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a b s t r a c t

A selected composition of the initial fuel of the Molten Salt Fast Reactor (MSFR) is assessed by differential
scanning calorimetry (DSC) for melting point determination and by Knudsen effusion mass spectrometry
(KEMS) for vaporization behaviour. Partial vapour pressures and thermodynamic activities of the MSFR
fuel mixture are discussed indicating departures from ideal behaviour, and further interpreted by phase
equilibria calculations. The boiling point of the mixture is obtained extrapolating vapour pressure
experimental results. New results on the vaporization behaviour of pure uranium tetrafluoride are
presented, together with the ionization potentials of UF4 by electron impact.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Molten Salt Reactors (MSRs) are a family of fission reactors in
which the thermal carrier is a liquid mixture of inorganic salts. One
of the important features of the concept is that the nuclear fuel can
be dissolved in the coolant providing a homogenous core with the
possibility of a continuous online fuel reprocessing [1]. At the
beginning of the new millennium, the Generation IV International
Forum (GIF) selected the MSR among the six most promising future
reactors [2], especially because of its potentials in safety, sustain-
ability, economics and non-proliferation [3]. The interest for this
technology grew and spread in several countries, involving also
private investors. A consortium of European Union (EU) member
state organisations is particularly interested and since 2001 has
ene�s).

B.V. This is an open access article u
been working for the development of a large size MSR able to fulfil
the ambitious goals set by GIF. Since then, the studies have focussed
on a thorium-fuelled non-moderated version because the use of
thorium can bring significant advantages: it is more abundant in
earth crust than uranium, and can be used to sustain a 232Th/233U
fuel cycle in a breeding mode [4]. This concept, called Molten Salt
Fast Reactor (MSFR) [5], is currently under consideration by GIF [6]
and studied within the European Horizon2020 project SAMOFAR
[7], which has the main objective of evaluating the innovative
safety features of the MSFR.

The reference MSFR has a power output of 3000 MWth with a
total fuel salt volume of 18m3 and a fertile blanket around the core
to increase the breeding gain [8]. The initial fuel composition is a
binary mixture composed of 77.5mol% of lithium fluoride and
22.5mol% of heavy nuclei (HN) in form of fluorides. Lithium is
enriched in 7Li to 99.995 at% for reducing neutron parasitic ab-
sorptions. The exact amount of ThF4, UF4 and other actinide
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Characteristic dimensions of the Knudsen cell used in this work.

Dimension Value [mm]

Cell diameter 11
Cell height 21
Orifice diameter 0.5
Orifice edge thickness 0.25
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fluorides depends on the particular application (breeder, inciner-
ator, etc.) and the availability of fissile material, which could be [9]:

� uranium-233 obtained from thorium-232 in other breeder
reactors;

� enriched uraniumwith an enrichment ratio lower than 20% due
to nuclear proliferation resistance;

� plutonium-239 and minor actinides produced in commercial
nuclear reactors currently under operation;

� a mix of the solutions above.

In this study, we focus on a fuel composition based on Th/U fuel
cycle. In this case, the design parameters require an amount of
uranium tetrafluoride of 2.5mol% [10], so that the reference initial
composition of the MSFR started with uranium-233 is LiF-ThF4-UF4
(77.5-20.0-2.5mol%), identified in SAMOFAR project.

The thermo-physical and thermo-chemical properties of this
mixture must be studied in detail for assessing the safety features
of the MSFR and for the optimization of many reactor operation
parameters in view of the strong coupling between physical,
chemical and hydraulic characteristics of the circulating liquid.
Within this framework, knowing the properties in the vapour
phase in equilibriumwith the liquid is crucial for predicting the fuel
behaviour in both normal and accidental conditions.

In this paper, a thorough investigation of the vaporization
behaviour of the LiF-ThF4-UF4 system by Knudsen effusion mass
spectrometry (KEMS) is presented, coupling experimental results
and thermodynamic modelling. The thermodynamic activities of
the end-members are taken into account for pointing out if any
departures from ideal behaviour. Results for the LiF and ThF4 end
members are taken from our previous work [11], while new results
on the vaporization of pure UF4 are presented.

2. Experimental

2.1. Initial materials

The mixture assessed in this study is LiF-ThF4-UF4 (77.5-20.0-
2.5mol%). Lithium fluoride was purchased from Alfa Aesar, which
declares metal-base purity of 99.99%. Thorium and uranium tetra-
fluorides were synthetized by hydrofluorination. For details about
the synthesis of these actinide fluorides we refer to our previous
work [12]. Because fluorides are hygroscopic, all initial materials
were stored and handled inside an argon glove box, in which the
concentration of oxygen and moisture is continuously monitored
and kept below 2 ppm. Before use, LiF was purified in a process
which consists in heating up to 400 �C in argon flow for 4 h, long
enough to vaporize the contained moisture. The final mixture (of
about 500mg batch) was prepared by mixing the end-members in
an agate mortar.

2.2. Differential scanning calorimetry

Phase equilibria temperatures of condensed phases were
measured by differential scanning calorimetry (DSC). The technique
allows to evaluate the purity of the materials through the mea-
surement of the melting point of the end-members, which in
absence of impurities should appear as clear single peak, repro-
ducing the correct temperature (if known). The apparatus used in
this work is a SetaramMulti-detector High Temperature Calorimeter
(MHTC 96) equipped with a DSC sensor with S-type thermocouples.

Because fluoride vapours can become corrosive at high tem-
perature and can damage the interior of the device, the samples
were encapsulated in stainless steel crucibles with an internal
nickel liner for chemical compatibility [13]. For more details about
the encapsulation technique we refer to our previous work [14].
The temperature measured by the device is corrected by a cali-
bration curve based on a series of experiments for themelting point
determination of reference materials (Sn, Pb, Zn, Al, Ag, Cu).

