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ABSTRACT

The present study describes the full thermodynamic assessment of the Li,Cs,Th//F]I system. The existing
database for the relevant fluoride salts considered as fuel for the Molten Salt Reactor (MSR) has been
extended with two key fission products, cesium and iodine. A complete evaluation of all the common-ion
binary and ternary sub-systems of the LiF-ThF4-CsF-Lil-Thl4-Csl system has been performed and the
optimized parameters are presented in this work. New equilibrium data have been measured using
Differential Scanning Calorimetry and were used to assess the reciprocal ternary systems and confirm the
extrapolated phase diagrams. The developed database significantly contributes to the understanding of
the behaviour of cesium and iodine in the MSR, which strongly depends on their concentration and
chemical form. Cesium bonded with fluorine is well retained in the fuel mixture while in the form of Csl
the solubility of these elements is very limited. Finally, the influence of Csl and CsF on the physico-

chemical properties of the fuel mixture was calculated as function of composition.
© 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

technologies considered for future nuclear energy development.
Fissile and fertile materials are dissolved in a liquid molten salt

The Molten Salt Reactor (MSR) is one of the promising reactor mixture circulating in the primary circuit and serving both as fuel

and as coolant for the fission reaction. Among the various design
concepts, the focus in Europe is on the Molten Salt Fast Reactor
(MSFR) [1,2] which exploits the advantages of a fast neutron
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Netherlands. eutectic mixture with addition of either UF4 or PuF; [3] as fissile
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and small concentration of UF3 for the redox control.

In case of multi-component mixtures, the physico-chemical
properties of the liquid salts can be effectively described by ther-
modynamic models and an extensive thermodynamic database
including the most relevant systems for the MSR is being developed
at the Joint Research Centre (JRC) since several years. However, at
present the database considers mainly “fresh” fuel compositions,
i.e. at the beginning of the reactor operation time. During irradia-
tion, fission products are formed by the fission reaction and accu-
mulate in the fuel matrix. The effect of this composition change on
the melting behaviour, solubility limit and vapour pressure of the
fuel must be carefully evaluated and could be achieved by
extending the present thermodynamic database to the main fission
products. The present work considers the effect of two of the most
important fission products, cesium and iodine, on the fuel mixture.
Both elements are produced with relatively high yield and deserve
strong attention due to their volatility and radiological effects in
accidental scenarios. Once formed, cesium and iodine are expected
to dissolve in the LiyThy_4F4_34 liquid solution and bond in the fuel.

In the present work, the modified quasi-chemical model in the
quadruplet approximation was applied to describe the reciprocal
Li,Cs,Th//F]I system. All the common-ion binary sub-systems have
been reviewed and, if needed, newly assessed. Slight modifications
have been made for the CsF- and Csl- containing phase diagrams
due to a recent re-evaluation of their thermodynamic properties.
The ternary common-ion systems (such as the LiF-CsF-ThF4) and
the reciprocal systems (Li,Cs//El; Cs,Th//Fl and Li,Th//FI) were
extrapolated and optimized in this work based on novel experi-
mental data. The Differential Scanning Calorimetry (DSC) was used
to determine the phase equilibria of the selected compositions and
to confirm the extrapolated phase diagrams. Finally, the developed
model was employed to investigate the behaviour of cesium and
iodine in the specific case of the molten salt fuel mixture. The
calculations aimed to evaluate the influence of CsF and Csl accu-
mulation in the fuel on its critical thermodynamic properties, such
as the melting temperature and the vapor pressure.

2. Experimental
2.1. Sample preparation

In order to complement the existing available data and confirm
the developed thermodynamic model, selected compositions of the
Li,Cs, Th//F]I system were synthesized and analysed in this work. The
samples were prepared starting from the pure compounds lithium
fluoride (LiF), cesium fluoride (CsF) and cesium iodide (CsI), obtained
for Alfa Aesar, and thorium tetrafluoride (ThF,), obtained from IBI
Labs, USA. The details on the provenance of the samples, their purity
and the treatments performed prior the mixing are summarized in
Table 1. While LiF was provided in anhydrous form, CsF and Csl have
been dried at 573 K for several hours under Ar flow to remove the
residual moisture, if present. ThF; is likely to contain, in addition to
moisture, oxide and oxyfluoride impurities which can be detected by
calorimetric techniques and must be therefore removed from the
samples. The purification process is described in details in Ref. [4]

and is based on the conversion of oxides into fluorides using NH4HF,
as fluorinating agent. The purity of all the compounds has been
confirmed using the DSC technique for the identification of the
melting point. As reported in Table 1, the experimental values agree
well with the literature values in all cases, within the instrument
uncertainty (+5 K), confirming the purity of the samples.

The samples were prepared by mixing stoichiometric quantities
of the end-members and were handled at any time under
controlled atmosphere. An argon-filled glove box was used, in
which the content of oxygen and water is constantly monitored and
kept low, typically below 5 ppm. Moreover, in order to avoid the
contact between the corrosive gas formed at high temperature and
the environment of the instrument, the samples were encapsulated
during the measurements. A gas tight stainless steel crucible
internally lined with nickel is used as described in Ref. [8]. This
method minimizes also the sample loss and the composition shift
due to incongruent vaporization.

2.2. Differential Scanning Calorimetry

The Differential Scanning Calorimetry (DSC) is a widely used
technique for the identification of phase equilibria in multi-
component systems and was employed in this work to investigate
the Li,Cs, Th//EI system. The detector of the instrument, a Setaram
MultiHTC-96 DSC suitable for temperature up to 1400°C, is
composed of two ceramic chambers, one for the sample and one for
the reference, linked together by a series of interconnected S-types
thermocouples. In this configuration, the heatflow between the two
chambers is measured as function of temperature providing infor-
mation on the occurence of temperature-induced process, such as
phase transitions, visualized as peaks. The temperature of the tran-
sition and its energy can be determined from the analysis of the peak
as the onset temperature and the area, respectively. For this purpose,
a temperature calibration is required and was performed by
measuring the melting point of several standard materials (In, Sn, Pb,
Al Ag, Au, Zn) with determined uncertainty of +5 K. Argon was used
as flowing inert purge gas for all measurements.

