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In previous studies a thermodynamic description of the LiF-NaF-KF-RbF-CsF-LaF; system was pre-
sented. In order to add PuFs to this system the assessments of LiF-PuFs, NaF-PuF;, KF-PuF;, RbF-PuFs,
CsF-PuF; and LaFs-PuF; binary phase diagrams have been made. In case of the LiF-PuF; and NaF-PuF;

the assessments have been based on known experimental data. The other binary systems have not been
measured yet and the thermodynamic description has been made using the excess parameters from the
previously assessed binaries containing LaFs, which is considered as a proxy compound for PuFs. The
main aim of this study is to analyze potential compositions for a molten salt fast burner fuel.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The molten salt reactor (MSR) is one of the six nuclear concepts
of the Generation IV initiative. The fuel of the MSR consists of a
molten salt matrix in which the fissile material, such as 233U,
235y, 239py or higher actinides, is dissolved in form of tri- or tetra-
halides. A big advantage of this concept is the possibility of fuel
clean-up during the operation. This fact increases the efficiency
of the reactor, because the fission products with parasitic neutron
capturing are continuously removed.

There are two main approaches in the MSR project. The first
approach is based on a moderated thermal neutron spectrum
and the highest interest in this type of reactor is for the breeder
design based on the ?32Th/?33U cycle. In this case the matrix must
be made from the materials with minimal neutron capture cross
section and the “LiF-BeF, system seems to be a very good candi-
date. The second approach is characterized by a non-moderated
fast neutron spectrum which is of big interest for transmutation
of plutonium and minor actinides. Such a concept is known as
an Actinide Burner and the fuel will be most likely 2>°Pu with
small addition of minor actinides such as Np, Am and Cm. For a
fast reactor the choice of the matrix material is not as limited as
for a thermal reactor, because the neutron economy in the fast
reactor is not as sensitive as in case of thermal spectrum, therefore
compounds with higher neutron cross section in a given spectrum
(like KF and RbF) can be part of the matrix. It is also worth to
mention that better solubility for plutonium and other actinides
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is achieved when using the matrix based only on alkali metal
halides [1,2].

The fuel choice is not only based on the neutronic properties
and the solubility of the fissile material, but also on other aspects
like melting temperature, vapor pressure, stability to radiation, vis-
cosity or heat capacity. Because several of the above mentioned
properties can be obtained from thermodynamic models, a ther-
modynamic description of the LiF-NaF-KF-RbF-CsF-LaF;-PuFs
system is presented in this study. Here the LiF-NaF is considered
as a matrix, whereas KF and RbF are considered as components
to lower the melting temperature. PuF; is the fissile material and
CsF together with LaFs represent the fission products that are dif-
ficult to separate from the fuel during the clean-up treatment,
and whose accumulation in the fuel matrix is expected.

In two previous studies [3,4] the thermodynamic assessment of
the LiF-NaF-KF-RbF-CsF-LaF; system has been described. In this
work the PuF3; compound is added to the existing system. In order
to do so, six binary phase diagrams had to be assessed. In case of
the LiF-PuF3; and NaF-PuFs systems this was done on a basis of
known experimental data. In case of MF-PuF; (M =K, Rb, Cs) bin-
ary systems there are no experimental data known so these phase
diagrams were calculated assuming the data from the MF-LaF;
(M =K, Rb, Cs) assessments [3,4]. This is possible since LaFs is con-
sidered as a proxy compound to PuFs. The last LaF;-PuF; system
was treated as ideal.

