature heat capacity data of a-
K2ThF6(cr) (see Section 5.3).

The thermodynamic data for all compounds in this study are
listed in Table 4. The convention used throughout this paper is that
the lower temperature phases are denoted with a; the opposite
convention is used by [9,8] (respectively: Figs. A.1 and A.2). The
data for both solid and liquid alkali fluorides (LiF, NaF, KF) and
ThF4 were taken from [14,24], respectively. All thermodynamic
functions of the intermediate compounds in the LiF-ThF4 and
NaF-ThF4 systems were derived by optimization in [24], while
those for intermediate compounds in the KF-ThF4 system were
obtained in this work by optimization using phase equilibrium
and mixing enthalpy data.

The transition temperature and enthalpy of transition of K5ThF9
(DtrH

o
m ¼ 9:3� 0:8ð Þ kJ�mol�1

; Ttr = 926 � 5) K, K2ThF6
(DtrH

o
m ¼ 22:0� 2:0ð Þ kJ�mol�1

; Ttr = 952 � 5) K, and KNaThF6
(DtrH

o
m ¼ 15:3� 0:6ð Þ kJ�mol�1

; Ttr = 825 � 5) K were measured in
this work by DSC using a similar procedure to the mixing enthal-
pies with a silver standard in the reference crucible. The experi-
mentally determined values were implemented in the model
without further optimization.

No quaternary fluorides have been reported in the LiF-KF-
ThF4 system, while KNaThF6 (which displays a phase transition)
is the only quaternary fluoride reported in the NaF-KF-ThF4 sys-
tem [8], and its thermodynamic properties were studied by
Mukherjee and Dash by means of DSC and solid electrolyte gal-
vanic cell [25]. Based on the former technique, the authors
derived the heat capacity in the temperature range 300-870 K,
while with the latter, they obtained the Gibbs energy of forma-
tion in the temperature range 773-849 K from which they
derived standard enthalpy of formation and standard entropy
values at 298 K. The heat capacity reported by them results in
an extremely stable phase, such that unreasonably high excess
parameters would have to be applied to the liquid NaF-KF-ThF4
solution in order to stabilize it even at high temperatures. For
this reason, this work approximated the heat capacity function
of KNaThF6 using the Neumann-Kopp rule applied to NaF, KF,
and ThF4. In addition, we have reassessed the enthalpy of forma-
tion and entropy at 298 K based on the experimental data of
[25] and carefully selected auxiliary data (see Appendix for
details). The final optimized standard enthalpy of formation
and standard entropy yield a Gibbs energy which is only �1 %
larger than the experimental value.



Fig. 1. Diffractogram of the K5ThF9-K2ThF6 mixture X(ThF4) = 0.17. Comparison between the observed (Yobs , in red) and calculated (Ycalc , in black) X-ray diffraction patterns.
Yobs � Ycalc , in blue, is the difference between the experimental and calculated intensities. The Bragg’s reflection angular positions are marked in blue (K2ThF6), and red
(K5ThF9). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Insets of the diffractogram of the sample of composition X(ThF4) = 0.25, revealing Bragg reflections corresponding to the ‘‘K3ThF7” composition (black), compared to
K2ThF6 (red) and K5ThF9 (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Solid solution

The total Gibbs energy function of the two-component solid
solutions in the present system is given by:

G Tð Þ ¼ X1G
o
m;1 Tð Þ þ X2G

o
m;1 Tð Þ þ X1RTlnX1 þ X2RTlnX2 þ Gxs

m ð4Þ
where Xi are the molar fractions and (T) Go

m;i(T) are the standard
molar Gibbs energies of the pure end members. The excess Gibbs
energy parameter is described using the polynomial formalism:

Gxs
m ¼

X
i;j

Xi
1 � Xj

2 � Li;j ð5Þ

where Li;j is a coefficient which may depend on temperature in the
form of the general equation

Li;j ¼ Aþ BT þ CTlnT þ DT2 ð6Þ
Solid solutions are formed in the NaF-KF and NaF-ThF4 binary

systems, with optimizations taken from the literature, shown in
Eq. (7) [27] and (8) [28]:

Gxs
Na;Kð ÞF ¼ XNaFXKF � 26750þ X3

NaFXKF � 20000 J �mol�1 ð7Þ
Gxs
Nax ;Th1�xð ÞF4�3x

¼ XNaFX
2
ThF4

� �15500ð Þ þ X3
NaFXThF4 � 40000 J �mol�1

ð8Þ
3.3. Liquid solution

All excess Gibbs energy terms of liquid solutions presented
here have been modelled using the modified quasi-chemical
model proposed by Pelton et al. [29], in the quadruplet approx-
imation. The quasi-chemical model is particularly well adapted
to describe ionic liquids such as in the present system, as it
allows to select the composition of maximum short-range order-
ing (SRO) by varying the ratio between the cation-cation coordi-
nation numbers ZA

AB=FF and ZB
AB=FF (the fluorine is in this case the

only anion present). The quadruplet approximation assumes a
quadruplet, composed of two anions and two cations, to be the
basic unit in liquid solution, and the excess parameters to be
optimized are those related to the following second-nearest
neighbor (SNN) exchange reaction:

A� F � Að Þ þ B� F � Bð Þ�!2 A� F � Bð Þ DgAB=F ð9Þ



Fig. 3. XRD pattern of the pure hexagonal K2ThF6, X(ThF4 = 0.33). Comparison between the observed (Yobs , in red) and calculated (Ycalc , in black) X-ray diffraction patterns.
Yobs � Ycalc , in blue, is the difference between the experimental and calculated intensities. The Bragg’s reflection angular positions are marked in blue. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Detail of the diffractogram of sample at composition X(ThF4) = 0.33 after the
first heating treatment at 973 K (red) and after a second annealing treatment at
873 K (black). The red arrows indicate Bragg reflections corresponding to the cubic
phase, while the black arrows indicate those of the hexagonal phase. It is observed
that the high temperature cubic phase disappears after the second annealing
treatment, revealing a reversible phase transition. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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where the fluoride anions are represented by F, and A and B denote
the cations. DgAB=F is the Gibbs energy change associated with the
SNN exchange reaction, and has the following form:

DgAB=F ¼ Dgo
AB=F þ

X
iP1

gi0
AB=Fv

i
AB=F þ

X
jP1

g0j
AB=Fv

j
BA=F ð10Þ

where Dgo
AB=F and gij

AB=F are coefficients which may or may not be
temperature-dependent, but which are independent of composition.

The dependence on composition is given by the vAB=F terms
defined as:

vAB=F ¼
XAB

XAA þ XAB þ XBB
ð11Þ
where XAA, XBB and XAB represent cation-cation pair mole fractions.
The anion coordination number is finally fixed by conservation

of charge in the quadruplet:

qA

ZA
AB=FF

þ qB

ZB
AB=FF

¼ 2qF

ZF
AB=FF

ð12Þ

where qi are the charges of the different ions, and ZF
AB=FF is the anion-

anion coordination number, in this case fluorine-fluorine.
The cation-cation coordination numbers used in this work are

listed in Table 5. These were chosen to represent the composition
of maximum short-range ordering, where the Gibbs energy tends
to have its minimum. In the case of KF-ThF4, the point of maximum
SRO can be reasonably expected to lie near X(ThF4) = 0.33, i.e.
where the liquid solution seems to be especially stable as indicated
by the low liquidus in the vicinity of that composition. Hence, the
cation-cation coordination numbers were chosen to fix maximum
SRO around X(Th4) = 0.33. Similarly, the cation-cation coordination
numbers in the LiF-ThF4 and NaF-ThF4 systems were chosen to fix
maximum SRO around X(Th4) = 0.25, because the liquidus those
phase diagrams is lowest in the vicinity of that composition.

The optimized excess Gibbs energy parameters of the binary
liquid solution in the KF-ThF4 system are shown in Eq. (13). The
parameters were optimized based on the enthalpy of mixing data
and on the phase diagram equilibria points of the liquidus. The
excess Gibbs energy parameters of the other binary liquid solu-
tions needed to calculate the ternary systems are given in Appen-
dix F.

DgKTh=FF ¼ �35472þ �14644þ 8:35 � Tð ÞvKTh=FF

þ �8786þ 9 � Tð ÞvThK=FF J � mol�1 ð13Þ
3.4. Higher order systems

The ternary diagrams LiF-KF-ThF4 and NaF-KF-ThF4 have each
been extrapolated from the constituting binary sub-systems using
the asymmetric Toop formalism [30]. The salts belong to two
groups of symmetry based on their tendency to remain as dissoci-
ated ionic liquids (LiF, NaF, KF) or to form molecular species in the
melt (ThF4). The optimized excess ternary parameters are:



Fig. 5. XRD pattern of a sample with composition X(ThF4) = 0.418 after DSC measurements. Comparison between the observed (Yobs , in red) and calculated (Ycalc , in black) X-
ray diffraction patterns. Yobs � Ycalc , in blue, is the difference between the experimental and calculated intensities. The Bragg’s reflection angular positions are marked in blue
(K2ThF6), and red (K7Th6F31). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. XRD pattern of a sample with composition at X(ThF4) = 0.857. Comparison between the observed (Yobs , in red) and calculated (Ycalc , in black) X-ray diffraction patterns.
Yobs � Ycalc , in blue, is the difference between the experimental and calculated intensities. The Bragg’s reflection angular positions are marked in blue (KTh6F25), and red
(KTh2F9). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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DgThLi Kð Þ=FF ¼ 3000 J �mol�1 ð14Þ

DgKTh Lið Þ=FF ¼ 1000 J �mol�1 ð15Þ

DgLiK Thð Þ=FF ¼ 3000 J �mol�1 ð16Þ

DgKTh Nað Þ=FF ¼ �5000 J �mol�1 ð17Þ
4. Previous evaluations of the KF-ThF4 system

Phase diagram studies of this system have been reported by
Bergman and Dergunov [31], Asker et al. [9] (Fig. A.1), and Emelya-
nov and Evstyukhin [8] (Fig. A.2). Bergman and Dergunov report a
phase diagram which is certainly too simple, with four eutectics
and three congruent melting points corresponding to the com-
pounds K3ThF7, KThF5, and KTh3F13; these results markedly differ
from those of the other two authors. Emelyanov and Evstyukhin
[8] and Asker et al. [9] agree on the existence of K5ThF9, K3ThF7,
KThF5, and K2ThF9, and the melting points they report for these
compounds are similar. However, they report different ternary
compounds for close compositions: KTh3F13 (X(ThF4) = 0.75, [9])
vs. KTh6F25 (X(ThF4) = 0.85, [8]); K2ThF6 (X(ThF4) = 0.33, [9]) vs.
K3Th2F11 (X(ThF4) = 0.4 [8]). Unlike the former pair, for which sim-
ilar melting points were reported, K2ThF6 and K3Th2F11 are
reported to have dissimilar behavior: the former with a peritectic
decomposition at 1023 K, and the latter with a congruent melting
at 1160 K. In addition, these authors find different allotropic trans-
formations: Asker et al. report two phases for K5ThF9 and K2ThF6,
while Emelyanov and Evstyukhi report two phases only for KTh2F9.
Finally, Asker et al. suggest the existence of a solid solution close to



Fig. 7. Representative DSC signal of a sample with high ThF4 content: X
(ThF4) = 0.979. There are two events which we assigned to a peritectic decompo-
sition and liquidus.
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pure ThF4, yet Emelyanov and Evstyukhin do not. Our studies
focused on exploring the differences found between the two sets
of authors.