The DSC experiments consisted in two consecutive heating
ramps at 10 K/min from room temperature up to 1200 �C, well
above the melting point of the highest melting end-member. The
first ramp was for reaching a better mixing and a homogenous
sample. The melting points reported in this work refer to the sec-
ond ramp. To verify the results obtained at 10 K/min, we addi-
tionally performed experiments at 5 K/min and obtained consistent
results (Section 3.1).
2.3. Knudsen effusion mass spectrometry

Thermodynamic properties of gaseous phase were measured
by Knudsen effusion mass spectrometry (KEMS) [15,16]. The de-
vice consists of a Knudsen cell heated by a tungsten coil and
coupled with a quadrupole mass spectrometer. The facility [17] is
specifically designed for radioactive materials and it has been
successfully used for different applications [18]. The Knudsen cell
is made of tungsten and the dimensions are summarized in
Table 1.

Before the measurement, the experimental chamber was
evacuated to high vacuum (10�6 mbar) for avoiding interactions
between the sample and the atmosphere. The experiment con-
sisted in a heating ramp at 10 K/min, continuing up to the com-
plete vaporization of the sample. The molecules escaping from the
cell orifice are subjected to an electron beam which ionizes some
of them. The electron beam may also produce fragmentation of
molecules in smaller ions. An electric field separates the ionized
molecules according to their masses, allowing their detection by
the mass spectrometer, which gives a signal proportional to the
partial vapour pressure. Because of the fragmentation in smaller
ions, the signal coming from one species must be constructed
taking into account the different contributions. The temperature
inside the cell is measured by a pyrometer calibrated using the
melting point of standard materials (Zn, Cu, Fe, Pt, and Al2O3). The
average energy value of the electron beam was calibrated using
the ionization potential of different pure elements (Ar, Kr, Xe, Zn,
In and Ag). During the experiment, the intensity of the electron
beam was kept constant at 32.85 eV. The only exception was a
period of 15min during which the temperature was kept constant
and the electron energy was gradually increased at a constant rate
of about 3 eV/min, from 2.8 eV up to 45.1 eV. This procedure al-
lows measuring the minimum energy required to create ions
(directly or following fragmentation) by electron impact [19]. In
this way it is also possible distinguishing the species produced by
fragmentation from those with the same mass, released in form of
vapour by the sample in the Knudsen cell. It is important to
perform this measurement when the vaporization of the sample is
significant.

In the simplest case (no fragmentation following electron
impact and only monoisotopic species in the vapour), the partial
vapour pressure of a species i, at the temperature T can be written
as



Table 2
Cross section values used in this work.

Species i si [10
�16 cm2] Reference

Ag 5.0458 [23]
LiF 3.0779 [27]
Li2F2 3.5825 [27]
Li3F3 4.2889 [27]
ThF4 8.9184 [11]
UF4 8.8879 This work
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pi ¼ Ki$T$I
þ
i (1)

in which T is the temperature detected by the pyrometer, Iþi is the
signal of the mass spectrometer and Ki is a coefficient of propor-
tionality. Ki depends on many factors, among which:

� the geometry of the Knudsen cell;
� the path travelled by the species from the Knudsen cell up to the
mass spectrometer;

� the efficiencies of the various devices as the mass spectrometer
and the electron beam generator;

� the molar mass of the species i;
� the cross section of the ionization reaction

iþ e�/iþ þ 2e� (2)

In this work, Ki is determined by putting a few mg of silver as
calibration material in the Knudsen cell together with the sample.
Since the vapour pressure of silver is well known [20], all the
geometrical and instrumental contribution to Ki are taken into
account measuring the signals of the two isotopes of silver
(IþAg ¼ Iþ107Ag þ Iþ109Ag):

KAg ¼ pAg
IþAg$T

(3)

As far as Knudsen flow conditions are respected (Knudsen
number Kn>0:01) [21], we can assume that the flow of the vapour
molecules through the orifice does not affect the equilibrium inside
the Knudsen cell, so that KAg is a constant. In several experiments
carried out we observed that above a few tens of pascal, the mass
spectrometer signal of silver has a different trend from the vapour
pressure of silver reported in literature, indicating departure from
Knudsen conditions and setting the upper limit for the measure-
ment performed in this study on pure UF4. For the mixture LiF-
ThF4-UF4 (77.5-20.0-2.5mol%) this limit was even lower since we
observed above 1200 K total pressure of few pascal. The lower limit
is set by several parameters like the sensitivity of the mass spec-
trometer, the ionization properties of the gaseous species inside the
Knudsen cell and possible background in the signal.

The contributions to Ki due to the different masses of the
detected species (which affects the gain of the secondary electron
multiplier (SEM) of the mass spectrometer [22]) and to the prob-
ability that the species are ionized by electron impact, are related to
the molar mass and ionization cross section of silver:

Ki ¼ KAg

ffiffiffiffiffiffi
Mi

p
ffiffiffiffiffiffiffiffiffi
MAg

p sAg
si

(4)

In practical cases, fragmentation by electron impact of the
species escaping from the orifice always occurs. The signal of the
mass spectrometer must be carefully interpreted for taking into
account all the contributions coming from the same species. Since
lithium and uranium have more than one isotope, the resulting
vapour pressures are accounted for this phenomenon accordingly.