The main aim of this study is to analyze potential fuel composi-
tions for an Actinide Burner concept. Based on our thermodynamic
approach the prediction of its melting behavior, vapor pressure and
the solubility of actinides has been made. Furthermore the fuel
properties are compared to those of a fuel that is contaminated
with some concentrations of the accumulated CsF and LaF; fission
products.


mailto:ondrej.benes@ec.europa.eu
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat

450 0. Benes, RJ.M. Konings /Journal of Nuclear Materials 377 (2008) 449-457

2. Thermodynamic modelling
2.1. General approach

To describe a T-X phase diagram the Gibbs energy equations of
all phases and the Gibbs equations of mixing, in case of the pres-
ence of solutions, are required. Thermodynamic data of most of
the condensed phases were summarized in previous works [3,4],
only the data for PuF; and for the intermediate phases containing
Pu were not reported yet and are listed in Table 2. Data for PuFs
have been taken from our internal report [5], the heat capacity
and the absolute entropy at 298.15 K for NaPuF, (the only interme-
diate compound reported experimentally so far) from [6], while
the enthalpy at 298.15 K had to be assessed in this work. None of
the others intermediate phases containing Pu have been experi-
mentally reported yet. Nevertheless they had to be included in this
work in order to reproduce the phase diagrams correctly. Only the

MF-LaF; (M = Na, K, Rb, Cs) were taken into account. To derive
their thermodynamic properties the Neumann-Kopp rule has been
used to estimate the heat capacities. For enthalpies at 298.15 K and
absolute entropies at 298.15 K the proportional weights of the end-
member contributions were applied with addition of the reaction
enthalpies and entropies, respectively. These reaction contribu-
tions were derived from the proxy intermediate compounds from
the MF-LaF; (M =Na, K, Rb, Cs) systems [3,4]. For instance the
thermodynamic data for a RbsPuFs were obtained as shown in

Egs. (1)-(3)
Coruyrurg (T) = 3+ Cogye (T) + Cppy, (T), 1)
ArHRy pur, (298.15 K) = 3 - ArHR,£(298.15 K)

+ AfHp, (29815 K) + AHpogarg, (2)
Stypur, (298.15 K) = 3 §3,:(298.15 K) + P, ¢, (298.15 K) + ArSgo,Lar -

analogue intermediate compounds containing Pu as found in the (3)
Table 1
Calculated solubility of PuF; in the mixtures of given initial composition
Matrix composition (mol%) Solubility (mole fraction) Temperature range (K)
LiF-KF (0.488-0.512) logioS=-1.211+0.733-103. T 843-1023
LiF-RbF (0.445-0.555) log;0S =53.144-1.3615-10"" - T+8.541 - 10> . T2 823-859

logioS=—-1.253+7.727 -1074. T 859-1023
LiF-NaF-RbF (0.400-0.142-0.458) log10S = 1.391-7.680 - 10 3. T+ 6.016 - 10 6. T2 823-933

log1oS = —1.246 +7.587 - 104 . T 933-1023
LiF-NaF-KF (0.439-0.142-0.419) log0S = —1.416-2.670- 107> - T+ 3.859 - 10~° . T2 823-938