5. Results and discussion

5.1. Phase diagram studies in the KF-ThF4 system

5.1.1. K5ThF9
Attempts to synthesize K5ThF9 did not yield pure K5ThF9, but a

mixture with K2ThF6 (diffractogram shown in Fig. 1). K5ThF9 has
orthorhombic symmetry space group Cmc21 [32]), with a diffrac-
togram with many small reflections, while K2ThF6 is hexagonal
(space group P62 m [33]). The structure could be refined with
the model proposed by Ryan and Penneman [32], with distorted
anti-prism for K and Th, and pentagonal bipyramid for the polyhe-
dra of K. The refined cell parameters and table of atomic positions
are reported in Appendix C.

Our DSC data from a sample made with a stoichiometric mix-
ture of KF and ThF4 powders suggest a first transition taking place
at (926 � 10) K, which is higher than the transition temperature
recorded by Asker et al. (908 K), but similar to the temperature that
Fig. 8. Heat capacity of K2ThF6 (�) measured in zero magnetic field and fit to the data (r
figure legend, the reader is referred to the web version of this article.)
Evstyukhin and Emelyanov attribute to the first eutectic of the sys-
tem (935 K). We assign the event to an allotropic transition as the
thermogram at this composition shows three other thermal events
which are coherent with the existence of a high temperature
K5ThF9 phase: eutectic, (968 � 10 K), peritectic decomposition,
(982 � 10 K), and liquidus (1013 � 10 K). With a measurement
in the DSC using a silver reference method, the enthalpy of transi-

tion for K5ThF9 was found to be DtrH
o
m ¼ 9:3� 0:8ð Þ kJ�mol�1.

5.1.2. K3ThF7
K3ThF7 is not stable at room temperature according to Asker

et al. [9] (Fig. A.2). The main goal of the present investigation at
this composition was to confirm its eutectoid decomposition into
K2ThF6 and K5ThF9 around 840 K as reported by [9]. The XRD pat-
tern indeed revealed a mixture of K2ThF6 and K5ThF9, as illustrated
in Figs. 2a and 2b. Although a satisfactory Rietveld refinement of
the XRD pattern of the sample could not be obtained because of
the poor crystallinity of the K5ThF9 phase in the mixture, the main
Bragg reflections of both phases could clearly be identified, such
that we were able to confirm that K3ThF7 is not stable at room
temperature.

5.1.3. K2ThF6
K2ThF6 was successfully synthesized in pure form (hexagonal in

space group P62 m [33], Fig. 3). A Rietveld refinement of the XRD
data showed the sample was the low temperature hexagonal
phase. In another attempt (Fig. 4), the synthesized sample was a
mixture of the two phases reported in the literature, the high tem-
perature phase being cubic and belonging to the space group
Pm3m [33]. After a second annealing of this mixture at 873 K,
below the transition temperature (918 K [9]), the diffractogram
(Fig. 4) no longer showed any Bragg reflections attributable to
the cubic phase, indicating the complete transformation of the
cubic phase to the hexagonal form (Fig. 3). The DSC measurement
of pure a-K2ThF6 shows an event at (952 � 10) K which is higher
than the temperature assigned by Asker et al. to the allotropic
transformation (918 K). Using a silver reference the enthalpy of

transition was measured to be kJDtrH
o
m ¼ 22:0� 2:0ð Þ kJ�mol�1.

5.1.4. K7Th6F31
Both previously reported phase diagrams and a study by

Zachariasen during the Manhattan project agree on the existence
of KThF5 (rhombohedral in space group R�3, [33]). A compound with
this composition has not been described in later structural works,
ed line): (a) Cp;m and (b) Cp;m/T. (For interpretation of the references to colour in this



Table 6
Summary of fitting parameters of the heat capacity of K2ThF6 within the temperature
range T = (1.8 to 10.0) K and T = (10.0 to 297.0) K.

Harmonic lattice-model Debye and Einstein fit

Temp. range/K 1.8–10.0 Temp. range/K 10.0–298.5

c/mJ�mol�1 � K�2 0.00389 nD/mol 1.1135

B3/mJ�mol�1 � K�4 0.00111 hD/K 115.24

B5/mJ�mol�1 � K�6 4.79569�10�6 nE1/mol 2.8066

B7/mJ�mol�1 � K�8 �2.23822�10�8 hE1/K 187.12

nE2/mol 4.5253
hE2/K 392.70
nD þ nE1 þ nE2/mol 8.4

Table 7
Mixing enthalpy of the 1� xð ÞKF(l) + xThF4(l) system determined in this work at
T = 1131 � 10 K and (0.10 � 0.01)d MPa. KF melts at the measurement temperature,
while ThF4 is solid, although the initial state is taken to be a hypothetical liquid. The
final state was an undercooled liquid mixture. The scanning temperature range was
from (303 � 10) K to (1373 � 10) K.

X(ThF4)a DmixH
o
m
b/kJ�mol�1 m(KF)/mgc m(ThF4)/mgc

0.109 �15.0 � 1.4 29.2 18.9
0.200 �29.5 � 1.8 23.6 31.3
0.305 �30.3 � 0.2 21.9 50.9
0.338 �30.8 � 1.0 14.9 40.4
0.401 �31.7 � 0.7 57.9 16.3
0.504 �32.9 � 3.0 39.3 7.3

dThe quoted uncertainty corresponds to the standard uncertainty.
a Standard uncertainties u are u(X(ThF4)) = 0.005.
b The error is based on the standard uncertainty determined during calibration.
c Standard uncertainties u are u(m) = 0.1 mg.
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however. Rather, later studies identify K7Th6F31 as the line com-
pound in the neighborhood of X(ThF4) = 0.5. This was first reported
at Oak Ridge National Laboratory [34], where having studied other
(AF:ThF4)=(7:6) compounds in alkali fluoride-thorium tetrafluoride
systems, the authors predicted the existence of such a compound
in the KF-ThF4 system and confirmed its existence with thermal
analysis of slowly cooled melts. Indeed, a melt of composition X
(ThF4) = 0.462 displayed a single event upon slow cooling and a
single phase according to post-characterization by XRD. By com-
paring the XRD data of this phase with the spacings for Na7U6F31
and K7U6F31, the authors were able to classify it as having rhombo-
hedral symmetry. Moreover, the melting temperature, (1172 � 2)
K, was very close to that reported for KThF5: 1178 K [9] and
Fig. 9. (a) Mixing enthalpies and (b) mixing entropies of the LiF-ThF4 (red) [16], NaF-ThF
were done at T = 1400 K considering KF(l) and ThF4(l) as initial states and the liquid sol
mixing at 1131 K (see Table 7); squares: experimentally measured points by [16] at 11
corresponds to KF-ThF4 at T = 1131 K. Initial states were KF(l) and (hypothetical) ThF4(
range). (For interpretation of the references to colour in this figure legend, the reader is
1166 K [8]. Brunton [35] and more recently Grzechnik et al. [36]
were able to fully solve the crystal structure of K7Th6F31 (R�3), both
using single-crystal X-ray diffraction data. A sample of composition
X(ThF4)= 0.418 (after having been subjected to a DSC measure-
ment) was found in this work to be a mixture of K2ThF6 and
K7Th6F31 according to the Rietveld refinement (Fig. 5) of the XRD
data. Supporting this result is a sample of mole fraction X(ThF4)=
0.494 (between KF:ThF4= 7:6 and 1:1 compositions) measured in
the DSC which did not show thermal events close to 950 or 1000
K (corresponding to the equilibria of K2ThF6); these equilibria
would be visible between K2ThF6 and the putative compound
KThF5 if K7Th6F31 were not a stable phase (see Fig. 11). Finally,
due to the lack of convincing experimental evidence for the exis-
tence of KThF5, in particular the absence of reported Wyckoff posi-
tions, we discarded it from the phase diagram.

5.1.5. KTh6F25
To discern whether the phase with the highest thorium content

was KTh3F13 or KTh6F25, we attempted a synthesis of both com-
pounds (see Table 2). The XRD pattern of the sample with compo-
sition X(ThF4) = 0.857 was found to be a mixture of KTh2F9 (space
group Pnma) and KTh6F25 (space group P63mmc) from a LeBail
refinement (Fig. 6). Unreacted excess KF was possibly not detected
by XRD. In the same manner, the sample with composition X(ThF4)
= 0.75 revealed reflections corresponding to KTh2F9 and KTh6F25.
Furthermore, KTh3F13 is not mentioned in the literature outside
the work of Asker et al., which brings further doubt on its exis-
tence. The phase was hence not retained in the present thermody-
namic assessment.

5.2. Solid solution

Asker et al. [9] report the existence of a solid solution between
KTh3F13 and ThF4 extending up to about 16 % KF in ThF4. No evi-
dence for such solid solution was found in the present DSC mea-
surements, however, for three compositions between KTh6F25
and ThF4: X(ThF4)= 0.902, 0.942, 0.979. These measurements only
showed two thermal events (Fig. 7) which we assign to the peritec-
tic decomposition of KTh6F25 and liquidus.

5.3. Low temperature heat capacity of a-K2ThF6

The low temperature heat capacity data of a-K2ThF6 measured
in the temperature range T=(1.8-298.5) K are shown in Fig. 8a
4 (blue) [24], KF-ThF4 (green, this work) and CsF-ThF4 (black) [42]. The calculations
ution as the final state.Circles: experimentally measured enthalpies of KF(l)-ThF4(s)
21 K (LiF(l)-ThF4(s), white) and 1383 K (LiF(l)-ThF4(l), black).The dashed green line
l), the final state was the liquid solution (hypothetical for most of the composition
referred to the web version of this article.)