A standard measurement program was applied for all the samples
and consists of four successive heating cycles with constant heating
rate of 10 K/min, and different cooling rates (5 K/min, 7 K/min, 10 K/
min and 15 K/min). During the first heating ramp, the samples were
homogenized while the data were collected during the three
following cycles. It is important to mention that Csl and CsF are quite
volatile compared to the other components and partial vaporization
might occur at high temperature leading to a composition shift. This
process will have an effect mainly on the liquidus transition and can
be identified by monitoring the variation of the temperature for the
same transition in the subsequent cycles.

3. Thermodynamic modeling
3.1. Chemical forms of cesium and iodine

A preliminary thermochemical analysis was performed to
identify the relevant species which have to be included in the

Table 1

Details on the provenance, the treatments and the purity of the compounds used in this work.
Compound Provenance Purity Further treatment Tmetting/K

Exp. Lit.

LiF Alfa Aesar 99.99% none (ultradry) 1118 +5 11213 +1 [5]
CsF Alfa Aesar 99.99% Drying (Ar atmosphere) 972.7+5 976 +2 [5]
Csl Alfa Aesar 99.999% Drying (Ar atmosphere) 902.2+5 905 +2 [6]
ThF, IBI Labs 99.99% Purification using NH4HF; 1383.6+5 1383 +3[7]
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Table 2
Possible stable chemical forms of cesium and iodine in fluorine-containing
environment considered in this work.

Fission products Chemical species

Cesium Csl
CsF
Elemental gases (Cs, Cs;)

lodine Csl
Lil
Thl,
Elemental gases (I, I,)
IFx (g)

database. A list of possible chemical forms of cesium and iodine in
fluoride salts is given in Table 2. In normal operation conditions, our
preliminary thermodynamic calculations predicts negligible pres-
ence of the elemental gases (I, I, Cs, Cs3) as well as for the gaseous
IFy compounds, which are likely to be formed only at rather high
fluorine potential. lodine is indicated to be in the form of iodide and
the description of the full system can be achieved considering
cations (Li*, Cs*, Th**") and anions (F~, 17) in a reciprocal system,
written as Li,Cs,Th//FL.

The average exchange Gibbs energy for the pure liquid salts in
the system were also calculated over the temperature range
600—1500K and are given below.

Lil 4+ CsF— LiF + CsI Agexchange — _ 106.5 k]
Thly + CsF—ThF4 + CsI  Age¥change ~ _ 143 6 k]
LiF + Thly—Lil + ThF,  Age*change ~ _ 371 k]

Based on these calculations, Csl is expected to be the most stable
of the possible iodides in the liquid solution causing a strong short
range order. Hence, particular emphasis was paid in the present
work to the description of the Csl-containing sub-systems in
addition to the fluorides. It must be noted here that only a minor
part of the total cesium produced can form Csl as the iodine is
produced with a much lower yield compared to cesium, the molar
ratio Cs/I being about 10. At this stage, the thermochemical analysis
does not take into account the interaction of cesium and iodine
with the other fission products (such as the formation of CsTey) or
the possible interaction with structural materials.

3.2. Compounds

The studied system contains five different ions: three cations
(Li*, Cs*, Th**) and two anions (F~, I7). The two by two combina-
tions generate six pure compounds LiF, CsF, ThF,, Lil, Csl, Thlyg,
which have to be described in the thermodynamic model. The
thermodynamic stability of all the compounds is given by their
Gibbs energy defined as:

T
G(T) = AfHO(298) — S°(298)T + / Cp(T)dT
298
T
T / (@) dT, (1)
298

where A;H?(298) and 59(298) are respectively the standard
enthalpy of formation and standard absolute entropy, both refer-
ring to a temperature of 298.15K and C,(T) is the temperature
function of the heat capacity at constant pressure. The thermody-
namic data for all compounds used in this work are reported in
Table 3 and have been taken from the literature works cited therein.

The enthalpy of formation of two intermediate compounds, LiCsF,
and Cs,Thlg, have been optimized in this work while their standard
entropy and the heat capacity values were calculated as weighted
average of the end-members properties (Neumann-Kopp rule in
case of heat capacity). Finally, the thermodynamic properties of
four intermediate compounds in the Lil-Thl; system were esti-
mated as discussed in the next section.

Since Csl and CsF have a relatively high vapour pressure
compared to the other salts and given the importance of the
vaporization behaviour of fission products in the molten salt
mixture, the gaseous species have also been included in the model.
The thermodynamic properties of the gaseous phases used in this
work are reported in Table 4 and have been taken from the litera-
ture works cited therein.

3.3. Liquid solution

The liquid solution was treated in this work using the modified
quasi-chemical model proposed by Pelton et al. [14]. This model is
very suitable to describe molten ionic solutions as the composition
of maximum short range ordering (SRO) is permitted to vary by
changing the defined “coordination numbers” Z/ias xy- The species in
solution are distributed over two sublattices, typically the cations
A,B,C,...on one sublattice (I) and the anions X, Y, Z,...on the second
sublattice (II). In quadruplet approximation, the model takes into
account simultaneously the first-nearest neighbour (FNN) in-
teractions between sublattices and the second-nearest neighbour
(SNN) interactions within a sublattice. Moreover, the model has
been used in previous works performed at JRC and it is therefore
compatible with the developed database.

The available thermodynamic database contains a large number
of common-anion systems in which fluorine is the only anion
present on the second sublattice. According to the model, the liquid
solution for these systems is defined by the formation of the generic
second-nearest neighbour pair (A — F — B) as given by the following
reaction:
A—-F-A)+B—-F-B)=2(A—F-B) Agap/F (2)
where Agg/r is the Gibbs energy change related to the pair for-
mation and it is an empirical parameter of the model.