logioS=—-1.160+6.768 - 107 . T 938-1023
LiF-KF-RbF (0.434-0.190-0.376) logioS = —1.209 +7.366 - 104 T 828-1023
Table 2
AH(298.15) (k] mol '), $°%(298.15) (J K~ ' mol ') data and C, (J K~! mol ") coefficients for the pure components and intermediate compounds
Compound ArHPo5.15) St a bT cT? dT? Reference
PuF5(s) —1586.694 126.11 104.08 0.000707 —1035500 [5]
PuFs(1) ~1568.813 109.33 130.00 [5]
NaPuF,(s) —2228.446 130.11 146.91 0.017736 —1132300 )
KPuF,(s)¢ —2166.700 192.66 172.84 —0.057050 7.5405E-5 —1802218
KsPuFe(s)® —3316.012 325.75 310.35 —0.172564 2.2622E-4 —3335655 o
RbPuF,(s) —2163.749 201.70 146.42 0.026731 —1082400 "
Rb,PuFs(s) —2713.050 299.56 188.76 0.052755 —1129300 :
RbsPuFg(s) —3292.575 361.67 231.11 0.078779 —1176200 :
Cs3PuFg(s) —3363.963 391.01 244.51 0.053477 —1060165 ”
PuF(g) —112.600 251.00 36.64 0.000921 —1.4443E-7 —302540 [15]
PuF,(g) —614.300 297.00 57.31 0.000727 —1.4721E-7 —538960 [15]
PuF3(g)"'f —1167.800 336.11 81.61 —0.005210 1E-5 —771071 [15]
PuF4(g)° —1548.000 359.00 105.11 0.002841 —6.8873E-7 —1196830 [15]
PuFg(g)¢ —1812.700 368.90 143.99 0.023211 —1.0764E-5 —1834270 [15]
LiF(g) —340.946 200.19 35.40 0.0018707 —1.6543E-7 [16]
Li,F5(g) —935.323 261.80 83.09 1E-5 —-2170730 [16]
LisFs(g) ~1524.598 316.70 132.92 3E-5 —3747000 [16]
NaF(g) —295.158 217.50 36.98 0.000789 1.2644E-7 [16]
Na,F,(g) —834.063 297.79 83.14 2.1051E-6 —820673 [16]
KF(g) —326.770 226.61 37.41 0.000690 —253835 [16]
KoFa(g) —862.741 319.96 83.14 2.8338E—7 —436183 [16]
RbF(g) —333.513 237.00 37.25 0.000616 1.4853E-7 [16]
Rb,F5(g) —854.914 342.71 83.14 6.7819E-7 —384494 [16]
CsF(g) —356.500 24321 37.39 0.000570 —157082 [16]
LaFs(g) ~1254.700 326.69 110.03 ~0.033635 1.3634E-5 [16]

2 Valid for temperature range 298.15-2800 K.
P Valid for temperature range 298.15-2400 K.
¢ Valid for temperature range 298.15-1000 K.
¢ An extra term in the C, function: —2.3886E—8T°.
¢ An extra term in the C, function: —7.1657E—8T°.
f An extra term in the C, function: —2.4612E—-9T°.

" Neumann-Kopp rule for Cor 5%(298.15) and AfH® (298.15) derived using the reaction data from ‘proxy’ compounds containing La.

° G and $°(298.15) taken from [6], AfHYgg 15, Optimized in this study.
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Since one of the goals of this study was to calculate the vapor pres-
sure of the fuel, the gas phases of relevant fluorides had to be con-
sidered. Thermodynamic data of all the gas phases taken into
account in this study are summarized in Table 2.

2.2. Liquid solutions

The modified quasi-chemical model [7,8] has been used to opti-
mize the excess Gibbs parameters of the liquid solutions. In case of
the LiF-PuF; and NaF-PuF; systems the experimental description
is known [9,10] and these data have been used to optimize the
phase diagrams. Since the quasi-chemical model has been ex-
plained by Chartrand and Pelton [7,8] and also rough descriptions
have been shown in our previous works [3,4], the reader is referred
to those publications for details. Only the optimized parameters
and the coordination numbers are presented in Egs. (4) and (5)
and in Table 3 respectively. AgRB/F in Egs. (4)-(9), where A and B
represent two different cations on one sublattice, is the Gibbs en-
ergy for the second nearest neighbor pair-exchange reaction, while
xap/F term is a composition variable

Agipyrr = —2928.8 — 3347 2ypy; | mol ™' (4)
Agnapysrr = —16317.6 — 6276 pyna — 1673.615,py J mol ™. (5)

For the other binary subsystems containing plutonium (KF-PuFs;
RbF-PuF3; CsF-PuFs; LaF3-PuF3) no experimental data are known
and therefore no optimization of the phase diagrams is possible.
In order to calculate these systems the excess Gibbs parameters
for the liquid solutions as obtained from the similar systems
containing LaF; from our previous work [4] have been used. For in-
stance the excess Gibbs parameters for the KF-PuF3 liquid solution
correspond to the ones from the KF-LaF; system. The values for the
binary excess data are listed in Egs. (6)-(8). Since LaFs is considered
as very similar compound to PuF; and because no experimental
data nor proxy systems are known in case of LaF3-PuFs, the (La,Pu)F
liquid solution has been treated as ideal. It must be noted that the
third coefficient in Eq. (7) is lower than the one for RbF-LaF; system
presented in previous study [3]. This is due to the fact that the RbF-
LaF; system has been slightly reoptimized in order to better fit the
liquidus line through the experimental points on the RbF rich side
(Fig. 5, in [3]). New excess Gibbs data for RbF-LaF; system are pre-
sented in Eq. (9).