Fig. 10. (a) Gibbs energy of mixing at T = 1400 K. Red: LiF-ThF4, blue: NaF-ThF4, green: KF-ThF4, black: CsF-ThF4. Initial states were the liquid end-members, the final state
was the liquid solution. (b) Bond fractions of the LiF-ThF4 (red) [16], NaF-ThF4 (blue) [24], KF-ThF4 (green, this work) and CsF-ThF4 (black) [42] systems calculated at
T = 1400 K. Dashed lines: M-M-F-F, solid lines: M-Th-FF, dotted lines: Th-Th-F-F pair fractions. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 11. Optimized KF-ThF4 phase diagram superimposed against experimental points by Asker et al. (N,+,�) [9], Emelyanov and Evstyukhin (M; �) [8], and this study (N,
liquidus onset O, red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and listed in Table A.3. The heat capacity reaches values that are

about 40 J�K�1 �mol�1 below the classical Dulong-Petit limit

(Clat ¼ 3nR � 224 J�K�1 �mol�1 for the nine atoms in the formula
unit) as the temperature approaches 298.15 K. The collected data
exhibit an anomaly in the neighborhood of the 65-120 K range, evi-
dent in the plot of Cp=T (Fig. 8b). Repeated operation of the instru-
ment with diverse reference samples has shown that this is a
systematic error attributable to the specific measuring puck upon
which the sample is placed, and not an intrinsic feature of the mea-
sured material. This error is corrected by the fitted curve.

The thermodynamic functions of a-K2ThF6 were derived at
298.15 K by fitting the experimental data using the OriginPro
2015 software to theoretical functions below T= 10.0 K [37], and
a combination of Debye and Einstein heat capacity functions
[38–40] from T= (10.0 to 297.0) K. The fitting was done with the
Levenbergh Marquardt iteration algorithm, using Origin C type
fitting function above T= 10.0 K, and a simple harmonic lattice-
type function below T= 10.0 K. The fitted data are shown with solid
lines in Figs. 8a and 8b.

In the low temperature limit (T < 10.0 K), the phonon contribu-
tion can be adequately approximated by the harmonic lattice
model [37], the form of which is given in Eq. 18:

Clatt ¼
X

BnT
n; where n ¼ 3;5;7;9 . . . ð18Þ

Three terms, with coefficients listed in Table 6, were used over
the temperature range T= (1.9 to 10.0) K. The electronic contribu-
tion of the conduction electrons at the Fermi surface are repre-
sented with a linear term cT [41]. In this case, K2ThF6 being a
poor conductor, the electronic specific heat is nearly zero.

In the region 10.0 < T < 297.0 K the main contribution comes
from the lattice term, modelled here with a combination of Debye



Table 8
Equilibrium data in the KF-ThF4 system as measured in this work by DSC.

X(ThF4)a T/Kb Equilibrium Equilibrium reaction

0.000 1129 KF congruent melting KF = L
0.109 926 Polymorphic transition K5ThF9-a = K5ThF9-b
0.109 971 Eutectic KF + K5ThF9-b = L
0.109 1036 Liquidus KF + L0 = L
0.165 931 Polymorphic transition K5ThF9-a = K5ThF9-b
0.165 968 Eutectic KF + K5ThF9-b = L
0.165 982 Peritectic K5ThF9-b = K3ThF7 + L
0.165 1005 Liquidus K3ThF7 + L = L0

0.167 919 Polymorphic transition K5ThF9-a = K5ThF9-b
0.167 966 Eutectic KF + K5ThF9-b = L
0.167 1057 Liquidus K3ThF7 + L = L0

0.200 925 Polymorphic transition K5ThF9-a = K5ThF9-b
0.200 982 Peritectic K5ThF9-b = K3ThF7 + L
0.200 1098 Liquidus K3ThF7 + L0 = L
0.25 856 Eutectoid K3ThF7 = K5ThF9-a + K2ThF6-a
0.25 1141 Congruent melting K3ThF7 = L
0.305 851 Eutectoid K3ThF7 = K5ThF9-a + K2ThF6-a
0.305 961 Eutectic K3ThF7 + K2ThF6-b = L
0.305 1029 Liquidus K3ThF7 + L0 = L
0.333 952 Polymorphic transition K2ThF6-a = K2ThF6-b
0.333 1000 Peritectic K2ThF6-b = K7Th6F31 + L
0.418 940 Polymorphic transition K2ThF6-a = K2ThF6-b
0.418 1021 Peritectic K2ThF6-b = K7Th6F31 + L
0.418 1169 Liquidus K7Th6F31 + L0 = L
0.494 1159 Eutectic K7Th6F31 + K2ThF9 = L
0.494 1178 Liquidus K7Th6F31 + L0 = L
0.600 1157 Eutectic K7Th6F31 + K2ThF9 = L
0.600 1201 Liquidus K2ThF9 + L0 = L
0.666 1202 Congruent Melting K2ThF9 = L
0.749 1197 Eutectic K2ThF9 + KTh6F25 = L
0.749 1218 Peritectic KTh6F25 = L + ThF4
0.802 1221 Peritectic KTh6F25 = L + ThF4
0.802 1300 Liquidus ThF4 + L0 = L
0.855 1218 Peritectic KTh6F25 = L + ThF4
0.855 1336 Liquidus ThF4 + L0 = L
0.902 1206 Peritectic KTh6F25 = L + ThF4
0.902 1365 Liquidus ThF4 + L0 = L
0.942 1209 Peritectic KTh6F25 = L + ThF4
0.942 1379 Liquidus ThF4 + L0 = L
0.979 1241 Peritectic KTh6F25 = L + ThF4
0.979 1383 Liquidus ThF4 + L0 = L
1.000 1381 Congruent melting ThF4 = L

a Standard uncertainties u are u X ThF4ð Þð Þ = 0.005.
b Standard uncertainties u are u(T)= 5 K for the pure end-members, u(T) = 10 K for

mixtures. The pressure was (0.10 � 0.01) MPa.

10 The quoted uncertainty corresponds to the standard uncertainty.
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and Einstein functions, denoted by D hDð Þ and E hEð Þ, respectively,
shown in Eq. (19):

Cp;m ¼ nDD hDð Þ þ nE1E hE1ð Þ þ nE2E hE2ð Þ ð19Þ
Two Einstein functions were needed in order to achieve an ade-

quate fit of the data, which was carried out excluding the problem-
atic 65-120 K region. The fitted coefficients are listed in Table 6.
The sum over n atoms is equal to 8.4, quite close to 9 as should
be expected. The Debye and Einstein functions have the following
forms:

D hDð Þ ¼ 9R
1
x

� �3 Z x

0

exp xð Þx4
exp xð Þ � 1½ 	2

� dx; x ¼ hD
T

ð20Þ

E hEð Þ ¼ 3Rx2
exp xð Þ

exp xð Þ � 1½ 	2
; x ¼ hE

T
ð21Þ

where the universal gas constant is denoted by R and is equal to

8.3144598 J�K�1 �mol�1.
The heat capacity value at 298.15 K obtained by interpolation is

Co
p;m K2ThF6; cr;298:15ð K) = 193:2�ð 3.9) J�K�1 �mol�1. The

experimental standard entropy at 298.15 K determined by
numerical integration of Cp;m=T
� � ¼ f Tð Þ using the aforementioned

fitted functions, is

Som K2ThF6; cr;298:15ð K) = 256:9�ð 4.8)10 J�K�1 �mol�1. The heat
capacity and entropy functions were calculated at selected temper-
atures between T= (0 and 300) K and are listed in Table A.4.(See
Table A.5)

5.4. Mixing properties of the (KxTh1�x)F4�3x liquid solution

The determination of the mixing enthalpy of the liquid solution
is very useful in the assessment of a complex system such as KF-
ThF4 as it provides another dataset, besides the phase diagram
points, to optimize the excess Gibbs energy terms of the liquid
phase. Table 7 reports the values for the mixing enthalpies of the
(KxTh1�x)F4�3x liquid solution as determined in this work at the
melting temperature of KF, i.e., (1131 � 10) K. The range of inves-
tigated compositions is limited by the large difference in molar
masses between the two salts: at high X(ThF4) mole fraction, the
mass of ThF4 is much larger compared to the mass of the solvent
KF, with lower melting temperature, such that complete mixing
of liquid KF with ThF4, is difficult to obtain. However, complete
mixing of the liquid solution compositions reported in Table 7
was ensured by the presence of one single event which corre-
sponded to the combination of KF melting, ThF4 melting, and mix-
ing event, and the absence of other events such as the melting of
residual ThF4, invariant equilibrium reactions, or the liquidus at
the given composition. An example of a successful measurement
is shown in Fig. A.5.

The experimental data obtained in this work and the curve pre-
dicted by our model are plotted for comparison (green) in Fig. 9a
against the mixing enthalpies of the LiF-ThF4 (red), NaF-ThF4 (blue)
and CsF-ThF4 (black) systems as calculated respectively from the
thermodynamic assessments of Capelli et al. [24], Beneš et al.
[28] and Vozárová et al. [42]. The present experimental data and
modelled mixing enthalpies are more negative than for the LiF-
ThF4 and NaF-ThF4 systems, which is consistent with the increase
in the alkali cation ionic radius. Depending on composition and
temperature, liquid fluoride salts can form dissociated ions, molec-
ular species, or even a polymeric network. The larger Kþ ion offers a
larger steric hindrance than Li+ and Na+, isolating the coordination
complexes ThF4�n

n from each other, and therefore stabilizing the

coordination shell around Th4þ. Evidence of this stability was pro-
vided by Pauvert et al. in the analogous AF-ZrF4 systems [43]. The
authors calculated the lifetimes of the Zr4þ first solvation shells in
LiF-ZrF4, NaF-ZrF4, and KF-ZrF4 melts at X(Zr= X(ZrF4)= 0.35 using
molecular dynamics. As in [44,45], they defined the lifetime s to
be the time at which the cage-out correlation function [46] decays
to a value of 1/e. Pauvert et al. found the lifetimes to increase with
the ionic radius of the alkali metal (calculated as 3.1, 15.7, and 76.4
ps, respectively). Similarly to the behavior in AF-MCl2 melts [47],
(A = alkali metal, M = transition metal), a coordination complex

around Th4þ in the (K,Th)Fx liquid solution is also likely to be fur-
ther stabilized compared to its analogue in (Li,Th)Fx or (Na,Th)Fx
liquid solutions due to polarization effects: lighter alkali ions are
more polarizing than Kþ and thus are able to attract F� more

strongly, leading to longer - Th4þ � F� distances and weaker com-
plexes. The most negative mixing enthalpy curve, corresponding to
the largest cation Csþ, fits this trend.

Gibbs energies of mixing (Fig. 10a) also reflect this trend in sta-
bility, with the composition of maximum stability indicated by the
minimum in the curve. This composition is related to the choice of
cation-cation coordination numbers (Table 5), as is the maximum



Table 9
Invariant equilibrium data in the KF-ThF4 system.