In the present work, a second anion (iodine) is present on
sublattice II. Therefore, the distribution of the generic quadruplets
ABXj3, A;XY and ABXY must be considered and represent respec-
tively the case of a common-anion system, a common-cation sys-
tem and a mixed system. The quadruplet formation is given by the
following reactions:

(AZXZ)quad + (BZXZ)quad = 2(ABXZ)quad AgAB/Xz (3)

(A2X3) quad + (A2Y2)quad = 2(A2XY)quad Aga,xy  (4)

%(ABXZ + ABY; + AyXY + B,XY) = 2(ABXY) Agag/xy

(5)

where Agag/x,, Aga,/xy and Agap/xy are the Gibbs energy change
related to the quadruplet formation and are also empirical pa-
rameters of the model. It is important to mention that the param-
eter Agag/x, in the AB,C.../[X subsystem is identical to the
parameter Agsp x for pair approximation in Equation (2).

The Gibbs energy change terms can be expanded in polynomial
form such as:
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Table 3
The thermodynamic data AgH?%% (kJ-mol "), $?%8 (J-K~"+mol~") and Cp(J-K~"'-mol~") for pure compounds and intermediate compounds used in this study.
Compound ApH?% 5298 Cp Ref.
a b-T cT? d-T?
LiF (cr) —616.931 35.66 43.309 1.631.1072 5.047.107 —-5.691.10° [5]
LiF (1) —598.654 42.96 64.183 [5]
ThE4(cr) —2097.900 142.05 122.173 837.10°3 —1.255.10° [4]
ThE4(1) —2103.654 101.24 170.0 [4]
CsF (cr) —554.673 93.6 24.291 6.46.1072 5.900.10° [9]
CsF (1) —534.714 108.19 70.56 [9]
Csl (cr) —348.100 1222 43.815 2.184.102 2.496.10°6 2.002.10° [6]
CsI (1) ~311.911 131.89 74.268 [6]
Lil (cr)? —270.077 85.77 99.134 -1.830.107" 2.730.107% —~1.394.10° [5]
Lil (1) —258.349 98.61 63.178 [5]
Thly (cr) —669.600 251.0 140 1.35.1072 —-6.15.10° [7]
Thiy, (1) —638.248 275.24 176 (71
LiThFs(cr) —2719.490 181.89 165.482 2.468.1072 5.047.1077 —~1.824.10° [4]
LisThF;(cr) —3960.259 236.1 282.100 5.730.102 1.514.10°° —2.962.10° [4]
LiTh,Fo(cr) —4822.329 324.29 287.655 3.305.10 2 5.047.107 -3.079.10° [4]
LiTh4F;7(cr) —9021.140 609.0 532.001 4.979.1072 5.047.10~7 —5.589.10° [4]
Cs3ThF; (cr) —3870.476 456.00 195.05 2.022.107" 5.149.10° [10]
Cs,ThFg(cr) —3269.400 372.40 170.76 1.376.10! —7.504.10% [10]
a-CsThFs(cr) —2722.900 225.20 146.46 7.300.102 —6.650.10° [10]
B-CsThFs(cr) —2710.900 237.94 146.46 7.300.102 —6.650.10° [10]
Cs,ThsFy4(cr) —7555.000 593.00 415.10 1.543.10! —-2.585.10°6 [10]
CsThyFo(cr) —4818.625 376.57 268.64 8.135.102 -1.920.10° [10]
CsThsFy3(cr) —6940.048 501.14 390.81 8.972.102 —3.175.10° [10]
CsThgFys(cr) —13230.900 939.42 757.33 1.148.10°! —6.940.10° [10]
LiCsF, (cr) —~1174.578 129.8 67.600 8.091.102 5.047.10~7 2.085.10% this work
Cs,Thlg (cr) —~1383.300 495.4 227.63 5.718.102 4.992.10°¢ —2.145.10° this work
LiThls(cr)® —944.336 336.772 178.81 4,687.1072 3.562.10°% -4.892.10° this work
LisThl(cr)" —~1491.396 508.32 256.44 1.136.10°! 1.068.1077 -2377.10° this work
LiTh,lg(cr) -1618.875 587.772 318.81 6.037.102 3.562.10°8 —~1.104.10° this work
LiThgly(cr)® —2961.086 1089.77 598.81 8.737.102 3.562.10°% —2.334.10° this work
2 Additional terms: —1.156-10~7 T>.

® In the T range 839 K—1000K: C, (J-K~-mol~") = 189.27 + 3.337-10 T + 3.562.10 8 T? + 1.258.10°T 2 and in the T range 1000—2500K: C, (J-K~'-mol ') = 226.64.
¢ In the T range 839 K—1000K: C, (J-K™'-mol~!) = 266.90 + 1.100.10"'T + 1.068.10 7 T? 4 3.773.10° T 2 and in the T range 1000—2500K: C, (J-K~'-mol ') = 379.03.
9 In the T range 839 K—1000 K: C, (J-K~!-mol™!) = 339.72 + 3.337.102T + 3.562.10 % T2 + 1.258.10° T2 and in the T range 1000—2500K: C, (J-K~!-mol~) = 377.09.
¢ In the T range 839 K—1000K: C, (J-K~'-mol~!) = 640.63 + 3.337.10°T + 3.562.108 T? + 1.258.10° T2 and in the T range 1000—2500 K: C, (J-K~!-mol~') = 678.00.