For the determination of the ionization cross sections by elec-
tron impact we used for single atoms (e.g., for Ag) the cross sections
calculated by Sigma software [23], which bases the computations
on the values published byMann [24]. For the determination of the
ionization cross sections of the ABn-type molecules, we applied the
modified additivity role proposed by Deutsch et al [25].:
sðABnÞ ¼
"
r2A
r2B

#a�
xA

xA þ nxB

�
sA þ

"
nr2B
r2A

#b�
nxB

xA þ nxB

�
nsB (5)

in which rA, rB and xA, xB refer to the atomic radii and the effective
number of electrons of the constituent atoms A and B, respec-
tively. Their values are taken from the tables of Desclaux [26]. The
exponents a and b explicitly depend on rA, rB and xA, xB, and the
procedure for their determination is described in the original
paper [25].

The ionization cross section of UF4 was calculated according to
equation (5). Cross-section data and other parameters for LiF and
ThF4 were discussed in our previous work [11]. Since lithium
fluoride evaporates also in form of dimer and trimer, which are not
of the ABn-type molecule, we used for these species the cross
section values proposed by Yamawaki et al. [27], who performed
KEMS measurements with ionizing electron energies fixed to a
value of 30 eV, close to the one used in this work. The absolute
ionization cross sections of LiF, Li2F2 and Li3F3 reported in Table 2,
come from the ionization cross sections normalized to silver si=sAg
proposed by Yamawaki et al. [27], considering the ionization cross
section of silver used in this work.

The evaporation of LiF is particularly difficult to study by KEMS
because it involves different species (monomer, dimer and trimer)
which at 32.85 eV produce many different ions by fragmentation.
Many authors addressed the topic [27e29] leading to sometimes
different conclusions. In this work, we refer to the parameters
suggested by Yamawaki et al. [27], who identified Liþ, LiFþ, Li2Fþ

and Li3F2þ as the 4 main ions produced by the electron beam. They
concluded that Liþ and LiFþ are formed by the monomer, Li2Fþ by
the dimer and Li3F2þ by the trimer, and attributed normalized SEM
gains gi=gAg (average number of electrons generated by an ion i
over the average number of electrons generated by a silver ion),
rather different from the normalized square of the molar masses
(this equivalence is more reliable for heavymolecules). Equation (4)
can then be written as:

Ki ¼ KAg
gi
gAg

sAg
si

(6)

As suggested by Yamawaki et al. [27], the normalized SEM gains
for Liþ, LiFþ, Li2Fþ and Li3F2þ are 0.87, 1.47, 1.66 and 2.48, respec-
tively. This approach is used also in this work for measuring the
partial vapour pressure of LiF in the LiF-ThF4-UF4 (77.5-20.0-2.5mol
%) system.

For ThF4 and UF4 no evidence of associated molecules in the
vapour phase was found in this study, confirmed by previous
studies too [30]. Nevertheless, at 32.85 eV fragmentation by elec-
tron impact of these molecules occurred. The mass spectrometer
detected ions with masses corresponding to ThF3þ, ThF2þ ThFþ and
Thþ from ThF4, and UF3þ, UF2þ UFþ and Uþ from UF4. An appreciable
signal indicating the presence of UF4þ was also observed (see Fig. 4),
but the ion ThF4þ was not detected.



Table 3
Melting points measured by DSC.

Sample Tmelt [K] Recommended [K]

LiF 1121± 3 1121± 1 [32]
ThF4 1385± 3 1383± 3 [31]
UF4 1311± 3 1309± 3 [12]
LiF-ThF4-UF4 (77.5-20.0-2.5mol%) 828± 3 e
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3. Results and discussion

The melting point of the mixture LiF-ThF4-UF4 (77.5-20.0-
2.5mol%) and of all its end-members was measured in this work.
Our results on vapour pressure of UF4 obtained by KEMS are pre-
sented and compared with experimental data of other authors.
Activities and experimental results on partial vapour pressures of
the MSFR fuel mixture LiF-ThF4-UF4 (77.5-20.0-2.5mol%) are also
presented and discussed in this section.
Fig. 2. Pseudo-binary LiF-ThF4 phase diagram with 2.5mol% of UF4. Phase fields: (1)
liquid þ LiF; (2) liquid þ LiF þ Li3(Th,U)F7; (3) Li3(Th,U)6F31 þ LiF; (4)
Li7(Th,U)6F31 þ Li4UF8 þ LiF; (5) Li3(Th,U)6F31 þ LiF; (6) Li3(Th,U)F7 þ Li7
(Th,U)6F31 þ LiF; (7) Li3Th,U)F7 þ LiF; (8) Li3Th,U)F7 þ liquid; (9) Li3(Th,U)
F7 þ Li7(Th,U)6F31 þ liquid; (10) Li3(Th,U)F7 þ Li7(Th,U)6F31; (11) Li7(Th,U)6F31 þ liquid;
(12) Li(Th,U)2F9 þ Li3(Th,U)F7; (13) Li(Th,U)2F9 þ Li3(Th,U)F7 þ Li7(Th,U)6F31; (14)
Li(Th,U)2F9 þ Li7(Th,U)6F31; (15) Li(Th,U)2F9 þ Li7(Th,U)6F31 þ liquid; (16)
Li(Th,U)2F9 þ liquid; (17) Li(Th,U)2F9 þ Li(Th,U)4F17 þ liquid; (18) Li(Th,U)4F17 þ liquid;
(19) Li(Th,U)2F9 þ Li(Th,U)4F17; (20) Li(Th,U)4F17 þ (Th,U)F4; (21) Li(Th,U)4F17 þ (Th,U)
F4 þ liquid; (22) (Th,U)F4 þ liquid.
3.1. Melting point

DSC signals of the mixture LiF-ThF4-UF4 (77.5-20.0-2.5mol%)
and of the end-members used in this work are shown in Fig. 1.