Equilibrium Invariant reaction This study (calc.) DSC equilib. global
average

Emelyanov and
Evstyukhinc [8]

Asker et al. [9]

X(ThF4) T/K X(ThF4)a T/Kb X(ThF4) T/K X(ThF4)d T/Ke

Eutectic KF + K5ThF9-b = L 0.152 971.8 – 968k – 935 0.14 967

Peritectic K5ThF9-b = K3ThF7 + L 0.167 973.5f 0.167 977k 0.167 966 0.14 967

a� b transition K5ThF9-a = K5ThF9-b 0.167 926 0.167 926h 0.167 874g 0.167 908
Eutectoid K3ThF7 = K5ThF9-a + K2ThF6-a 0.25 844.9 0.25 854k – – 0.25 843

Congruent melting K3ThF7 = L 0.25 1142.8 0.25 1141 0.25 1129 0.25 1138
Eutectic K3ThF7 + K2ThF6-b = L 0.299 980.3 – 961 0.34 1014 0.31 964
a� b transition K2ThF6-a = K2ThF6-b 0.333 952 0.333 952 – 936h 0.333 918

Peritectic K2ThF6-b = L + K7Th6F31 0.333 997.2 0.333 1000 – – 0.333 1020
Congruent melting K7Th6F31 = L 0.462 1183.4 – – 0.5 1166 0.5 1178
Eutectic K7Th6F31 + K2ThF9 = L 0.511 1174.9 – 1158k 0.54 1133 0.56 1148
Congruent melting K2ThF9 = L 0.667 1217.2 0.666 1202 0.666 1173 0.66 1203
Peritectic KTh6F25 = ThF4 + L 0.857 1224 0.857 1220k 0.857 1203 0.78 1253i

jInterpreted by the authors to be a eutectic.
a Standard uncertainties u are u(X(ThF4))) = 0.05.
b Standard uncertainties u are u(T) = 5 K for pure end-members, 10 K for mixtures.
c No uncertainties reported for composition or temperature.
d ThF4 reagent is estimated to be 99 % pure, no other composition errors are reported.
e Reported standard uncertainties u are u(T) = 5 K for phase transitions and incongruent melting points, no uncertainties reported for liquidus points.
f Calculated as congruent melting.
g Attributed to be a lower limit of stability.
h The authors did not attribute it to any equilibrium.
i Interpreted by the authors to be a congruent melting point.
k Global average of the experimental runs appearing in Table 8. Measurements done at (0.10 � 0.01) MPa.

Fig. 12. Phase diagram of the LiF-KThF5 pseudobinary section as calculated in this study superimposed against experimental points measured in this work (N, red, listed in
Table 12). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of the M-Th-F-F pair fractions (Fig. 10b), which is around X(ThF4) =
0.25 for Li, Na systems and X(ThF4) = 0.33 for K, Cs systems. The
basicity of the systems can be qualitatively gauged from the shape
and value of the M-Th-F-F maximum: a strongly basic system
would lead to complete dissociation of the cation-cation pairs to
result in perfect SNN ordering, i.e., a bond fraction of unity at the
composition of maximum short-range ordering. In this case, the
systems can be qualified as moderately to reasonably basic with
a round shape for the M-Th-F-F fraction and maximum value
between 0.55 and 0.79. Moreover the degree of basicity is closely
linked with the stability trend just discussed: the maximum
fraction of the Li-Th-F-F distributions is the lowest, those of K-
Th-F-F and Cs-Th-F-F are the highest. It is interesting to note that
not even CsF-ThF4 is basic enough for Cs-Th-F-F to reach unity; it
can be expected that FrF-ThF4 would come closest.

The entropies of mixing are plotted in Fig. 9b. Capelli et al. [16]
related the maximum for mixing entropy in LiF-ThF4 at X(ThF4) 

0.25 to a higher content of free F�, observed in NMR studies by Bes-
sada et al. [48]. The computed curves suggest that there would be
less free F�, at least in the KF and CsF-based systems. Structural
studies such as NMR or EXAFS on these systems at high ThF4 com-
positions could help understand if this trend is correct.



Fig. 13. Liquidus projection and primary crystallization fields in the LiF-KF-ThF4
system as calculated in this study. The spacing between the isotherms is 25 K. The
dashed line represents the LiF-KThF5 pseudobinary section shown in Fig. 12.
Experimental points: ( ). Primary crystallization phase fields: (A) ThF4(s); (B)
KTh6F25; (C) KTh2F9; (D) LiTh4F17; (E) LiTh2F9; (F) LiThF5; (G) Li3ThF7; (H) K7Th6F31;
(I) b-K2ThF6; (J) K3ThF7; (K) a-K2ThF6; (L) LiF; (M) a-K5ThF9; (N) b-K5ThF9; (O) KF.
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5.5. CALPHAD assessment of the KF-ThF4 system

The KF-ThF4 system (Fig. 11) was finally optimized based on our
measured DSC equilibrium and mixing enthalpy data, all of which
are presented in Table 8.There are 6 intermediate compounds:
K5UF9 (a and b phases), K3ThF7, K2ThF6 (a and b phases),
K7Th6F31, KTh2F9, and KTh6F25. The phase diagram is further char-
acterized by four eutectics (X(ThF4) = 0.152, 0.298, 0.511, 0.681),
three peritectics (X(ThF4) = 0.165, 0.333, 0.743), three congruent
melting points (X(ThF4) = 0.25, 0.462, 0.667), and two limits of sta-
bility (X(ThF4) = 0.25, 0.333); the temperatures and compositions
of these equilibria are listed in Table 9. It can be seen that the liq-
uidus temperatures measured in this work are sometimes slightly
higher than those reported by the previous studies. This is most
likely because the authors [9,8] used onset temperatures rather
than minimum temperatures on the heat flow events for liquidus
determination (see Fig. A.3 for an explanation of how these are
determined in this work in a typical DSC measurement). In fact,
the agreement with the previous studies [8,9] becomes much bet-
ter if the onset temperatures of the liquidus equilibria as measured
in this work (O, red) are selected (see Fig. 11).

5.6. CALPHAD assessment of the LiF-KF-ThF4 system

5.6.1. LiF-KThF5 pseudobinary section
Some equilibrium data were collected along the LiF-KThF5

pseudobinary section in order to optimize the liquidus surface of
Table 10
Calculated vs. experimental liquidus temperatures in the LiF-KF-ThF4 system.

X(ThF4)a X(LiF)a X(KF)a

0.037 0.463 0.500
0.183 0.285 0.532
0.430 0.138 0.432
0.200 0.597 0.203
0.333 0.334 0.333

a Standard composition error is u jjð (X(ThF4), X(LiF), X(KF))jjÞ = 0.006.
b Standard uncertainties u are u(T)=10 K.
c Calculated as LiF + L0 = L at the experimental composition, since the eutectic does n
d Eutectic temperature calculated as 755 K in the vicinity of the experimental compo
the LiF-KF-ThF4 ternary system. The section is relatively simple,
as shown in Fig. 12. LiF is the first compound to crystallize below
25 mol � 25 mol % X(KThF5), beyond that the liquid solution is
in equilibrium with K7Th6F31. Below the solidus the calculation
shows that there are two ternary phase fields throughout the com-
position range: {LiF + Li3ThF7 + K7Th6F31} and {Li3ThF7 + KTh2F9 +
K7Th6F31}. Below �662 K the equilibrium is between LiF, KTh2F9,
and K7Th6F31. The experimental points, however, suggest that the
temperature range in which {LiF + Li3ThF7 + K7Th6F31} and {Li3ThF7
+ KTh2F9 + K7Th6F31} exist is much more narrow. The phase equi-
libria of the experimental points are given in Table 12.

5.6.2. LiF-KF-ThF4 liquidus projection
The LiF-KF-ThF4 system (Fig. 13) as calculated in this study is

characterized by fifteen primary fields of crystallization and nine-
teen invariant points: nine quasi-peritectics, four saddle points,
two peritectics, and four eutectics, the lowest of which is calcu-
lated at T = 755 K, very close to the LiF-KF eutectic: (X(ThF4), X
(LiF), X(KF)) = (0.023, 0.461, 0.516). DSC analysis of an experimen-
tal point in the neighborhood of this ternary eutectic (X(ThF4), X
(LiF), X(KF)) = (0.037, 0.463, 0.500) showed only one event at
T = (753 � 10 K), which can be assigned to the invariant reaction
LiF(cr) + KF(cr) + K5ThF9(cr) = L. Hence, the point is a ternary eutec-
tic. The agreement between the measured and calculated liquidus
points is reported in Table 10. The solid phases in equilibrium with
the liquid, compositions, and temperatures of all calculated invari-
ant equilibria are listed in Table 10. The rest of the equilibria mea-
sured by DSC are listed in Table 11. There are no ternary
stoichiometric compounds or solid solutions in the ternary system
reported in the literature.

5.7. CALPHAD assessment of the NaF-KF-ThF4 system

5.7.1. NaF-KThF5 pseudobinary section
The NaF-KThF5 pseudobinary section, studied by Emelyanov

and Evstyukhin, is the only set of data reported in the literature
related to the liquidus surface of the NaF-KF-ThF4 ternary system.
As measured by the authors, the pseudo-binary section shows only
one intermediate compound: the quaternary fluoride KNaThF6, dis-
playing a phase transition at 813 K [8], and incongruent melting at
938 K. In this work the a� b transition of KNaThF6 was observed at
(825 � 10) K. The enthalpy of transition was measured to be

DtrH
o
m ¼ 15:3� 0:6ð Þ kJ�mol�1. The melting event was observed

at (940 � 10) K. The authors reported a peritectic decomposition,
which agrees with the phase transition predicted by our calcula-
tion, namely

b� KNaThF6�!K7Th6F31 þ L ð22Þ
In our calorimetric measurement we were not able to detect a third
event which would correspond to the liquidus, and neither did [8]
(Fig. 14). This might be due to a very close proximity of the
incongruent melting event to the liquidus surface, making it hard
to detect.
Equilibrium reaction Tcalc/K Texp
b/K

LiF + KF + a-K5ThF9 = L 783c 753d

K2ThF6-a + L0 = L 866 839
K7Th6F31 + L0 = L 1133 1133
LiF + L0 = L 901 943
K7Th6F31 + L0 = L 1056 1050

ot exactly match the experimental one.
sition, see Table 11. Measurements done at (0.10 � 0.01) MPa.



Table 11
Invariant equilibrium data and saddle points calculated in the LiF-KF-ThF4 system.