Table 4
The thermodynamic data AfH?%® (kJ-mol ™), $?® (J-K~"-mol ') and Cx(J-K~'-mol ") for the gaseous species considered in this study.
Compound ApH?%8 5298 Cp T range Ref.
a b-T cT? d-12
LiF(g) —340.946 200.19 35.398 1.871.103 -1.654.107 298.15—-6000 K [5]
LiyFa(g) —935.323 261.80 83.094 1.000.10°° —-2.17.10° 298.15—-6000 K [5]
LisF3(g) —1524.598 316.70 132.924 3.000.10°° —3.75.10° 298.15—6000 K [5]
ThF4(g)* —1748.200 351.56 122.407 ~1.406.102 7.365.10°° 298.15—-6000 K [11]
CsF(g) —356.500 24321 37.386 5.70.104 -1.571.10° 298.15—-6000 K [5]
Csl(g) —153.300 275.17 37.886 3.058.10° 4913.1077 45351074 298.15—3000 K [6,12]
—34.730 2.842.102 -2572.10°% 1.362.10% 3000—6000 K [6,12]
Csaly(g) —469.200 431.29 83.143 6.384.10°7 —-8.053.10~ 1 —4.147.10* 298.15—6000 K [6,12]
Lil(g) —91.002 232.26 37.223 8.057.10~4 -1.179.1078 —2.647.10° 298.15—6000 K [5]
Lizly(g) —361.920 33061 82.952 9.877.107° ~1.195.10°8 —6.248.10° 298.15—-6000 K [5]
Lisl3(g) —612.458 42517 129.989 5414103 —2.682.10°6 -8.686.10° 298.15—-1000 K [13]
133.026 -1.162.10°6 1000—3000 K [13]
Thiy(g) —460.600 4785 100.492 2.102.102 ~1.365.107° 6.636.10% 298.15—2000 K [13]
108.961 1.004.1073 -1.397 .10~/ —4.096.10° 600—2000 K [13]
This(g) —187.443 429.84 82.885 6.320.10°4 —-4.100.1077 -1.100.10° 298.15—-1000 K [13]
83.341 —-1.300.104 2.500.10°8 —2.732.10° 1000—3000 K [13]
Thiy(g) 61.505 355.48 58.137 1.300.104 —7.500.10~8 —7.030.10* 298.15—-1000 K [13]
58.199 4.000.10°° -7.610.104 1000—3000 K [13]
Thi(g) 348.109 288.49 37.408 1.530.1073 6.890.107 —3.140.104 298.15—2500 K [13]
3 Additional terms: —1.939.107°T° + 2.011.107°T* - 7544.56 T .
(7)

A ) o i
Agap/x, = Mgl /x, + X;g/%/xz Xag/x, + Z;gAJB/Xz Xaa/x, (6)
i= j=

. A o
Aga, /xy = Ag3, xy + > el JxvXag /xy + X:gA]2 /XYxJAz /YX
i=1 j=1
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Agap/xy = Aggs/xy + Z(gzl'\B/XY(AX) Xa, /X +g/l\B/XY(BX)X;32 /X,
i1

+gzl;\B/XY(AY)X1i4\2 Y, T g};\B/XY(AX)Xib /x2>
(8)

where AggB /XY and gZB /xy are composition independent coefficients
while the dependence of the parameter on composition is given by
the quadruplet fractions yap/xy-

Finally, the charge-neutrality condition for the ABXY quadru-
plets in a molten fluoride salt solution must be fulfilled and it is
done by the definition of the coordination numbers respecting the
absolute cationic and anionic charges (qa, gs,...):

da qs qr qr
+ = + . 9)
Z//‘\‘B /XY ZEB /XY Zfa(s /XY ZXB /XY

In this work, the cation-cation coordination numbers were set to
6.0 as default value, except for Zt, ,;jJ =F 1) which were set to 2.0
and Z&y, ;(i=F, 1) which were set to 3.0. For these systems,
different cation-cation coordination numbers were selected during
the assessment to better represent the composition of short range
ordering (see details in the works [4,10]).

The optimized common-ion binary parameters for the liquid
solution as used in this work are given below (] - mol~1):

Agiitn/r, = —10883 + Xyt /r, (6697 +2.93T)
+ XThLi/F2 (—20930 +19.25 T) (‘10)

Agestnr, = —39329.6 — 11234 Xy, + 2928.8X s/, (11)

AgL,-CS/FZ = —5039 + 1374~86XCSL1'/F2 (12)
Agcs, /i = —2540 + 500XC52/FI (13)
AgL;Z/FI =-14344+2T+ XLiz/FI(3‘0 T) (14)
Agrics/1, = —5600 — 2300x /1, (15)
Agestnyr, = —5228 — 8300 X1ncs1, (16)
Agp, ;= —1384 (17)

Agyithy1, = —10883 + Xyin /1, (—6697 + 2.93 T)
+ XtnLis, (—20930+19.25T) (18)

Using the data of the binary phase diagrams, the common-ion
ternary phase diagrams and the reciprocal systems have been
extrapolated using the Kohler or the Kohler/Toop interpolation
methods depending on the symmetric or asymmetric nature of the
system. In this case, ThF4 and Thl, are considered as asymmetric
components as their chemical behaviour and their ionic nature is
different compared to the alkali halides. Some ternary parameters
(Ag%c) and reciprocal terms (AggBW) have been introduced to
optimize the phase diagrams according to the experimental data:

AgPihcs)pr = 4000 J-mol ™! (19)

Aglicgp = —600 J-mol ! (20)

4. Results
4.1. Common ion binary subsystems

All the common-ion binary subsystems have been reviewed in
this work as they are essential for the extrapolation to higher order
systems. The binary LiF-ThFs and CsF-ThF; systems have been
already extensively described in previous works [10,15] and the
same liquid model parameters as reported in these publications
were considered in the present work. The assessment of the
remaining systems is described in this section.

4.1.1. The LiF-CsF and the CsF-Csl systems

Slight adjustments have been made for the LiF-CsF and CsF-Csl
systems due to the recent re-assessment of the thermodynamic
properties of both the solid and liquid phase of CsF [9]. Although
there is no qualitative difference for the calculated phase diagrams
compared to the previous assessments, slightly different parame-
ters were used to optimize the liquid solution and the intermediate
compounds. The calculated phase diagram for the LiF-CsF system is
shown in Fig. 1 along with all the experimental data used for the
assessment [16—18]. The system is characterized by one eutectic
pointat T =758.1 K and X = 0.59 mol% and one peritectic point at
T=765.7 K and Xcsf = 0.48 mol%, in agreement with the previously
published works [19,20].