The obtained melting points are summarized in Table 3. The
results for pure components are in good agreement with the
experimental data collected by Konings et al. [31], who recom-
mended for LiF the value reported in the NIST-JANAF tables [32],
and for ThF4 a melting point of 1383± 3 K, which is in very good
agreement with the value measured by several authors [33e36].
For UF4 previous studies [37,38] suggested a melting point signifi-
cantly lower than the one recommended in Table 3. For this reason,
the melting point of UF4 was recently determined on a high purity
sample in our previous work [12].

The thermodynamic database previously assessed by Capelli
et al. [39] was used for calculating the pseudo-binary LiF-ThF4
phase diagram with 2.5mol% fixed amount of UF4, shown in Fig. 2.

As explained in the paper, the database was developed based on
thermodynamic assessments of the three binary sub-systems for
which equilibrium data existed, and optimization of the unknown
thermodynamic parameters, which in this case are the Gibbs en-
ergy equation of the intermediate compounds and the excess Gibbs
parameters of the present solid and liquid solutions. For solid so-
lutions the 2-sublattice model was used, while for the description
of the liquid phase themodified quasi-chemical model proposed by
Pelton et al. [40] was employed. The Gibbs energy functions of the
solution phases of the higher order systems were extrapolated
based on the Kohler-Toop mathematical formalism and (where
appropriate) optimized with small ternary parameters. For more
details about the thermodynamic modelling we refer to our earlier
cited study [39].
Fig. 1. DSC signals for the LiF-ThF4-UF4 (77.5-20.0-2.5mol%) mixture and its end-
members.
The diagram also shows the experimental melting point tem-
perature measured by DSC (Table 3), which perfectly lies on the line
representing the eutectic melting on the phase diagram. It was not
possible measuring the liquidus point because (according to the
calculated phase diagram) the difference from the corresponding
solidus point is smaller than the DSC peak broadness.

3.2. Vapour pressure of uranium tetrafluoride

The vapour pressure of uranium tetrafluoride was measured
experimentally by several authors [38,41e47]. In this work, vapour
pressure data were collected in the range 1081e1200 K. The
melting point was not reached because the complete evaporation
of the sample occurred first, due to high vacuum during the
experiment.

If the material under investigation does not undergo a phase
transformation and evaporates congruently, the logarithm of its
vapour pressure versus the reciprocal temperature is well
approximated by a linear function. The vapour pressure results of
solid UF4 obtained in this work are listed in Annex Table 1 and are
well represented by the following equation:

ln pðPaÞ ¼ �ð35758±357Þ
TðKÞ þ ð33:493±0:216Þ (7)

The lines obtained fitting the experimental data measured by
several authors are plotted in Fig. 3.



Fig. 3. Vapour pressures for solid UF4 calculated using experimental data of several
authors (solid lines) and the thermodynamic assessment by Capelli et al. [39] (dashed
line). Relative uncertainty on UF4 vapour pressure results obtained in this work is 50%.
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Only data on solid UF4 were considered. The figure also shows
(dotted line) the values calculated using the thermodynamic
database assessed by Capelli et al. [39]. Despite a slightly different
slope, our data are in good agreement with experimental data of
Ryon and Twichell [41], Popov et al. [38] and Nagarajan et al. [46].

The errors for slope and intercept in Equation (7) refer to the
estimated uncertainty, which in this case depends firstly on the
uncertainties on the parameters described in Section 2.3. In this
regard, ionization cross sections of molecules by electron impact
are rather difficult to determine with high accuracy and precision.
As described in Section 2.3, ThF4 and UF4 ionization cross sections
were calculated according to the modified additivity rule suggested
by Deutsch et al. [25], who showed that in most cases their method
yields cross sections which agree reasonably with available
experimental data, with deviations rarely larger than 20%.
Furthermore, also the temperature measurement may represent a
source of uncertainty. Despite the calibration (described in Section
2.3), the heating element and the quartz optical window crossed by
the lasermay affect the temperature registered by the pyrometer. In
order to take into account possible deviations from the real tem-
perature, we considered a relative uncertainty on the temperature
equals to ±1%. In the light of these considerations (on cross section
and temperature), we estimate for our vapour pressure results a
confidence interval equals to ±50%.

Enthalpy of sublimation was determined based on vapour
pressure results measured in this work according to the second law
method:
Table 4
Enthalpy of sublimation at 298.15 K for UF4 obtained by third law analysis of experimen

Reference T range [K]

Popov et al. [38] 1148e1273
Langer and Blankenship [42] 1291e1573
Akishin and Khodeev [43] 917e1041
Chudinov and Choporov [44] 823e1280
Hildenbrand [45] 980e1130
Nagarajan et al. [46] 1169e1427
Johnsson [47] 1120e1275
This work 1081e1200
DH
�
TM ¼ �R

d
�
ln Keq

�
dð1=TÞ (8)

and the third law method:

DH
�
298 ¼ �T

"
R ln Keq þ D

G
�
T � H

�
298

T

#
(9)

where TM is the mean temperature of the measurement, R is the
universal gas constant, Keq is the equilibrium constant of the sub-
limation reaction and D½ðG�

T � H
�
298Þ=T� is the change of the Gibbs

energy function of the reaction considered. In this work, thermo-
dynamic functions of UF4 are taken from literature [48,49]. The
second and third law methods, which are described in detail else-
where [50], give values of DH

�
298 ¼ 314:0±0:8 kJ=mol and

DH
�
298 ¼ 314:4±0:4 kJ=mol, respectively. The indicated errors

represent the standard deviation. The value obtained from the third
law treatment is more reliable since it does not depend from other
vapour pressure results taken at different temperatures. However,
the two approaches lead almost to the same value.

Table 4 shows the values calculated by a third law method of the
available literature data and shows that our result is in good agree-
mentwith the values obtained using the experimental data of Langer
and Blankship [42], Hildenbrand [45] and Nagarajan et al. [46].