X(ThF4) X(LiF) X(KF) Tcalc/K Equilibrium Solid phases present

0.533 0.319 0.148 1113.5 Quasi-peritectic KTh6F25 + LiTh4F17 + ThF4
0.517 0.331 0.152 1101.4 Quasi-peritectic KTh2F9 + KTh6F25 + LiTh4F17
0.402 0.510 0.088 1003.2 Quasi-peritectic KTh2F9 + LiTh2F9 + LiTh4F17
0.285 0.140 0.575 952.0 Peritectic a-K2ThF6 + b-K2ThF6 + K7Th6F31
0.276 0.049 0.674 952.0 Quasi-peritectic a-K2ThF6 + b-K2ThF6 + K3ThF7
0.109 0.131 0.760 926.0 Peritectic KF + a-K5ThF9 + b-K5ThF9
0.165 0.103 0.732 926.1 Saddle point a-K5ThF9 + b-K5ThF9
0.180 0.084 0.736 926.0 Quasi-peritectic a-K5ThF9 + b-K5ThF9 + K3ThF7
0.214 0.827 0.286 879.5 Saddle point K7Th6F31 + LiF
0.194 0.390 0.416 877.6 Saddle point K7Th6F31 + LiF
0.215 0.451 0.334 869.0 Eutectic a-K2ThF6 + K7Th6F31 + LiF
0.302 0.647 0.051 852.9 Quasi-peritectic KTh2F9 + LiTh2F9 + LiThF5
0.185 0.176 0.639 846.4 Quasi-peritectic a-K2ThF6 + K3ThF7 + a-K5ThF9
0.276 0.669 0.054 810.2 Quasi-peritectic KTh2F9 + Li3ThF7 + LiThF5
0.275 0.669 0.054 809.9 Quasi-peritectic K7Th6F31 + KTh2F9 + Li3ThF7
0.251 0.685 0.064 807.7 Eutectic K7Th6F31 + Li3ThF7 + LiF
0.107 0.355 0.538 803.7 Saddle point LiF + a-K5ThF9
0.135 0.319 0.546 797.7 Eutectic a-K2ThF6 + a-K5ThF9 + LiF
0.023 0.461 0.516 754.8 Eutectic a-K5ThF9 + KF + LiF

Table 12
Phase diagram equilibria of the LiF-KF-ThF4 system as measured in this study by DSC.

X(ThF4)a X(LiF)a X(KF)a Texp/Kb Equilibrium Equilibrium Reaction

0.037 0.463 0.500 753 Eutectic LiF + KF + a-K5ThF9 = L
0.183 0.285 0.532 816 Eutectic LiF + a-K5ThF9 + a-K2ThF6 = L

839 Liquidus a-K2ThF6 + L0 = L
0.430 0.138 0.432 825 Eutectic Li3ThF7 + K7Th6F31 + KTh2F9 = L

1133 Liquidus K7Th6F31 + L0 = L
0.200 0.597 0.203 826 Eutectic LiF + Li3ThF7 + K7Th6F31 = L

902 Quasi-peritectic L0 + LiF + K7Th6F31 = L + LiF
943 Liquidus LiF + L0 = L

0.333 0.334 0.333 815 Eutectoid Li3ThF7 + K7Th6F31 = LiF + KTh2F9
825 Eutectic Li3ThF7 + K7Th6F31 + LiF = L
1050 Liquidus K7Th6F31 + L0 = L

a Standard composition error is u jjð (X(ThF4), X(LiF), X(KF))jjÞ = 0.006.
b Standard uncertainties u are u(T)=10 K. The pressure was (0.10 � 0.01) MPa.

Fig. 14. Phase diagram of the NaF-KThF5 pseudobinary section as calculated in this study superimposed against experimental points by Emelyanov and Evstyukhin [8], (�,
black) and experimental points measured in this work (N, liquidus onset O, red, included in Table 16). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Table 13
Projection of the NaF-KF-ThF4 system at 300 K.

Set of points Experimentally observed phases by [8] Calculated phases, this study

red circles NaF + K3ThF7 + KF NaF + K5ThF9 + KNaThF6
blue triangles NaF + K3Th2F11 + K3ThF7 NaF + K5ThF9 + KNaThF6/K2ThF6 + KNaThF6 + K5ThF9
black squares unidentified lines NaF + K5ThF9 + KNaThF6/KNaThF6 + K2ThF6
green diamonds NaF + KNaThF6 NaF + KNaThF6
half-filled squares phase similar to KNaThF6 and unidentified lines NaF + K5ThF9 + KNaThF6
half-filled circle KNaThF6 KNaThF6
black circle KNaThF6 + KThF5 KTh2F9 + K7Th6F31 + KNaThF6
half-filled diamond KThF5 + KNaThF6 + unidentified lines NaThF5 + Na2ThF6 + KNaThF6/NaThF5 + KTh2F9 + KNaThF6
half-filled orange triangle Na2ThF6 + unidentified lines NaF + Na2ThF6 + KNaThF6/Na2ThF6 + KNaThF6
filled orange triangle Na2ThF6 + KNaThF6 NaF + Na2ThF6 + KNaThF6
empty orange triangle Na2ThF6 + KNaThF6 + Na4ThF8(?) NaF + Na2ThF6 + KNaThF6
white circle KNaThF6 + weak lines NaF + Na2ThF6 + KNaThF6

Fig. 15. Projection of the NaF-KF-ThF4 ternary system as calculated in this study at
300 K superimposed against experimental compositions analyzed using XRD by [8]:
red circles: {NaF + K3ThF7 + KF}; blue triangles: {NaF + K3Th2F11 + K3ThF7}; black
squares: unidentified patterns; green diamonds: {NaF + KNaThF6}; half-filled
squares: phase similar to KNaThF6 and unidentified lines; half-filled circle:
{KNaThF6}; black circle: {KNaThF6 + KThF5}; half-filled diamond: {KThF5
+ KNaThF6 + unidentified lines}; half-filled orange triangle: {Na2ThF6 + unidentified
lines}; filled orange triangle:{Na2ThF6 + KNaThF6}; empty orange triangle:
{Na2ThF6 + KNaThF6 + Na4ThF8(?)}; white circle: {KNaThF6 + weak lines}. These
data are also compared in Table 13 for more clarity. Phases in equilibrium in phase
fields (1)-(11) are listed in Section 5.7.2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 16. Liquidus projection and primary crystallization fields of the NaF-KF-ThF4
system as calculated in this study. The spacing between the isotherms is 25 K.
Experimental points: ( ). The dashed line is the pseudobinary section shown in
Fig. 14. Primary crystallization phase fields: (A) (NaxTh1�x)F4�3x; (B) KTh6F25; (C)
KTh2F9; (D) NaTh2F9; (E) NaThF5; (F) Na7Th6F31; (G) Na3Th2F11; (H) Na2ThF6; (I)
b-KNaThF6; (J) K7Th6F31; (K) b-K2ThF6; (L) a-K2ThF6; (M) K3ThF7; (N) b-K5ThF9; (O)
a-K5ThF9; (P) (Na,K) F; (Q) NaF; (R) Na4ThF8; (S) a-KNaThF6.
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5.7.2. Phase Equilibria at 300 K
In addition to the section of the liquidus surface which can be

observed along the NaF-KThF5 pseudobinary section, Emelyanov
and Evstyukhin [8] analyzed several melts of the ternary phase dia-
gram at room temperature using XRD to determine their phase
composition, reported in Table 13. These are compared to the equi-
librium phase fields as calculated herein. The authors concluded
that within this region of the phase diagram there are six equilib-
rium ternary phase fields having the following compositions:

(a) NaF + K3ThF7+ KF
(b) NaF + K3Th2F11+ K3ThF7
(c) NaF + KNaThF6+ K3Th2F11
(d) NaF + Na2ThF6+ KNaThF6
(e) Na2ThF6+ KNaThF6+ KThF5
(f) KNaThF6+ KThF5+ K3Th2F11
In the present assessment 12 ternary phase fields are calculated
(Fig. 15):

1. NaF + (Na,K)F + K5ThF9
2. NaF + K2ThF6+ K5ThF9
3. NaF + K2ThF6+ KNaThF6
4. NaF + Na2ThF6+ KNaThF6
5. K2ThF6+ K7Th6F31 + KNaThF6
6. NaThF5+ Na2ThF6+ KNaThF6
7. KTh2F9+ K7Th6F31 + KNaThF6
8. NaThF5+ KTh2F9+ KNaThF6
9. NaThF5+ KTh2F9+ KTh2F9

10. NaThF5+ KTh2F9+ KTh6F25
11. NaxTh1�xF4�3x + NaTh2F9+ KTh6F25
12. NaxTh1�xF4�3x + KTh6F25

Among these, (2)-(8) are found within the region studied by the
authors. The main differences can be related to those already dis-
cussed in the KF-ThF4 binary phase diagram: [8] observed K3ThF7
in fields (a) and (b). We find this compound to decompose around



Table 14
Invariant equilibrium data calculated in the NaF-KF-ThF4 system.