Similarly, the binary CsF-Csl system has been re-optimized in
the present work. As shown in Fig. 2, one single eutectic charac-
terizes the system and it is found at 704.3 K and X5 = 0.53 mol%.
While experimental data on the liquidus line of the CsF-CsI system
have been measured by Bukhalova et al. [21], no data were available
for the solidus line. In order to confirm the eutectic temperature
and the general shape of the phase diagram, new phase equilibria
data have been measured in this work using the DSC technique.
Three selected compositions (Xc5=0.26 mol%; 0.53 mol%; and the
0.76 mol%) have been measured and the results are reported in
Table 5. The eutectic temperature was confirmed experimentally
(T=706.8K) and the measured liquidus temperatures agree well
with the model and the literature data.

4.1.2. The Lil-LiF and the Lil-CsI systems

The calculated phase diagrams of the Lil-LiF and the Lil-Csl
systems are shown in Fig. 3 and Fig. 4, respectively. The Lil-LiF
system was assessed based on the literature data from Johnson
and Hathaway [22], who measured the phase equilibria of several
selected compositions. One eutectic point was found at T = 688.5 K
for the composition Xj;; = 0.83 mol%. On the contrary, there are no
experimental reports on the phase diagram of the Lil-Csl system,
which was assessed based on the enthalpy of mixing data of the
(Liy, Cs1—x)I liquid solution [23]. The eutectic point is predicted at
T=4463K for the composition Xj; =0.62 mol%. While the
calculated eutectic point of the Lil-LiF system agree well with the
evaluation of Sangster [19], a lower eutectic temperature was found
for the Lil-Csl system most likely due to the use of different ther-
modynamic properties for the end-members.

4.1.3. The CsI-Thly, Lil-Thly, and Thl4-ThF4 systems

Very little information is available for the Thls-containing sys-
tems. Brendel et al. [24] reported the stability of the intermediate
compound Cs;Thlg and showed the DTA curve at this exact
composition. The eutectic temperature of the CsI-Thl; mixture was
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Fig. 2. Phase diagram of the CsF-Csl system. o Data by Bukhalova et al. [21]. « Data measured in this work.

found at 728 K and the formation of the intermediate compound
was found at 803 K. Based on these very limited information, a
phase diagram for the CsI-Thly is proposed and shown in Fig. 5. The
eutectic point was found at T=728.1K for the composition
Xtn, =0.62mol% while the peritectic point was found at
T=802.8K for the composition Xy, = 0.27 mol%.

No data were found in literature for the ThF4-Thl, and the Lil-
Thly systems, thus no direct optimization of the phase diagrams
was possible. Although for the calculation of cesium and iodine
behaviour in MSR the description of these systems has a limited
influence, an effort was made to go beyond the ideal solution
treatment. The proposed phase diagrams are based on the

similarities with the related binary systems assessed in this work
from which the liquid excess parameters were taken.

All the common-cation systems evaluated in the present work
(LiF-Lil, CsF-Csl) are eutectic systems with no solid solubility and no
intermediate compounds. Therefore, a similar behaviour is
reasonably expected for the ThF4-Thls system. Fig. 6 shows the
calculated phase diagrams of the ThF4-Thl4 system when the liquid
excess parameters as assessed for LiF-Lil and the CsF-Csl systems,
respectively, are used. The eutectic temperatures obtained are close
to each other and the selected phase diagram, indicated with a solid
line, is calculated using an average of the two liquid solution data.
The eutectic is found at 543K with a maximum probable
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Table 5
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The phase equilibria of the selected composition measured in this work using the DSC technique.

System XLiF Xcsk XThE, Xcsl T/K Type of equilibrium
CsF-Csl — 0.235 - 0.765 706.2 Eutectic
_ - 835.2 Liquidus
_ 0.737 - 0.263 708.1 Eutectic
862.7 Liquidus
_ 0.474 - 0.526 706.3 Eutectic
709.1 Liquidus
LiF-CsF-ThF,4 0.366 0.612 0.022 — 750.2 Eutectic
LiF-Csl 0.957 — - 0.043 898.0 Csl stability limit
1119.9 Lower limit miscibility gap
1131.0° LiF stability limit
1550.6 Upper limit miscibility gap
0.808 — - 0.192 891.3 Csl stability limit
11129 Lower limit miscibility gap
1115.6° LiF stability limit
0.019 — - 0.981 899.9 Csl stability limit
11143 Upper limit miscibility gap
LiF-CsF-Csl 0.331 0.603 — 0.066 716.2 Eutectic
761.5 Peritectic
ThF4-Csl — 0.976 0.024 843.8 Csl stability limit
1302.2 Lower limit miscibility gap
1366.6 Upper limit miscibility gap
— 0.954 0.046 1299.5 Lower limit miscibility gap
1315.6 ThF, stability limit
1348.8 Upper limit miscibility gap
— 0.919 0.081 843.6 Csl stability limit
1305.8 Lower limit miscibility gap
1355.8 ThF, stability limit
1384.4 Upper limit miscibility gap
— 0.592 0.408 882.4 Csl stability limit
1318.1 Lower limit miscibility gap
1362.6 ThF, stability limit

2 Temperature determined solely from the cooling curves.
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Fig. 3. Phase diagram of the Lil-LiF system assessed in this study. - Data by Johnson and Hathaway [22].

temperature inaccuracy of +50K, based on phase diagrams

comparison.

In case of the Lil-Thly systems, the same excess parameters as
optimized in Ref. [15] for the LiF-ThF4; were considered. More-
over, four intermediate compounds with similar stoichiometry to

the fluoride system were supposed to be present also for the
iodide system. The thermodynamic properties of the compounds
were estimated based on the weighted average from the prop-
erties of their end-members and adding an enthalpy contribution
related to the compounds formation reaction (same as in LiF-ThF4
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system). A tentative phase diagram is shown in Fig. 7 and is
compared with the ideal behaviour (no interactions and no in-
termediate compounds). Given the large deviation in terms of
the eutectic temperature and in order to confirm the validity of
the assumptions, the same approach was tested on the LiCl-ThCly
system for which the eutectic temperature is known [25]. The
predicted eutectic temperature of 703 K compares well with the
literature value of 681K considering the uncertainties of the
estimation method.