The same notation as proposed by Chartrand and Pelton [7,8] is
kept in Eqgs. (4)-(9).

AZxpy/rr = —14853.2 — 4.1840T yp,

+(~7112.8 — 4.1840T)p J mol ' (6)
Aggopu e = —31587.27 + 9.4800T + (7373.95 — 7.8668T) 1oy
+(33334.0 — 45.2400T) zp,, ] mol ! 7)
Acqpurr = —21625.1 + (—1398.3 — 14.2328T) ¢,
+(~2977.6 + 4.9257T)y,,p, ] mol ! (8)
AgroLare = —31587.27 + 9.4800T + (7373.95 — 7.8668T) zgp1s
+(33334.0 — 45.2400T) 7, ] mol . 9)

This method is only a rough approximation of the phase diagrams,
but until some experimental data are known, it is probably the best
way to estimate these systems. Since the LiF-LaF;, NaF-LaFs, LiF-
PuF; and NaF-PuF; systems have been optimized based on experi-
mental results, we compared the obtained excess Gibbs functions of
the liquid solution for both LiF-LaFs/LiF-PuF; and NaF-LaFs/NaF-
PuF; pairs at T= 1000 K. As it can be seen in Fig. 1 the excess Gibbs
functions for NaF-LaF;/NaF-PuF; pair are very similar, whereas the
functions for the LiF-LaF; is about twice as negative as the one for
the LiF-PuF; system. However the largest deviation around
Xiir = 0.5 is about 1.6 k] mol~, still within the margin of the exper-

Table 3
Cation-cation coordination numbers of the liquid
A B i, 2
Li Li 6 6
Na Na 6 6
K K 6 6
Rb Rb 6 6
Cs Cs 6 6
La La 6 6
Pu Pu 6 6
Li Pu 2 6
Na Pu 2 6
K Pu 3 6
Rb Pu 2 6
Cs Pu 6 9
La Pu 6 6
0 T T T T
LiF-PuF
-2000 —
5 LiF-LaF,
E 000 | -
NS
5
§ 6000 |- 4
o
NaF-LaF,
-8000 =
NaF-PuF,
-10000 : ! h I : ! . ! .
0.0 0.2 0.4 0.6 0.8 1.0

X (MF, (M=La, Pu))

Fig. 1. Comparison of the excess Gibbs functions in LiF-LaFs, LiF-PuF3, NaF-LaF3
and NaF-PuF; systems at T = 1000 K.

imental accuracy. Anyway based on this discrepancy we can esti-
mate the accuracy of the calculated PuF; containing phase
diagrams. The maximum expected error was found +33 K in tem-
perature and 6 mol% in composition. Both values are fair enough
and confirm that the extrapolation of the excess Gibbs data from
LaF3 containing systems into the PuF; containing systems can be
justified.

2.3. Solid solutions

The only solid solution considered in this work is in the LaFs-
PuF3; system, which is expected to be a continuous solution since
both compounds have the same crystal structure in the solid state
and have very close atomic radii. This solid solution has been trea-
ted ideally, similarly as the (La,Pu)F; liquid solution discussed in
Section 2.2.

2.4. Ternary assessments

All the ternary systems containing PuFs; presented in this study
have been extrapolated according to Kohler-Toop formalism [11].
Two groups of asymmetry are presented. The first group contains
alkali halide fluorides that most likely form strongly ionic liquids.
On the other hand LaF; and PuF; are compounds that rather form
molecular species in the liquid and therefore belong to the second
group.