X(ThF4) X(NaF) X(KF) Tcalc/K Equilibrium Solid phases present

0.654 0.078 0.268 1185.3 Quasi-peritectic KTh6F25 + KTh2F9 + (NaxTh1�x)F4�3x

0.538 0.327 0.135 1017.7 Quasi-peritectic KTh2F9 + NaTh2F9 + (NaxTh1�x)F4�3x

0.399 0.587 0.014 954.7 Quasi-peritectic Na2ThF6 + Na3Th2F11 + Na7Th6F31
0.301 0.100 0.599 952.9 Saddle point a-K2ThF6 + b-K2ThF6
0.308 0.112 0.580 952.0 Quasi-peritectic a-K2ThF6 + b-K2ThF6 +K7Th6F31
0.285 0.044 0.671 952.0 Quasi-peritectic a-K2ThF6 + b-K2ThF6 +K3ThF7
0.187 0.093 0.720 927.9 Saddle point a-K5ThF9 + b-K5ThF9
0.204 0.071 0.725 926.0 Peritectic a-K5ThF9 + b-K5ThF9 + K3ThF7
0.147 0.114 0.739 926.0 Quasi-peritectic a-K5ThF9 + b-K5ThF9 + (Na,K) F
0.300 0.225 0.475 909.2 Peritectic K7Th6F31 + b-KNaThF6 + a-K2ThF6
0.331 0.511 0.158 900.1 Saddle point Na2ThF6 + b-KNaThF6
0.434 0.465 0.101 892.8 Peritectic Na7Th6F31 + NaTh2F9 + NaThF5
0.233 0.759 0.008 884.3 Quasi-peritectic Na2ThF6 + Na4ThF8 + Na7Th2F15
0.421 0.474 0.105 883.2 Quasi-peritectic Na2ThF6 + Na7Th6F31 + NaThF5
0.231 0.756 0.013 883.0 Quasi-peritectic Na4ThF8 + Na7Th2F15 + NaF
0.138 0.220 0.642 882.5 Quasi-peritectic NaF + a� K5ThF9 + (Na,K) F
0.432 0.436 0.132 873.4 Quasi-peritectic KTh2F9 + NaTh2F9 + NaThF5
0.242 0.535 0.223 842.0 Saddle point b-KNaThF6 + NaF
0.424 0.429 0.147 872.9 Quasi-peritectic KTh2F9 +K7Th6F31 + b-KNaThF6
0.425 0.437 0.138 866.2 Quasi-peritectic NaThF5 + KTh2F9 + b-KNaThF6
0.418 0.450 0.132 865.4 Quasi-peritectic NaThF5 +Na2ThF6 + b-KNaThF6
0.232 0.137 0.631 846.2 Quasi-peritectic a-K2ThF6 + a� K5ThF9 + K3ThF7
0.231 0.300 0.469 816.3 Saddle point a-K2ThF6 + NaF
0.247 0.624 0.1129 829.2 Quasi-peritectic Na2ThF6 + Na7Th2F15 + NaF
0.248 0.337 0.415 825.0 Peritectic a-KNaThF6 + b-KNaThF6 + a-K2ThF6
0.250 0.606 0.144 825.0 Quasi-peritectic a-KNaThF6 + NaF + b-KNaThF6
0.248 0.601 0.151 825.0 Quasi-peritectic a-KNaThF6 + NaF + b-KNaThF6
0.241 0.411 0.348 825.0 Eutectic a-KNaThF6 + b-KNaThF6 + NaF
0.249 0.608 0.143 822.1 Eutectic a-KNaThF6 + Na2ThF6 + NaF
0.241 0.353 0.406 808.1 Quasi-peritectic a-KNaThF6 + a-K2ThF6 + NaF
0.219 0.234 0.547 804.3 Eutectic a-K2ThF6 + a� K5ThF9 + NaF

Table 15
Calculated vs. experimental liquidus temperatures in the NaF-KF-ThF4 system.

X(ThF4)a X(NaF)a X(KF)a Equilibrium Reaction Tcalc/K Texp
b/K

0.307 0.386 0.307 L0 + b-KNaThF6 = L 943 986
0.130 0.739 0.131 NaF + L0 = L 1133 1096
0.230 0.741 0.029 NaF + L0 = L 893 888
0.334 0.332 0.334 L0 + K7Th6F31 = L 950 –
0.183 0.467 0.350 NaF + L0 = L 995 977
0.401 0.199 0.400 L0 + K7Th6F31 = L 1082 1136
0.428 0.143 0.430 L0 + K7Th6F31 = L 1117 1153
0.459 0.082 0.459 L0 + K7Th6F31 = L 1148 1163

a Standard composition error is u jjð (X(ThF4), X(NaF), X(KF))jjÞ = 0.006.
b Standard uncertainties u are u(T)=10 K. The pressure was (0.10 � 0.01) MPa.
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979 K, however, and so we predict K5ThF9 to be the stable phase
instead. In experimental points represented by (half-filled square)
they reported unidentified lines, which possibly were those of
K5ThF9. Similarly, they observed phase fields with K3Th2F11
whereas our model predicts the phase K2ThF6. Fields (d) and (4)
coincide fully, but again e) disagrees with our calculation having
established that KThF5 is not a true stable phase. However, our
model does predict that K7Th6F31 exists in those regions where
they reported KThF5 to be present. Finally, phase fields (f) and (5)
also coincide fully allowing for the fact that the authors misinter-
preted XRD patterns of KThF5 and K3Th2F11 with those of
K7Th6F31 and K2ThF6, respectively. The only compound in the
region of interest which was not reported by them but which
appears in our projection is NaThF5, which was possibly observed
given that points represented by (half-filled diamond) showed
Bragg reflections they could not identify. Overall, the agreement
is close enough to consider the description of solid equilibra as
satisfactory.
5.7.3. NaF-KF-ThF4 liquidus projection
The NaF-KF-ThF4 (Fig. 16) system is an even more complex sys-

tem, with one quaternary compound (displaying a phase transi-
tion), 19 primary crystallization fields and 31 invariant points
(Table 14). Of these, nineteen are quasi-peritectic, five are saddle
points, four are peritectic, and four are eutectic, with the lowest
one occurring at 804 K and X(ThF4) = (0.219, 0.234, 0.547). We
have found the liquidus temperatures of eight samples (points
shown in red) to closely match the calculated ones only in most
instances (Table 15). All equilibria measured experimentally are
given in Table 16.
6. Conclusions

A thermodynamic assessment for the KF-ThF4 binary system
using the CALPHAD method is reported for the first time in combi-
nation with XRD and calorimetric measurements. The main char-



Table 16
Phase diagram equilibria of the NaF-KF-ThF4 system as measured in this study by DSC.

X(ThF4)a X(NaF)a X(KF)a Texp/Kb Equilibrium Equilibrium Reaction

0.307 0.386 0.307 827 KNaThF6 transition a-K2ThF6 = b-K2ThF6
986 Liquidus L0 + b-KNaThF6 = L

0.130 0.739 0.131 848 Eutectic NaF + b-KNaThF6 = L
1096 Liquidus NaF + L0 = L

0.230 0.741 0.029 802 Eutectoid Na7Th2F15 = NaF + Na2ThF6
888 Liquidus NaF + L0 = L

0.334 0.332 0.334 825 KNaThF6 transition a-K2ThF6 = b-K2ThF6
948 Peritectic b-K2ThF6 = L + K7Th6F31

0.183 0.467 0.350 819 KNaThF6 transition a-K2ThF6 = b-K2ThF6
866 K2ThF6 transition a-K2ThF6 = b-K2ThF6
977 Liquidus NaF + L0 = L

0.401 0.199 0.400 931 Peritectic b-K2ThF6 = L + K7Th6F31
1136 Liquidus L0 + K7Th6F31 = L

0.428 0.143 0.430 821 KNaThF6 transition a-KNaThF6 = b-KNaThF6
1104 Quasi-peritectic L0 + KTh2F9 + K7Th6F31 = L + K7Th6F31
1153 Liquidus L0 + K7Th6F31 = L

0.459 0.080 0.459 839 KNaThF6 transition a-K2ThF6 = b-K2ThF6
1116 Quasi-peritectic L0 + KTh2F9 + K7Th6F31 = L + K7Th6F31
1163 Liquidus L0 + K7Th6F31 = L

a Standard composition error is u jjð (X(ThF4), X(NaF), X(KF))jjÞ = 0.006.
b Standard uncertainties u are u(T) = 10 K. The pressure was (0.10 � 0.01) MPa.
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acteristics of the sytem are: i) two allotropes of K5ThF9, ii) forma-
tion of K2ThF6, with both low and high temperature phases, instead
of K3Th2F11 as reported earlier [8], iii) a eutectoid decomposition
for K3ThF7 at 856 K, iv) existence of the K7Th6F31 phase instead
of KThF5 as previously reported [9,8], v) congruent melting of
KTh2F9, vi) existence of KTh6F25 instead of KTh3F13 as reported ear-
lier [9], vii) no formation of solid solution. This new assessment,
coupled with existing assessments of the LiF-KF, LiF-ThF4, NaF-
KF, and NaF-ThF4 systems, was used to extrapolate and optimize
the LiF-KF-ThF4 and NaF-KF-ThF4 ternary systems. The lowest
melting point in the LiF-KF-ThF4 system is calculated at (X(ThF4,
X(LiF), (X(KF)) = (0.023, 0.461, 0.516), T = 755 K. The lowest eutec-
tic temperature in the NaF-KF-ThF4 system is predicted to be 804
K, at composition (X(ThF4, X(NaF), (X(KF)) = (0.219,0.234,0.547).
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Appendix A. Previous phase diagrams of KF-ThF4 reported in
the literature

Figs. A.1 and A.2 show the KF-ThF4 phase diagram as reported
by [9] and [8], respectively.
Appendix B. Thermodynamic data for KNaThF6

As mentioned in Section 3, Mukherjee and Dash characterized
the properties of KNaThF6 by means of DSC to derive the heat



Table A.1
Standard molar Gibbs energies of formation of compounds in Eq. (A.4) expressed as
Df G

o
m(T) (kJ�mol�1) = A + B � T Kð Þ.

Compound A/kJ�mol�1 B/kJ�K�1 �mol�1

ThOF2 �1654.7 0.232
NaF �575.7 0.1026
KF �567.9 0.1012
NiF2 �655.05 0.155
NiO �238.33 0.0918

Fig. A.2. KF-ThF4 phase diagram reported by Emelyanov and Evstyukhin [8]. Reproduced with permission from Springer.
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capacity and solid electrolyte galvanic cell to derive the Gibbs
energy of formation [25]. Herein we describe our recalculation of
the standard enthalpy of formation and standard entropy based
on the data published by the authors [25] and carefully selected
auxiliary data.

The solid electrolyte galvanic cell used by Mukherjee and Dash
can be described by:

�ð ÞPt; ThOF2 crð Þ þ KNaThF6 crð Þ þ NaF crð Þ þ KF crð Þf gjCaF2

crð Þj NiO crð Þ þ NiF2 crð Þf g; Pt þð Þ ðA:1Þ

The reaction at the cathode is:

NiF2 crð Þ þ 1
2
O2 gð Þ þ 2e� ¼ NiO crð Þ þ 2F� ðA:2Þ
Table A.2
Experimental lattice parameters of pure phases and mixtures obtained with Rietveld or L

Phases Compositiona ab/nm bb/nm cb/nm a;b; c �

K5ThF9 X(ThF4) = 0.167 0.7848 1.2840 1.0785 a = b = c =
K5ThF9 X(ThF4) = 0.25 0.7846 1.2858 1.0780 a = b = c =
K2ThF6 X(ThF4) = 0.25 0.6596 0.6596 0.3862 a = b = 90
K2ThF6 X(ThF4) = 0.33 0.6579 0.6579 0.3824 a = b = 90

K2ThF6 X(ThF4) = 0.418 0.6576 0.6576 0.3825 a = b = 90
K7Th6F31 X(ThF4) = 0.418 1.5346 1.5346 1.0511 a = b = 90
KTh2F9 X(ThF4) = 0.857 0.8843 1.1602 0.7185 a = b = c =
KTh6F25 X(ThF4) = 0.857 0.8326 0.8326 1.6828 a = b = 90

a Standard uncertainties u are u(X(ThF4)) = 0.005.
b Standard uncertainties u are u(a) = 0.0004 nm.
c The reported uncertainties correspond to the standard uncertainty.
and at the anode:

KF crð Þ þ NaF crð Þ þ ThOF2 crð Þ þ 2F� ¼ KNaThF6 crð Þ þ 1
2
O2 gð Þ þ 2e�

ðA:3Þ
with the net reaction being:

KF crð Þ þ NaF crð Þ þ ThOF2 crð Þ þ NiF2 crð Þ
¼ KNaThF6 crð Þ þ NiO crð Þ ðA:4Þ
The authors measured the electromotive force (e.m.f) as a func-

tion of temperature and found linear relationships with two differ-
ent slopes, corresponding to the two phases of KNaThF6 crð Þ [25]:
one in the interval 773-848 K and one in the interval 848-973 K.
In the lower temperature range of 773-848 K, the following expres-
sion was reported:

E Tð Þ=V � 0:0014 ¼ 0:2772� 1:586 � 10�5

� T =Kð Þ 773� 848ð ÞK ðA:5Þ
with the associated Gibbs energy of reaction given by:

DrG
o
m Tð Þ � 0:02kJmol�1 ¼ �53:5þ 0:031

� T =Kð Þ 773� 848ð ÞK ðA:6Þ
eBail refinements at 0.10 � 0.005 MPa. RT = (293 � 5) K.