Further investigations for all the binary systems in this section
are recommended to confirm the shape of the phase diagrams and,
more importantly, the temperature and the composition of the
invariant points. This requires novel experimental data on the
phase equilibria and the excess properties.

4.2. Common-ion ternary subsystems

Two common-ion ternary subsystems, i.e. the LiF-CsF-ThF4 and
the Lil-CsI-Thlg systems, can be calculated based on the binary
phase diagrams described above. No ternary interactions were
considered for the iodide systems, as no data were found in liter-
ature, and is therefore not discussed further here.

4.2.1. The LiF-CsF-ThF4 system

The ternary LiF-CsF-ThF4 phase diagram was extrapolated
based on the assessed binary phase diagrams according to the
Kohler/Toop formalism without any additional ternary com-
pound. A small ternary parameter was introduced to reproduce
the partial pressure of CsF in the ternary mixture LiF-CsF-ThF4
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(75.73-23.23-1.05) measured in Ref. [26] and shown in Fig. 8. The
calculated liquidus projection of the LiF-CsF-ThF; system is
shown in Fig. 9 with indicated primary crystallization fields. In
total, sixteen invariant points and three saddle points were
identified and are listed in Table 6. The extrapolation was
confirmed by the experimental determination of one of the
eutectic points (temperature and composition) in the system. The
experimental eutectic temperature was found at 750.2K for a
synthesized composition of LiF-CsF-ThF; (36.6-61.2-2.2 mol%)
and compares very well with the calculated temperature of
748.3 K for the composition LiF-CsF-ThF4 (35.3-61.4-3.3 mol%).

0.6 0.8 1
Thl.

Dashed line: Ideal behaviour without intermediate compounds.

4.3. The Li,Cs//EI reciprocal system

The only available data for the Li,Cs//F]I reciprocal system were
reported by Dvoryanova et al. [27,28]. They are mostly estimates
based on the regularities in the structure of the liquidus surfaces of
systems with the presence of fluoride-halide exchange. Margheritis
et al. [29] observed the occurence of a miscibility gap in the series of
fused systems LiF-AlkX (Alk=Na, K, Rb, Cs; X =Cl,Br,]) with an
increasing tendency to demix as the radius of the alkali cation and
the halide anion increases. The LiF-Csl system was found to have
the broadest liquid-liquid miscibility gap which extends over
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almost the entire composition range.

In order to complement the existing literature data, the LiF-Csl
join has been experimentally investigated in the present work.
The phase equilibria of three selected compositions were measured
using the DSC technique and the obtained data, reported in Table 5,
were used to assess the Li,Cs/[F]I reciprocal system. The experi-
mental results, and in particular the range of stability of the liquid-
liquid miscibility gap, were correctly reproduced introducing a
small ternary parameter, as shown in Fig. 10. Since Csl vaporizes
(Thoir = 1553 K) at temperatures close to the measurement upper
limit, the gaseous phase was included in the calculations and is
shown in the phase diagram. As mentioned before, the higher

evaporation of Csl in comparison with LiF might cause a slight
change in the sample composition during the measurements. This
effect clearly occurred for one of the samples (Xcg=4 mol%) for
which a temperature decrease was observed for the liquidus tran-
sition in the subsequent cycles. The temperature change is consis-
tent with a shift of 0.5 mol% and only the data measured during the
first cycle were considered in the optimization. Two of the observed
transitions, namely the lower limit of the miscibility gap and the LiF
stability limit, are very close in temperature and could not be
distinguished upon heating. However, the cooling curve shows two
separate peaks and the transition temperatures were determined
by extrapolation to zero of the onset temperature measured at
different cooling rates.

One composition ternary composition was also measured
outside the LiF-Csl join, close to the peritectic point in the LiF-CsF-
Csl system (exact composition in Table 5). The temperatures
measured, T=716.2K and 761.5K, agree rather well with the
calculated temperatures (T =703.1K and T=750.5K), validating
the predictive ability of the thermodynamic assessment.

The calculated liquidus projection of the Li,Cs//Fl system is
shown in Fig. 11. As expected, the phase field of LiF, which is the
highest melting component, is predominant and a liquid-liquid
miscibility gap is calculated along the LiF-Csl join for tempera-
tures above 1115 K. The system exhibit a strong FNN SRO so that the
Li-F and Cs-I nearest neighbour pairs predominate. Seven invariant
equilibria were found for this system and are reported in Table 7.

4.4. The Cs,Th//FI reciprocal system

No reported liquidus projection has been found in literature for
the Cs,Th//F]I system. Following the approach adopted for the Li,Cs//
FI system, novel experimental data were measured for composi-
tions along the ThF4-Csl join. The experimental phase equilibria are
reported in Table 5 and were correctly reproduced (Fig. 12) by the
thermodynamic model with no additional reciprocal parameters.
The larger discrepancy was observed for the transition at 905K,
corresponding to the Csl stability limit. The peak registered at this
temperature was small and very broad, especially for low Csl con-
centrations, and thus the determination of the onset point has a
higher uncertainty.

The calculated liquidus projection of the Th,Cs//F]I system is
shown in Fig. 13 and the invariant equilibria are reported in Table 8.
Also in this case, the system show a strong short range order and
the ThF4 phase field predominates.

4.5. The Li,Th//FI reciprocal system

The last reciprocal system of the series, the Li,Th//F]I system, was
calculated assuming no ternary reciprocal parameters and it is
shown in Fig. 14. The invariant point of the system are also reported
in Table 9. The system shows a less pronounced SRO character,
which is consistent with the Gibbs energy exchange calculated in
Section 3.1 and no liquid-liquid miscibility gap.

5. Cesium and iodine behaviour in the fuel mixture

The main result of the thermodynamic modeling described in
this work is a consistent and complete description of the Li, Th,Cs//
FI system. That implies that the thermodynamic properties of any
composition having these constituents can be calculated from the
model. For the present discussion, we focussed on the effect of the
accumulation of cesium and iodine, in the form of CsF and CsI, in
the MSFR fuel mixture. The eutectic mixture LiF-ThF,
(76.2—23.8 mol%) is the main fuel constituent for the current de-
signs and was taken in our calculations as representative of the
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Table 6
Invariant equilibria and saddle points found in the LiF-CsF-ThF, system.