Finally, the ionization efficiency curves for the ions obtained
from UF4 increasing the electron energy and keeping the temper-
ature constant at 1188 K (high enough to get good signal) are shown
in Fig. 4.
tal data of different authors [48].

Technique DH
�
298½kJ=mol�

Transpiration 318.4± 1.0
Quasistatic and boiling point 313.9± 0.2
Effusion mass spectrometry 344.0± 3.0
Effusion 309.7± 0.5
Torsion-effusion 313.1± 0.4
Transpiration and evaporation 314.5± 0.4
Balanced diaphragm method 306.8± 0.7
Effusion mass spectrometry 314.4± 0.4

Fig. 4. Ionization efficiency curves measured for the ions F , U , UF , UF2 , UF3 and
UF4þ.



Fig. 5. Appearance potentials of ions from UF4 molecules by electron impact.

Fig. 6. Partial and total vapour pressures for the mixture LiF-ThF4-UF4 (77.5-20.0-
2.5mol%). The dashed line is the total vapour pressure considering only LiF and Li2F2
(their partial vapour pressures are several orders of magnitude higher than other
species). Relative uncertainty on vapour pressure measurements is 50%.
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As discussed in Section 2.3, this procedure is needed to correct
for the possible fragmentation; but in this case it was simple as all
ions detected by the mass spectrometer come from the same spe-
cies (UF4(g)). The picture also shows how to get the appearance
potential of an ion. Fig. 5 summarizes the ionization potentials
obtained in this work for UF4.

The value of 10.9 eV for the reaction.

UF4 þ e / UFþ4 þ 2e (10)

is in perfect agreement with the value measured by Gorokhov et al.
[51]. The ionization potential of UF4þ was measured also by Hil-
denbrand [45], Dyke at al. [30], and Lau and Hildenbrand [52], who
measured values of 9.96± 0.10, 10.32 and 10.2± 0.3 eV, respec-
tively. The ionization potential of smaller ions from UF4 neutral
precursor was reported only by Lau and Hildenbrand [52], who
measured 13.33± 0.10, 19.5± 0.5 and 25.5± 0.5 eV for UF3þ, UF2þ and
UFþ, respectively. All these values are in very good agreement with
our measurements.
3.3. Vapour pressure of LiF-ThF4-UF4 (77.5-20.0-2.5mol%)

Partial vapour pressure results obtained by KEMS for the
mixture LiF-ThF4-UF4 (77.5-20.0-2.5mol%) are listed in Annex
Table 2. These results are well approximated by the equations in
Table 5, which are displayed in Fig. 6.

Errors for slopes and intercepts in Table 5 refer to the uncer-
tainty estimated considering possible deviations from reference
values of temperature and cross sections. In this regard, ionization
cross sections of the lithium species (monomer, dimer and trimer)
were taken from Yamawaki et al. [27], who based their values on
the work performed by Stafford [53]. Similarly to what has been
mentioned in Section 3.2 for UF4, we applied a relative uncertainty
of ±20% also on the cross sections of lithium species and ThF4,
coming to similar conclusions. So, we suggest a confidence interval
Table 5
Formulas for partial and total vapour pressures for the mixture LiF-ThF4-UF

Species Equation

LiF(g) ln pðPaÞ ¼ �ð28678±284Þ
TðKÞ

Li2F2(g) ln pðPaÞ ¼ �ð27071±268Þ
TðKÞ

Li3F3(g) ln pðPaÞ ¼ �ð26052±261Þ
TðKÞ

Tot LiF species ln pðPaÞ ¼ �ð28151±271Þ
TðKÞ

ThF4(g) ln pðPaÞ ¼ �ð41987±420Þ
TðKÞ

UF4(g) ln pðPaÞ ¼ �ð34804±348Þ
TðKÞ

Tot vap pressure ln pðPaÞ ¼ �ð28277±276Þ
TðKÞ
±50% also on the results listed in Annex Table 2.
Lithium fluoride monomer and dimer are the species with the

highest vapour pressure and the sum of their partial vapour pres-
sures almost equals the total vapour pressure of the mixture in the
temperature range considered. This does not surprise since LiF is
the solvent of the mixture with a molar content of 77.5mol%. The
partial vapour pressure of UF4 is higher than the one of ThF4 despite
a molar content of ThF4 eight times higher than UF4. Although it
was not possible measuring the partial vapour pressure of all the
species in the entire temperature range of operation of the MSFR
(which may be between 923 and 1073 K [8]), since the temperature
range of the measurement is very similar, the formulas listed in
Table 5 can reasonably be extrapolated to this range.

The departure from ideal behaviour was quantified using
Raoult's law, which states that the partial vapour pressure of each
component (pideali ) of an ideal mixture of liquids is equal to the
vapour pressure of the pure component (p*i ) normalized (multi-
plied) by its mole fraction in the mixture (xi):

pideali ¼ p*i xi (11)

Because the reference state is liquid, the vapour pressures of the
pure components in equation (11) are taken from formulas for the
vapour pressure in the liquid extrapolated to the supercooled state.
The used formulas are listed in Table 6.

For lithium fluoride species and ThF4 we used the equations of
4 (77.5-20.0-2.5) based on the values measured in this work.

Temp range [K]

þ ð25:134±0:204Þ 912e1198

þ ð22:883±0:208Þ 926e1193

þ ð18:830±0:213Þ 1028e1204

þ ð25:043±0:199Þ 1028e1193

þ ð31:273±0:213Þ 1109e1227

þ ð26:190±0:213Þ 1059e1227

þ ð25:166±0:203Þ 1109e1193



Table 7
Activity coefficients for the mixture LiF-ThF4-UF4 (77.5-20.0-2.5mol%).