Due to the lack of experimental data most of the ternary phase
diagrams have been derived based only on the extrapolation from
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the binary subsystems without the use of the additional ternary
excess Gibbs terms. Nevertheless in case of the LiF-NaF-PuFs; and
LiF-CsF-PuF; systems some ternary excess Gibbs terms have been
introduced. Their values (Egs. (10), (11)) correspond to the previ-
ously described LiF-NaF-LaF; and LiF-CsF-LaFs systems [4,12] that
are considered as ‘proxy’ systems.

8N puy i = —9565.5 ] mol ™! (10)
8% puyr = —29525.5 ] mol . (11)
3. Results

3.1. Binary systems

As it was discussed above, the only two binary systems opti-
mized in this work based on known experimental data were LiF-
PuF; and NaF-PuFs;. Both systems have also been evaluated by
van der Meer et al. [6] using the classical polynomial model. Very
good agreement between both results has been found and for the
phase diagrams we refer to previous study [6].

The other four binary phase diagrams (KF-PuF3,RbF-PuF3, CsF-
PuF; and LaF3-PuF3) presented in this study have been estimated
based on the data from the proxy systems containing LaFs [3,4].
The resulting phase diagrams are shown in Fig. 2.

It is worth to compare the KF-PuF;, RbF-PuF; and CsF-PuF;3 sys-
tems with the analogue systems of LaFs. In all three cases similar
shape of the liquidus has been found. Slight difference has been
found in case of KF-PuF; where congruent melting of the K;PuFg
intermediate compound instead of peritectic melting as observed
in the KF-LaF; system has been found (note that the thermody-
namic data for all of the plutonium containing intermediate com-
pounds have been estimated based on the data of the lanthanum
containing proxy compounds). In the RbF-PuF; system the Rb,PuFs

1800 T T T T

1500 1

1200 1

T/K

900 F 1

600

0.0 0.2 0.4 0.6 0.8 1.0
X (PuFs)

1800 T T T T

1500 1

1200 b

T/K

900 E

600 1

300 . . * *
0.0 0.2 0.4 0.6 0.8 1.0

X (PuFs)

and RbPu,F; compounds are not stable whereas in the RbF-LaF3
system the proxy Rb,LaFs and RbLa,F; compounds are stable [3],
though only with a very narrow field of stability having a marginal
influence on the shape of the liquidus. It is thus expected that the
absence of the Rb,PuFs and RbPu,F; compounds would not effect
the melting behavior of the higher order systems significantly.

All the calculated invariant equilibria in the above-mentioned
binaries are summarized in Table 4.

3.2. Ternary systems

All the ternary phase diagrams from the LiF-NaF-KF-RbF-CsF-
LaF;-PuF3 system containing PuF; are shown in Figs. 3-17 as a pro-
jection of the liquidus surface. All the ternary invariant points with
corresponding solid phases in equilibrium are listed in Table 5.

Table 4
Calculated invariant equilibria in LiF-PuFs3, NaF-PuF;, KF-PuF;, CsF-PuF; and LaFs-
PuF; systems

System Equilibrium T (K) XpuF,
LiF-PuF; Eutectic 1017 0.212
NaF-PuF3 Eutectic 999 0.221
Peritectic 1111 0.387
KF-PuF; Eutectic 916 0.210
Eutectic 892 0.349
Peritectic 939 0.429
RbF-PuF; Eutectic 779 0.214
Eutectic 799 0.262
Peritectic 937 0.369
CsF-PuF3 Eutectic 852 0.094
Eutectic 882 0.437
1800 T T T .
1500 | J
< 1200t ;
=
900 [ 1
600 . . . .
0.0 0.2 0.4 0.6 0.8 1.0
X (PuFs)
1800
1750 ¢
1700
1650
1600
0 2 4 6 8 1
X (PuFs)

Fig. 2. Calculated phase diagrams of the KF-PuF; (upper left), RbF-PuF; (upper right), CsF-PuF3 (bottom left) and LaF;-PuF; (bottom right) systems.