XLiF XThE, Xcsk T/K Type of equilibria Crystal phases in equilibrium
0.406 0.543 0.052 1154.5 Quasi-Peritectic LiTh4F;7, CsThgF,s, ThF4
0.084 0.490 0.427 11371 Peritectic CsThyFy, CsThsF;3, CsThgFas
0.155 0.446 0.399 1101.5 Quasi-Peritectic CsThyFy, CspThsFy4, CsThsFy3
0.554 0.389 0.056 1015.6 Quasi-Peritectic LiTh,Fg, LiThgF;7, CsTheFas
0.568 0.351 0.080 959.8 Quasi-Peritectic LiTh,Fg, CsThsF3, CsThgFas
0.188 0.310 0.502 942.0 CsThFs (a— ) Cs,ThFg, a-CsThFs, §-CsThFs
0.350 0.304 0.346 942.0 CsThFs (a— B) Cs,ThsFy4, a-CsThFs, CsThFs-
0.448 0.138 0414 917.4 Saddle-point LiF, Cs3ThF;
0.282 0.268 0.450 858.1 Quasi-Peritectic Cs,ThFg, Cs3ThF;, a-CsThFs
0.645 0.296 0.059 849.6 Quasi-Peritectic LiTh,Fo, CsThsF;3, LiThFs
0.649 0.288 0.063 836.8 Quasi-Peritectic CsyThsFy4, CsThsFy3, LiThFs
0.534 0.233 0.233 819.1 Saddle point LiF, a-CsThFs
0.670 0.271 0.059 808.0 Quasi-Peritectic CsyThsFyy, LiThFs, LisThF,
0.631 0.243 0.126 804.9 Quasi-Peritectic LiF, Cs;ThsF4, a-CsThFs
0.391 0.238 0.371 801,2 Eutectic LiF, Cs3ThF7, a-CsThFs
0.664 0.249 0.087 7983 Eutectic LiF, Cs,ThsFy4, LisThF,
0.429 0.033 0.538 756.4 Saddle point LiCsF,, Cs3ThF;
0.452 0.032 0.515 756,1 Eutectic LiCsF,, LiF, Cs3ThF;7
0.353 0.033 0.614 748,3 Eutectic LiCsF,, CsF, CssThF;
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Fig. 10. The pseudo-binary phase diagram of the LiF-Csl joint. e Data measured in this work *Evolution of the liquidus point during the different cycles. - Data by Margheritis et al.

[29].

actual fresh fuel composition which also contains fissile in the form
of UF4 or PuFs. The concentrations of both Csl and CsF will depend
on reactor parameters and reprocessing scheme but are expected to
remain below 1 mol % [30,31]. As an example, recent calculations
[31] of the radionuclides inventory in MSFR reported a concentra-
tion of 4.1-10~3 mol% for cesium at equilibrium.

In this framework, several key compositions were identified and
their thermodynamic properties predicted using the model devel-
oped in this work. With regards to reactor safety, two of the most
important properties of the fuel mixture are the liquidus temper-
ature and the pressure at the reactor operation temperature. They
represent the safety limit towards solidification and vaporization,
respectively. In other words, the higher the liquidus temperature,
the higher must be the operational temperature to ensure an
adequate safety margin. The reference minimum temperature of

900K was considered in this work based on the MSFR design
(Toperation= 923—1023 K [32]), though the exact operation temper-
ature will depend on the specific reactor design and fuel compo-
sition. The results of the thermodynamic calculations performed
are reported in Table 10. For all the compositions, the molar ratio
LiF/ThF, is kept constant and a fixed concentration of either CsF, Csl
or both compounds is added.

In the form of CsF, cesium is completely soluble in the LiF-ThF,4
solution and there is almost no effect on the physico-chemical
properties of the fuel. The liquidus temperature is unchanged for
realistic CsF concentrations and at Xcsz = 10 mol% a relatively small
temperature increase of 30 K is predicted. Similarly, the total vapor
pressure at the reactor operation temperature slightly increases
with the concentration of CsF but remains very low.

A different behaviour is observed for cesium and iodine in the
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Table 7
Invariant equilibria found in the Li,Cs//F] reciprocal system.

Xes)(cs+Li) X/ (F41) T/K Phases in equilibrium
0.509 0.981 762.4 LiF, LiCsF,, LIQ2, LIQ1
0.989 0.426 762.3 LiF, LiCsF,, LIQ2, LIQ1
0.954 0.625 749.8 CsF, LiCsF,, LIQ2, LIQ1
0.677 0.936 749.8 CsF, LiCsF,, LIQ2, LIQ1
0.993 0.402 748.8 LiF, LiCsF,, Csl, LIQ1
0.993 0.479 703.1 CsF, LiCsF», Csl, LIQ1
0.377 0.001 446.2 LiF, CsF, CsI, LIQ1
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Fig. 13. The calculated liquidus projection of the Th,Cs//FI system. Prymary crystalli-
zation fields and miscibility gap: (A) CssThF7; (B) CsF; (C) CsI; (D) liquid (miscibility
gap) (E) ThF,4 (F) CSzThle (G) Thiy (H) CSTh6F25 (l) CSTthg (J) CSzTh3F]4 (K) CSThF5 (L)
CSzTth.

form of Csl. The liquidus temperature increase substantially even
for small concentrations of Csl (50K at X5 = 1 mol%), which is a
clear indication of a very limited solubility. Fig. 15 shows the
calculated pseudo-binary phase diagram of the LiF-ThF; system
with fixed concentration of Csl of 1 mol%. The main difference
compared to the binary LiF-ThF4 phase diagram is the presence of
an area (shaded) corresponding to the binary eutectic in which
solid Csl is present. To better understand the solubility of Csl in the
fuel composition, the pseudo binary phase diagram CsI-LisThF; was
calculated and it is shown in Fig. 16. As an example, at 900K the
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Fig. 12. The pseudo-binary phase diagram of the ThF,-Csl joint. e Data measured in this work.
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Table 8