Space Group Densityc/g � cm�3 Literature data/g � cm�3

90 Cmc21 3.66 � 0.01 3.66 [32]
90 Cmc21 3.66 � 0.01 3.66 [32]

, c = 120 P62 m 4.84 � 0.02 4.95 [33]
, c = 120 P62 m 4.92 � 0.01

, c = 120 P62 m 4.92 � 0.01
, c = 120 R3h 5.24 � 0.01 5.31 [36]
90 Pnma 6.07 � 0.3 6.08 [33]

, c = 120 P63mmc 6.26 � 0.01 6.29 [33]



Table A.3
Experimental heat capacity dataa for K2ThF6 measured at p = 1.25 mPab and magnetic field B = 0T.

T=K Cp;m/(J�K�1 �mol�1) T=K Cp;m/(J�K�1 �mol�1) T=K Cp;m/(J�K�1 �mol�1)

297.03 189.74 183.74 170.36 70.25 77.18
295.03 190.82 181.72 169.64 68.21 74.56
293.01 191.01 179.69 168.78 66.18 71.68
290.97 190.53 177.67 168.05 64.15 68.82
288.95 189.59 175.63 167.14 62.11 65.97
286.92 189.03 173.61 166.28 60.08 63.16
284.90 188.68 171.58 165.22 57.90 60.26
282.88 188.35 169.55 164.41 55.74 57.49
280.85 188.25 167.52 163.57 53.74 54.52
278.84 188.17 165.49 162.54 51.71 51.50
276.82 188.45 163.47 161.54 49.68 48.40
274.80 188.42 161.44 160.50 47.66 45.40
272.79 188.14 159.40 159.38 45.63 42.40
270.75 188.11 157.38 158.39 45.72 42.29
268.73 188.43 155.35 157.24 45.37 41.90
266.72 188.03 153.32 156.14 45.06 41.43
264.70 187.97 151.29 155.07 44.70 40.96
262.68 187.89 149.26 153.99 44.37 40.49
260.66 187.52 147.22 152.74 44.03 39.90
258.64 187.11 145.19 151.37 43.72 39.39
256.61 186.78 143.16 150.03 43.35 38.94
254.58 186.90 141.33 148.26 43.02 38.45
252.56 186.88 139.24 146.86 42.69 37.97
250.55 186.43 137.27 145.46 42.35 37.39
248.52 186.30 135.19 144.28 42.01 36.90
246.49 185.92 133.16 143.36 41.67 36.43
244.46 185.84 131.13 142.04 41.34 35.96
242.43 185.62 129.10 140.29 41.00 35.48
240.41 185.24 127.07 138.50 40.66 35.03
238.38 185.11 125.04 136.69 40.33 34.46
236.35 184.82 123.01 134.92 39.99 33.99
234.32 184.36 120.99 133.24 39.66 33.52
232.30 184.07 118.96 131.32 39.32 33.04
230.27 183.51 116.93 129.37 38.98 32.58
228.25 183.28 114.89 127.37 38.65 32.10
226.23 182.86 112.86 125.17 38.33 31.52
224.21 182.30 110.83 122.95 37.99 31.06
222.19 181.75 108.80 120.81 37.64 30.58
220.16 181.32 106.78 118.68 37.30 30.15
218.14 180.88 104.75 116.36 36.96 29.68
216.12 180.59 102.72 114.16 36.53 29.14
214.09 180.23 100.70 111.71 36.22 28.79
212.06 179.77 98.67 109.43 35.87 28.22
210.04 179.20 96.64 107.12 35.61 27.78
208.02 178.71 94.60 104.33 35.18 27.31
206.00 178.30 92.58 102.10 34.85 26.87
203.98 177.51 90.55 99.94 34.54 26.44
201.96 177.17 88.51 97.50 34.28 25.95
199.94 176.33 86.48 95.04 33.83 25.41
197.92 175.67 84.45 92.73 33.59 24.97
195.89 175.08 82.42 90.57 33.14 24.50
193.87 174.41 80.38 88.56 32.93 23.97
191.84 173.67 78.35 86.30 32.58 23.40
189.81 172.75 76.32 83.97 32.21 22.85
187.79 171.86 74.29 81.66 31.89 22.44
185.77 171.21 72.26 79.47 31.55 22.00

31.21 21.57 12.23 2.482 6.072 0.3053
30.87 21.14 11.89 2.300 5.989 0.2924
30.53 20.61 11.55 2.128 5.904 0.2803
30.20 20.18 11.21 1.961 5.820 0.2681
29.86 19.76 10.87 1.773 5.735 0.2568
29.52 19.35 10.53 1.620 5.651 0.2462
29.18 18.92 10.19 1.478 5.561 0.2339
28.84 18.42 10.18 1.472 5.478 0.2236
28.50 18.00 10.10 1.443 5.393 0.2136
28.17 17.61 10.02 1.408 5.309 0.2044
27.82 17.18 9.936 1.378 5.224 0.1948
27.49 16.77 9.852 1.343 5.139 0.1857
27.15 16.38 9.767 1.312 5.055 0.1773
26.82 15.90 9.683 1.279 4.972 0.1685
26.47 15.51 9.598 1.248 4.887 0.1601
26.14 15.11 9.515 1.215 4.801 0.1523
25.80 14.73 9.431 1.185 4.717 0.1447

(continued on next page)
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Table A.3 (continued)

T=K Cp;m/(J�K�1 �mol�1) T=K Cp;m/(J�K�1 �mol�1) T=K Cp;m/(J�K�1 �mol�1)

25.46 14.36 9.349 1.155 4.632 0.1371
25.12 14.01 9.264 1.124 4.548 0.1303
24.78 13.63 9.179 1.096 4.463 0.1235
24.44 13.17 9.096 1.038 4.379 0.1168
24.10 12.79 9.006 1.008 4.294 0.1104
23.75 12.42 8.924 0.9823 4.209 0.1046
23.42 12.06 8.839 0.9555 4.124 0.0986
23.07 11.72 8.757 0.9300 4.041 0.0928
22.73 11.37 8.672 0.9047 3.957 0.0874
22.39 10.94 8.591 0.8792 3.872 0.0823
22.05 10.58 8.505 0.8532 3.787 0.0773
21.71 10.23 8.422 0.8289 3.702 0.0725
21.37 9.891 8.338 0.8047 3.617 0.0681
21.05 9.566 8.254 0.7814 3.534 0.0641
20.69 9.165 8.170 0.7581 3.450 0.0603
20.37 8.854 8.085 0.7353 3.366 0.0565
20.01 8.534 8.002 0.7129 3.276 0.0529
19.70 8.238 7.918 0.6905 3.190 0.0492
19.34 7.909 7.834 0.6685 3.104 0.0459
19.02 7.563 7.749 0.6464 3.018 0.0429
18.66 7.245 7.666 0.6248 2.933 0.0399
18.33 6.959 7.582 0.6041 2.848 0.0373
18.00 6.696 7.497 0.5835 2.764 0.0348
17.65 6.396 7.413 0.5636 2.679 0.0327
17.31 6.116 7.330 0.5441 2.594 0.0304
16.98 5.786 7.244 0.5247 2.509 0.0282
16.64 5.525 7.161 0.5061 2.423 0.0259
16.29 5.264 7.097 0.4924 2.338 0.0242
15.96 5.007 7.002 0.4725 2.253 0.0225
15.62 4.754 6.917 0.4551 2.167 0.0207
15.28 4.508 6.833 0.4382 2.082 0.0190
14.94 4.219 6.749 0.4215 1.999 0.0175
14.60 3.986 6.666 0.4052 1.915 0.0162
14.26 3.760 6.581 0.3895 1.830 0.0149
13.93 3.537 6.497 0.3753
13.59 3.323 6.413 0.3614
13.25 3.113 6.329 0.3469
12.92 2.867 6.242 0.3317
12.57 2.671 6.156 0.3183

aThe standard uncertainties u on the temperature are:
u Tð Þ = 0.01 K for 1.9 < T/K < 20, u Tð Þ = 0.02 K for 20 < T/K < 100,
u Tð Þ = 0.05 K for 100 < T/K < 300.
The relative standard uncertainties on the values of the heat capacities are determined to be ur Cp;m

� �
= 0.03 for T/K < 15,

ur Cp;m
� �

= 0.02 for 15 < T/K < 70, ur Cp;m
� �

= 0.04 for 70 < T/K < 120, ur Cp;m
� �

= 0.01 for 120 < T < 270 K,
and ur Cp;m

� �
= 0.02 for T > 270 K.

bThe standard uncertainty on the pressure is u(p) = 0.01 mPa.
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Using carefully selected data reported in the literature
(Table A.1, [14], [49], [50]), the Gibbs energy of formation of
KNaThF6 is derived as:

Df G
o
m KNaThF6; cr; Tð Þ ¼ �3268:52þ 0:5023 773� 848ð ÞK ðA:7Þ
Applying the second law of thermodynamics, the enthalpy of

formation and entropy of KNaThF6 are deduced at the average
measurement temperature (811 K). Having derived Df H

o
m 811Kð Þ

and Df S
o
m 811Kð Þ, the values at 298.15 K are estimated from the

enthalpy increment Df H
o
m Taveð Þ - Df H

o
m 298Kð Þ calculated with the

heat capacity data as given by the Neumann-Kopp rule. Finally,
the auxiliary data of the constituent elements of KNaThF6 in Eq.
(A.4) can be used again, to obtain So KNaThF6; cr;298Kð Þ. The values
so derived are: Df H

o
m KNaThF6; cr;298Kð Þ ¼ � 3282� 30ð Þ kJ�mol-1,

Som KNaThF6; cr;298Kð Þ ¼ 253:5� 4ð ÞJ � K�1� mol-1.
Appendix C. Lattice parameters of Rietveld and LeBail
refinements

Table A.2 lists the lattice parameters of different intermediate
phases as refined in this work, as well as a comparison with the lit-
erature values and the corresponding space groups.
Appendix D. Experimental heat capacity data and standard
thermodynamic functions for K2ThF6

The experimental heat capacity data points measured for the
phase K2ThF6 are listed in Tables A.3 and A.4.
Appendix E. Representative DSC curves

This section contains representative examples of DSC measure-
ments carried out in this work and how the data were extracted.
Fig. A.3 is a DSC heating ramp with two event corresponding to
eutectic and liquidus temperatures. The intersection between the
baseline and the line tangent to the first inflection point of a given
event is the onset temperature, Tonset , and the temperature
assigned to all events except for the liquidus of mixtures. The inter-
section between the baseline and the line tangent to the second
inflection point of a given event is the offset temperature, Toffset .
In this work, the minimum of the peak, Tmin, was chosen as the liq-
uidus temperature except for congruent melting. Nevertheless,
onset temperatures are also drawn in Fig. 11 as (O, red) for the liq-
uidus events to illustrate this choice as a likely source of disagree-
ment with previous authors.