Species 900 K 1000 K 1100 K 1200 K 1300 K

LiF 0.315 0.323 0.331 0.338 0.345
ThF4 0.012 0.026 0.051 0.087 0.137
UF4 0.003 0.008 0.015 0.025 0.040

Table 6
Vapour pressure formulas of pure components used in this work. Errors for slopes
and intercepts correspond to the values provided by the authors [11,46].

Species Equation Ref

LiF(g) ln pðPaÞ ¼ �ð28064±159Þ
TðKÞ þ ð25:893±0:124Þ [11]

Li2F2(g) ln pðPaÞ ¼ �ð27707±69Þ
TðKÞ þ ð24:886±0:055Þ [11]

Li3F3(g) ln pðPaÞ ¼ �ð24566±203Þ
TðKÞ þ ð19:305±0:161Þ [11]

ThF4(g) ln pðPaÞ ¼ �ð34858±180Þ
TðKÞ þ ð29:386±0:124Þ [11]

UF4(g) ln pðPaÞ ¼ �ð27663±771Þ
TðKÞ þ ð27:608±0:737Þ [46]
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our previous work [11]. Because we could not measure UF4 vapour
pressure in the liquid state, we used the formula proposed by
Nagarajan et al. [46] (adjusted for natural logarithm and pascal unit
of pressure), who obtained results for the solid state in good
agreement with ours. Fig. 7 compares the partial vapour pressures
of the ideal mixture (dashed lines) and the ones based on the
experimental values (solid lines). Results obtained by thermody-
namic calculations based on the database assessed by Capelli et al.
[39] are also shown in Fig. 7 (dotted lines).

In the considered range (z900e1250 K), the calculations over-
estimate the total vapour pressure lithium fluoride species of a
factor 1.5 and partial vapour pressure of ThF4 and UF4 of a factor 7.9
and 3.6 on average, respectively. These large values might be
explained because no ternary parameter was used for the system
LiF-ThF4-UF4 since the excess Gibbs energies were calculated purely
based on the corresponding binary sub-systems. For LiF-ThF4 data
on phase equilibria, enthalpy of mixing and enthalpy of the eutectic
composition were used, but for ThF4-UF4 and LiF-UF4 only equi-
librium phase diagram data were used. This may explain the dis-
crepancies between the measurement and the calculation.

The ideal behaviour overestimates the vapour pressure of
lithium fluoride species of a factor 3. On the ln(p) vs 1/T diagram,
the partial vapour pressures of ThF4 and UF4 show different slopes
from the experimental observation, leading to very much higher
values (up to hundreds of times), especially at lower temperatures
(900e1000 K). This is not reproduced by the calculations, which
give slopes more consistent with the experimental observation.

In Table 7, the activity coefficients of the end-members of the
mixture LiF-ThF4-UF4 (77.5-20.0-2.5mol%), in the range
Fig. 7. Comparison of partial vapour pressures of the mixture LiF-ThF4-UF4 (77.5-20.0-
2.5mol%) with ideal behaviour and thermodynamic (TD) assessment based on [39].
900e1300 K are determined according to the relation:

gi ¼
pexpi

xip*i
(12)

where pexpi and p*i are the experimental partial vapour pressure of
the species i in the mixture and the vapour pressure of the pure
component i, respectively. Their values are determined using the
equations listed in Tables 5 and 6 These values quantify the de-
parture from the ideal behaviour discussed in the previous
paragraphs.

Finally, the boiling point of the mixture LiF-ThF4-UF4 (77.5-20.0-
2.5mol%) was extrapolated from the measured total vapour pres-
sure (sum of all the partial vapour pressures) to 1 bar pressure.
Based on this approach, we recommend for the mixture LiF-ThF4-
UF4 (77.5-20.0-2.5mol%) a boiling point of 2019± 10 K, which is
just 2 K lower than the predicted value based on the thermody-
namic assessment [39]. It is important to consider that at high
temperatures, the composition of the mixture differs from the
initial one. According to our calculations (based on the Hertz-
Knudsen equation [22]), LiF, UF4 and ThF4 lost 1% of their initial
masses during the KEMS experiment approximately at 1135, 1180
and 1290 K, respectively, from which we can conclude that below
1135K the composition of the melt remained unchanged within
±1mol% uncertainty. These phenomena should be taken into ac-
count for the boiling point measurement of the MSFR fuel mixture.

4. Conclusions

In this work, experimental results for the vaporization behav-
iour of a selected mixture for the MSFR are presented and dis-
cussed. Thorium and uranium tetrafluoride were synthetized and
the mixture LiF-ThF4-UF4 (77.5-20.0-2.5mol%) was prepared and
analysed by KEMS.

Experimental results and equations for partial and total vapour
pressures of this mixture are provided. The results on the vapour
pressure of the pure end-members, performed in this (UF4) and our
previous study (LiF and ThF4) [11], are in good agreement with
literature data increasing the reliability of partial vapour pressure
results for the mixture LiF-ThF4-UF4 (77.5-20.0-2.5mol%). Since
data were collected within temperature ranges very similar to the
operating temperature of the MSFR, the proposed formulas are
reasonably reliable also for that range.

Experimental results for the mixture LiF-ThF4-UF4 (77.5-20.0-
2.5mol%) were used to calculate the activity coefficients, quanti-
fying the departure from ideal behaviour at different temperatures.
Raoult's lawwas used for calculating partial vapour pressures in the
ideal case, giving values 3 times higher than the experimental ones
for LiF. In the ideal case, on the ln(p) vs 1/T diagram, ThF4 and UF4
show a rather different slope if compared with the experimental
results. This change of slope was not observed in the calculations
using the thermodynamic database assessed by Capelli et al. [39].
However, also the calculations overestimate the experimental
values significantly. This may be due to the lack of ternary pa-
rameters for the system LiF-ThF4-UF4, and of vapour pressure data
in the model, giving suggestions for future works.