Invariant equilibria found in the Cs,Th//F] reciprocal system.
Xes/(Cs+4Th) X/(F41) T/K Phases in equilibrium
0.049 0.992 1305.9 CsThgF2s, ThF4, LIQ2, LIQ1
0.186 0.997 1164.4 CsThgF2s, CsThyFe, LIQ2, LIQ1
0.209 0.997 1140.2 CsTh,Fo, CsyThsFyg, LIQ1, LIQ2
0.365 0.992 1121.8 Cs,ThFg, CssThF,, LIQ2, LIQ1
0.239 0.998 11114 Cs,ThsFy4, CsThFs, LIQ2, LIQ1
0.281 0.998 1070.5 CsThFs, Cs,ThFg, LIQ1, LIQ2
0.049 0.617 899.1 ThF,, Csl, LIQ1,LIQ2
0.908 0.003 898.8 Csl, ThF,, LIQ2, LIQ1
0.926 0.537 698.3 CsF, Cs3ThF;, Csl, LIQ1
0.053 0.502 682.6 Csl, Cs,Thlg, ThFs, LIQ1
0.017 0.510 532.7 Thly, Cs,Thlg, ThE,, LIQ1
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Fig. 14. The calculated liquidus projection of the Li,Th//FI system. Prymary crystalli-
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calculated solubility limit is exactly 1 mol%. Above this concentra-
tion a liquid-liquid miscibility gap is observed, which has a
considerable effect on the fuel behaviour. In fact, the compositions
of the two immiscible liquids (LIQ1 and LIQ2) are very different, one
being almost a mixture of iodides and the other being almost a
mixture of fluorides. Since the iodides are mainly represented by
pure Csl which is rather volatile, the total vapor pressure of the fuel
mixture increase dramatically (see Table 10). The same behaviour is
observed for mixture containing both Csl and CsF in which the
fission yield ratio (Cs:1=10:1) is kept constant.

In conclusion, the behaviour of cesium and iodine in the fuel
mixture will critically depend on the concentration. Cesium bonded
to fluorine is well retained in the fuel mixture while iodine in the
form of Csl has a limited solubility. When its concentration exceed
about 1 mol %, Csl will precipitate and/or form a second immiscible
liquid phase depending on the local temperature. This fraction of
Csl is then likely to vaporize from the liquid solution.

6. Conclusions

A thermodynamic model for the Li,Th,Cs//F]I system has been
developed in this work to study the behaviour of cesium and iodine
in MSR fuel. The phase diagrams of nine common ion binary sys-
tems and two ternary systems have been calculated and optimized
model parameters are provided. Selected compositions of the
reciprocal ternary systems were measured, with particular
emphasis on the LiF-Csl and ThF4-Csl joins, and used for the
assessment of the reciprocal phase diagrams. A strong short range
order was observed for two of the liquid solutions, in which the first
nearest neighbour pairs Cs-I and Li-F (resp. Cs-I and Th-F) pre-
dominates. The measured equilibria for the ternary LiF-CsF-ThF,4
and LiF-CsF-Csl compositions were not used to tune the thermo-
dynamic model but agree well, with a maximum discrepancy of
13 K. Therefore, the results validate the predictive ability of the
thermodynamic assessment.

Using the developed thermodynamic database, the influence of
Csl and CsF, which represent the likely most stable chemical forms
of cesium and iodine in the MSR fuel, was evaluated. The calcula-
tions performed in this work have shown a very different behaviour
for cesium and iodine depending on their chemical form. The in-
fluence of CsF on the liquidus temperature and on the vapor
pressure of the fuel mixture is negligible and cesium remains dis-
solved in the fluoride matrix. On the contrary, the solubility limit of
Csl in the LiF-ThF4 eutectic mixture is very small and an increase in
the Csl concentration results in an increase in the fuel mixture
vapor pressure. Based on these observations, CsI must be regarded
as a volatile component in MSR above certain concentration and
will probably be stripped to some extent to the offgas removal

Table 9

Invariant equilibria found in the Li,Th//E]I reciprocal system.
Xcs X T/K Phases in equilibrium
0.343 0.300 690.4 Lil, LiTh4F;7, LiThyFg, LIQ1
0.201 0.350 680.7 Lil, LiThFs, LiTh,Fy, LIQ1
0.194 0.395 667.5 Lil, LiThFs, LisThF5, LIQ1
0.184 0.390 666.6 Lil, LiF, LisThF, LIQ1
0.656 0.391 580.9 Lil, LiTh4F;7, ThF,, LIQ1
0.935 0.486 495.1 Thly, LiThyl;7, ThF,, LIQ1
0.881 0.452 455.4 ThF,, LiThylo, LiThgl;7, LIQ1
0.772 0418 4435 Lil, ThF,, LisThl,, LIQ1
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Table 10

Influence of CsI and CsF composition on the most important thermodynamic properties of the MSR fuel mixture.
Composition Liquidus Vapour pressure Dominant vapour

temperature 900K species

LiF-ThF, (76.2—23.8) 832K 2.44-103Pa LiF(g)
LiF-ThF,-CsF (75.4-23.6-1.0) 833K 2.85-103Pa LiF(g)
LiF-ThF,-CsF (72.4-22.6-5.0) 844K 4.79-1073Pa CsF(g)
LiF-ThF,-CsF (68.6-21.4-10.0) 864K 8.33-103Pa CsF(g)
LiF-ThF4-Csl (75.4-23.6-1.0) 884K 2.57-10' Pa Csl(g)
LiF-ThF,-Csl (72.4-22.6-5.0) 890 K 2.64-10' Pa Csl(g)
LiF-ThF4-CsF-Csl (75.4-23.5-1.0-0.1) 898 K 2.75-10' Pa Csl(g)
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system of the reactor.
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