Table A.4
Standard thermodynamic functions for K2ThF6 at pressure p = 100 kPa. /o

m Tð Þ = Som Tð Þ � Ho
m Tð Þ � Ho

m 0ð Þ� �
=T .a

T=K Co
p;m T=Kð Þ/ Som T=Kð Þ/ Ho

m T=Kð Þ � Ho
m 0ð Þ/ /o

m T=Kð Þ=
(J�K�1 �mol�1) (J�K�1 �mol�1) (kJ�mol�1) (J�K�1 �mol�1)

0 0 0 0 –
0.5 2.0800E-03 1.8000E-03 5.04E-07 7.8911E-04
1 5.0000E-03 4.0700E-03 2.23E-06 1.8400E-03
2 0.01681 0.01077 1.31E-05 4.2100E-03
3 0.04276 0.02210 4.29E-05 7.8000E-03
4 0.09114 0.04062 1.10E-04 0.01315
5 0.17144 0.06916 2.41E-04 0.02093
6 0.29413 0.11081 4.74E-04 0.03182
7 0.47013 0.16890 8.56E-04 0.04661
8 0.70965 0.24684 0.00145 0.06609
9 1.0203 0.34787 0.00231 0.09110
10 1.4047 0.47479 0.00352 0.12245
11 1.8475 0.62900 0.00515 0.16086
12 2.3628 0.81143 0.00725 0.20687
13 2.9447 1.0231 0.00991 0.26095
14 3.5882 1.2645 0.01317 0.32348
15 4.2883 1.5356 0.01711 0.39476
16 5.0402 1.8361 0.02178 0.47500
17 5.8403 2.1654 0.02722 0.56433
18 6.6861 2.5229 0.03348 0.66282
19 7.5759 2.9080 0.04061 0.77049
20 8.5088 3.3200 0.04865 0.88733
25 13.800 5.7679 0.10402 1.6073
30 20.023 8.8216 0.18825 2.5465
35 26.881 12.417 0.30532 3.6933
40 34.064 16.473 0.45761 5.0325
45 41.364 20.906 0.64615 6.5466
50 48.679 25.642 0.87127 8.2168
55 55.963 30.624 1.13289 10.026
60 63.183 35.803 1.43079 11.957
65 70.307 41.142 1.76456 13.995
70 77.295 46.609 2.13363 16.129
75 84.106 52.175 2.53721 18.346
80 90.703 57.815 2.97432 20.636
85 97.054 63.506 3.44382 22.990
90 103.13 69.227 3.9444 25.400
95 108.92 74.959 4.47466 27.858
100 114.42 80.687 5.03313 30.356
110 124.51 92.075 6.22872 35.450
120 133.44 103.30 7.51937 40.638
130 141.30 114.30 8.89389 45.883
140 148.19 125.03 10.34208 51.154
150 154.23 135.46 11.85485 56.429
160 159.53 145.59 13.42423 61.686
170 164.18 155.40 15.04329 66.912
180 168.28 164.90 16.70603 72.093
190 171.89 174.10 18.40726 77.222
200 175.10 183.00 20.14253 82.289
210 177.94 191.61 21.90797 87.291
220 180.47 199.95 23.70024 92.224
230 182.73 208.03 25.51644 97.084
240 184.76 215.85 27.35407 101.87
250 186.58 223.43 29.21093 106.58
260 188.23 230.78 31.0851 111.22
270 189.71 237.91 32.97491 115.78

273.15 190.15 240.11 33.57319 117.20
280 191.06 244.83 34.87887 120.26
290 192.29 251.56 36.79569 124.68

298.15 193.20 256.90 38.3666 128.22
300 193.40 258.10 38.72421 129.02

aThe relative combined standard uncertainties in the values of the fitted heat capacities are determined from the experimental and fitted uncertainties to be ur Cp;m
� �

= 0.031
for T/K < 15, ur Cp;m

� �
= 0.021 for 15 < T/K < 70, ur Cp;m

� �
= 0.041 for 70 < T/K < 120, ur Cp;m

� �
= 0.011 for 120 < T < 270 K, and ur Co

p;m

� 	
= 0.021 for 270 < T/K.
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Fig. A.4 overlays the heating curve of ThF4 when it is being
melted for the first time with the curve of the same ThF4 sample
as it undergoes a second heating cycle, showing that the heat
capacity remains the same before and after melting.

Finally, Fig. A.5 is a representative example of a measurement of
the mixing enthalpy. The gray area is the mixing event. Note that
the curve does not have the pseudo-gaussian shape of the other
events in Figs. A.3,A.4, or A.5, but a slightly more complex shape
which arises from the endothermic contribution of the melting of
KF and ThF4 and the simultaneous exothermic mixing. Still, as the
shading indicates, the total area of the mixing event is measured
the same way as for all the other events: as the area constrained
by the baseline and the curve which departs from it. Since the areas
have opposite signs, they partially cancel each other out, and this is
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Fig. A.3. Representative example of a DSC heating ramp indicating how Tonset and
Toffset were determined. Tmin was chosen as the liquidus temperature.
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Fig. A.4. DSC heating curve of pure ThF4 the first time being melted (black, first
heating cycle) compared to the second time (red, second heating cycle), showing
the heat capacity does not change between cycles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. A.5. Representative example of a mixing enthalpy measurement. Shaded area:
[Melting of KF + melting of ThF4 + mixing of KF with ThF4]. Second event: melting of
the silver reference. Red curve: heating cycle of pure ThF4 compared against the
mixing experiment. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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taken into account. The second thermal event corresponds to the
melting of the silver reference, after the mixing event has con-
cluded, such that they are both well resolved. The fusion of silver
is endothermic, yet appears as exothermic because the silver sits
Table A.5
Extended mixing enthalpy of the 1� xð ÞKF(l) + xThF4(l) system determined in this work at
while ThF4 is solid, although the initial state is taken to be a hypothetical liquid. The final
(303 � 10) K to (1373 � 10) K.

X(ThF4)a DmixH
o
m
b/kJ�mol�1 m (KF)/mgc m (

0.109 �15.0 � 1.4 29.2 18.9
0.200 �29.5 � 1.8 23.6 31.3
0.305 �30.3 � 0.2 21.9 50.9
0.338 �30.8 � 1.0 14.9 40.4
0.401 �31.7 � 0.7 57.9 16.3
0.504 �32.9 � 3.0 39.3 7.3

dThe quoted uncertainty corresponds to the standard uncertainty.
a Standard uncertainties u are u(X(ThF4)) = 0.005.
b The error is based on the standard uncertainty determined during calibration.
c Standard uncertainties u are u(m) = 0.1 mg.
in the reference crucible. The superimposed red DSC curve corre-
sponds to a heating ramp of pure ThF4. Crucially, after the fusion
of silver in the mixing enthalpy heating cycle there is no fusion
event at the melting temperature of ThF4; this is an indication of
complete mixing. Data from mixing enthalpy measurements were
only deduced for those runs which showed complete mixing.

For every run, a sensitivity could be assigned based on the heat
measured on the silver reference, as mentioned in Section 2.5. The
total heat measured during the event at the melting temperature of
KF, DmeasH

o Tfus;KF

� �
, is given by:

DmeasH
o Tfus;KF
� � ¼ Ssalt=Ag � Qmeas

SAg;i
ðA:8Þ

where Qmeas is the heat measured per mole of sample during the
mixing experiment, i.e. the gray area in Fig. A.5, Ssalt=Ag is the sensi-
tivity coefficient determined during the calibration process, and SAg;i
is the sensitivity of silver during measurement i.

Finally, the molar enthalpy of mixing can be derived based on
Eq. 1.

Appendix F. Excess Gibbs energy parameters of the consitutent
binary liquid solutions

The excess Gibbs energy parameters of the binary solutions
needed to calculate the ternary systems were taken from existing
assessments and are listed below for completeness.
T = 1131 � 10 K and (0.10 � 0.01)d MPa. KF melts at the measurement temperature,
state was an undercooled liquid mixture. The scanning temperature range was from

ThF4)/mgc mass Agref /mgc DmeasH
o Tfus;KF
� � b/kJ�mol�1

62.0 13.8 � 1.4
61.9 0.1 � 1.8
61.80 1.4 � 0.2
129.0 1.3 � 1.0
61.8 0.5 � 0.7
61.7 1.7�3.0
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DgLiK=FF ¼ �7615þ 4:861 � T � 0:001674 � T2

þ �958þ 1:255 � Tð ÞvLiK=FF

þ �690þ 1:966 � Tð ÞvKLi=FF J � mol�1 ðA:9Þ

(JRCSMSD thermodynamic database on halide salts, JRC-Karlsruhe.)

DgLiTh=FF ¼ �10878þ �6694þ 2:929 � Tð ÞvLiTh=FF

þ �20920þ 19:46 � Tð ÞvThLi=FF J � mol�1 ðA:10Þ

(JRCSMSD thermodynamic database on halide salts, JRC-Karlsruhe.)

DgNaK=FF ¼ �118þ 0:847 � TJ � mol�1 ðA:11Þ

[51]

DgNaTh=FF ¼ �26784þ 10046� 12:56 � Tð ÞvNaTh=FF

þ �30106þ 16:74 � Tð ÞvThNa=FF J � mol�1 ðA:12Þ

[24]
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