Novel results on the vapour pressure of solid uranium



A. Tosolin et al. / Journal of Nuclear Materials 508 (2018) 319e328326
tetrafluoride are presented finding a good agreement with several
available literature data. Second and third law treatment of the
experimental data gave values for the enthalpy of sublimation of
314.0± 0.8 kJ/mol and 314.0± 0.4 kJ/mol, respectively. These results
are in very good agreement with the values obtained by a third law
treatment of experimental data in several independent studies. The
appearance potential of neutral UF4 precursor was measured for
several ionization reactions. The results for UF4þ, UF3þ, UF2þ and UFþ

are in good agreement with available literature data, while no
result for Uþ was found in literature for comparison.

The melting point of the mixture LiF-ThF4-UF4 (77.5-20.0-
2.5mol%) was experimentally assessed by DSC as 828± 3 K. The
pseudo binary phase for the LiF-ThF4 system with 2.5mol% of UF4
(calculated using the database of our previous thermodynamic
assessment [39]) indicates an eutectic temperature which is in very
good agreement with the experimental value. The boiling point of
the mixture LiF-ThF4-UF4 (77.5-20.0-2.5mol%) was assessed
Annex Table 1
Vapour pressure results of UF4 obtained by KEMS in this work.

Temp [K] p [Pa] Temp [K] p [Pa]

1081.4 1.64Eþ00 1119.1 4.64Eþ00
1082.9 1.72Eþ00 1120.8 4.86Eþ00
1084.7 1.80Eþ00 1122.7 5.08Eþ00
1086.4 1.89Eþ00 1124.6 5.32Eþ00
1088.0 1.97Eþ00 1126.2 5.57Eþ00
1090.0 2.07Eþ00 1127.9 5.84Eþ00
1091.6 2.17Eþ00 1129.8 6.09Eþ00
1093.2 2.28Eþ00 1131.3 6.36Eþ00
1094.7 2.38Eþ00 1132.6 6.62Eþ00
1096.7 2.49Eþ00 1134.1 6.93Eþ00
1098.6 2.61Eþ00 1135.8 7.22Eþ00
1100.0 2.74Eþ00 1137.1 7.50Eþ00
1101.8 2.86Eþ00 1138.8 7.80Eþ00
1103.2 2.98Eþ00 1140.0 8.09Eþ00
1104.8 3.13Eþ00 1141.4 8.40Eþ00
1106.5 3.26Eþ00 1142.9 8.67Eþ00
1107.8 3.40Eþ00 1143.3 8.85Eþ00
1109.2 3.53Eþ00 1144.2 9.07Eþ00
1110.6 3.65Eþ00 1145.0 9.29Eþ00
1111.8 3.79Eþ00 1146.3 9.56Eþ00
1113.3 3.89Eþ00 1147.3 9.84Eþ00
1114.2 4.03Eþ00 1148.5 1.02Eþ01
1115.4 4.16Eþ00 1149.8 1.05Eþ01
1116.4 4.32Eþ00 1151.3 1.09Eþ01
1118.0 4.46Eþ00 1152.4 1.12Eþ01

Annex Table 2
Partial vapour pressure results for the mixture LiF-ThF4-UF4 (77.5-20.0-2.5mol%).

LiF Li2F2 Li3F

Temp [K] P (LiF) Temp [K] P (Li2F2) Temp [K]

912.0 1.64E-03 926.1 1.77E-03 1028.4
920.5 2.43E-03 933.3 2.17E-03 1035.7
928.0 2.81E-03 940.3 2.72E-03 1042.7
935.2 4.08E-03 948.1 3.39E-03 1049.2
942.7 4.92E-03 955.5 4.05E-03 1056.1
950.1 6.29E-03 962.3 4.89E-03 1062.4
957.4 7.65E-03 968.9 6.01E-03 1069.2
964.1 9.10E-03 975.8 7.19E-03 1075.8
970.7 1.32E-02 982.6 8.82E-03 1082.3
977.7 1.64E-02 989.8 1.16E-02 1088.8
984.6 2.01E-02 996.9 1.44E-02 1094.6
991.6 2.40E-02 1003.3 1.70E-02 1100.4
998.9 2.96E-02 1009.7 2.03E-02 1106.5
1005.0 3.53E-02 1018.5 2.45E-02 1112.3
1012.2 4.23E-02 1026.6 3.11E-02 1119.1
extrapolating experimental data by KEMS to the atmospheric
pressure, giving a value of 2019± 10 K. The boiling point deter-
mined using the thermodynamic database assessed by Capelli et al.
[39] (2021 K) is in very good agreement with this value.
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Annex tables
Temp [K] p [Pa] Temp [K] p [Pa]

1153.6 1.16Eþ01 1186.3 2.88Eþ01
1154.9 1.20Eþ01 1186.8 2.90Eþ01
1155.9 1.24Eþ01 1187.0 2.92Eþ01
1157.2 1.28Eþ01 1187.2 2.95Eþ01
1158.2 1.32Eþ01 1187.6 2.96Eþ01
1159.7 1.36Eþ01 1187.6 2.97Eþ01
1160.7 1.40Eþ01 1187.7 2.99Eþ01
1161.8 1.44Eþ01 1187.9 3.00Eþ01
1163.1 1.49Eþ01 1187.9 3.00Eþ01
1164.4 1.56Eþ01 1187.7 3.00Eþ01
1165.7 1.60Eþ01 1187.9 3.01Eþ01
1167.1 1.65Eþ01 1189.3 3.29Eþ01
1172.6 2.04Eþ01 1190.1 3.36Eþ01
1174.2 2.11Eþ01 1191.0 3.42Eþ01
1175.7 2.18Eþ01 1192.2 3.50Eþ01
1177.0 2.26Eþ01 1193.1 3.58Eþ01
1178.2 2.33Eþ01 1194.1 3.66Eþ01
1179.4 2.40Eþ01 1195.4 3.75Eþ01
1180.5 2.48Eþ01 1196.5 3.84Eþ01
1181.7 2.55Eþ01 1197.1 3.93Eþ01
1182.7 2.62Eþ01 1198.3 4.03Eþ01
1183.7 2.68Eþ01 1199.4 4.13Eþ01
1184.5 2.74Eþ01 1200.4 4.23Eþ01
1185.3 2.79Eþ01
1185.9 2.84Eþ01

3 ThF4 UF4

P (Li3F3) Temp [K] P (ThF4) Temp [K] P (ThF4)

1.55E-03 1108.6 1.38E-03 1058.6 1.20E-03
1.78E-03 1115.0 1.69E-03 1065.2 1.53E-03
2.09E-03 1122.5 2.26E-03 1071.5 2.03E-03
2.45E-03 1130.3 2.86E-03 1078.5 2.29E-03
2.89E-03 1137.3 3.67E-03 1084.9 3.00E-03
3.37E-03 1143.6 4.48E-03 1091.2 3.52E-03
3.89E-03 1150.1 5.50E-03 1097.1 4.07E-03
4.56E-03 1156.2 6.20E-03 1102.8 4.63E-03
5.23E-03 1162.1 7.83E-03 1108.7 5.63E-03
6.03E-03 1164.6 8.14E-03 1115.2 6.39E-03
6.72E-03 1165.5 8.10E-03 1122.8 8.09E-03
7.61E-03 1168.2 9.11E-03 1130.5 9.56E-03
8.38E-03 1172.0 1.02E-02 1137.6 1.18E-02
1.06E-02 1176.8 1.18E-02 1143.8 1.39E-02
1.21E-02 1181.7 1.37E-02 1150.3 1.64E-02



Annex Table 2 (continued )

LiF Li2F2 Li3F3 ThF4 UF4

Temp [K] P (LiF) Temp [K] P (Li2F2) Temp [K] P (Li3F3) Temp [K] P (ThF4) Temp [K] P (ThF4)

1020.8 5.07E-02 1034.2 3.87E-02 1127.6 1.40E-02 1186.4 1.63E-02 1156.4 1.87E-02
1028.5 6.49E-02 1041.1 4.52E-02 1134.6 1.64E-02 1191.1 1.84E-02 1162.3 2.18E-02
1036.1 7.93E-02 1047.9 5.37E-02 1141.2 1.90E-02 1195.4 2.07E-02 1164.5 2.35E-02
1043.0 9.64E-02 1054.4 6.25E-02 1147.6 2.17E-02 1200.9 2.49E-02 1165.5 2.49E-02
1049.6 1.12E-01 1060.9 7.55E-02 1153.6 2.45E-02 1206.7 2.93E-02 1168.3 2.65E-02
1056.4 1.34E-01 1067.6 8.83E-02 1159.7 2.75E-02 1212.4 3.59E-02 1172.2 2.96E-02
1062.9 1.62E-01 1074.1 1.03E-01 1165.0 3.04E-02 1217.1 4.13E-02 1176.7 3.36E-02
1069.2 1.89E-01 1080.9 1.20E-01 1164.8 3.06E-02 1221.3 4.62E-02 1181.8 3.77E-02
1076.1 2.21E-01 1087.3 1.39E-01 1166.8 3.16E-02 1227.1 5.54E-02 1186.5 4.32E-02
1082.9 2.60E-01 1093.3 1.60E-01 1170.2 3.32E-02 1191.2 4.90E-02
1089.1 3.04E-01 1099.0 1.83E-01 1174.8 3.53E-02 1195.4 5.50E-02
1095.1 3.48E-01 1105.1 2.09E-01 1179.5 3.83E-02 1201.1 6.33E-02
1100.7 4.01E-01 1111.2 2.38E-01 1184.7 4.16E-02 1206.7 7.29E-02
1106.9 4.60E-01 1117.6 2.71E-01 1189.3 4.48E-02 1212.5 8.30E-02
1112.7 5.28E-01 1125.9 3.18E-01 1193.6 4.83E-02 1217.2 9.32E-02
1119.5 6.10E-01 1133.0 3.71E-01 1198.7 5.14E-02 1221.5 1.06E-01
1127.8 7.13E-01 1139.8 4.24E-01 1204.4 5.65E-02 1227.2 1.22E-01
1134.8 8.39E-01 1146.1 4.83E-01
1141.4 9.61E-01 1152.4 5.38E-01
1147.7 1.09Eþ00 1158.4 6.20E-01
1153.9 1.21Eþ00 1164.3 6.88E-01
1160.0 1.50Eþ00 1164.8 7.02E-01
1165.0 1.69Eþ00 1166.2 7.19E-01
1164.9 1.76Eþ00 1169.6 7.56E-01
1167.0 1.82Eþ00 1173.6 8.04E-01
1170.4 1.94Eþ00 1178.5 8.69E-01
1175.1 2.10Eþ00 1183.5 9.38E-01
1179.8 2.29Eþ00 1188.1 1.01Eþ00
1184.9 2.51Eþ00 1192.7 1.07Eþ00
1189.4 2.76Eþ00
1193.9 3.01Eþ00
1198.8 3.26Eþ00
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