0. Benes, RJ.M. Konings /Journal of Nuclear Materials 377 (2008) 449-457 453

LiF NaF LiF CsF
Fig. 3. Calculated liquid surface of LiF-NaF-PuFs. Isotherms are labelled in K with Fig- 6. Calculated l'iClUid surface of LiF-CsF-PuFs. lstherms are labelled i.n K with
interval of 25 K. Primary phase fields: (A) PuFs; (B) (Li,Na)F; (C) NaPuFy; (D) (Li,Na)F. interval of 25 K. Primary phase fields: (A) PuFs; (B) LiF; (C) Cs3PuFs; (D) LiCsFy; (E)

CsF.

Fig. 4. Calculated liquid surface of LiF-KF-PuFs. Isotherms are labelled in K with LiF LaF,
interval of 25 K. Primary phase fields: (A) PuFs; (B) LiF; (C) KPuF,; (D) KsPuFs; (E)
KF. Fig. 7. Calculated liquid surface of LiF-LaF;-PuFs. Isotherms are labelled in K with

interval of 25 K. Primary phase fields: (A) (La,Pu)Fs; (B) LiF.

LiF RbF NaF

Fig. 5. Calculated liquid surface of LiF-RbF-PuF;. Isotherms are labelled in K with Fig. 8. Calculated liquid surface of NaF-KF-PuFs. Isotherms are labelled in K with
interval of 25 K. Primary phase fields: (A) PuFs; (B) LiF; (C) RbPuFy; (D) RbsPuFg; (E) interval of 25 K. Primary phase fields: (A) PuFs; (B) NaPuFy; (C) NaF; (D) KF; (E)
RbF. KsPuFg; (F) KPuF,.
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%0 W‘

T ——
Aot

D ———

NaF RbF RbF
Fig. 9. Calculated liquid surface of NaF-RbF-PuFs. Isotherms are labelled in K with Fig. 12. Calculated liquid surface of KF-RbF-PuFs. [sotherms are labelled in K with
interval of 25 K. Primary phase fields: (A) PuFs; (B) NaPuFy; (C) NaF; (D) RbPuFy; (E) interval of 25 K. Primary phase fields: (A) PuFs; (B) KPuFy; (C) KsPuFs; (D) (K,Rb)F;
Rb3PuFs; (F) RbF. (E) RbPuFy; (F) RbsPuFs.

NaF

Fig. 10. Calculated liquid surface of NaF-CsF-PuFs. Isotherms are labelled in K with
interval of 25 K. Primary phase fields: (A) PuFs; (B) NaPuF,; (C) NaF; (D) Cs3PuFg; (E) Fig. 13. Calculated liquid surface of KF-CsF-PuFs. Isotherms are labelled in K with
CsF. interval of 25 K. Primary phase fields: (A) PuFs; (B) KPuFy; (C) KsPuFg; (D) (K,Cs)F;
(E) Cs3PuFg; (F) (K,Cs)F.
PuF,

LaF, A \
D KF LaF,

Fig. 11. Calculated liquid surface of NaF-LaF;-PuFs. Isotherms are labelled in K Fig. 14. Calculated liquid surface of KF-LaF;-PuFs. [sotherms are labelled in K with
with interval of 25 K. Primary phase fields: (A) (La,Pu)Fs; (B) NaPuFy; (C) NaF; (D) interval of 25 K. Primary phase fields: (A) (La,Pu)Fs; (B) KPuFy; (C) KsPuFg; (D) KF;
NaLaF,. (E) KLaF,.
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RbF CsF
Fig. 15. Calculated liquid surface of RbF-CsF-PuFs. Isotherms are labelled in K with

interval of 25K. Primary phase fields: (A) PuFs; (B) RbPuF4; (C) RbsPuFs; (D)
(Rb,Cs)F; (E) Cs3PuFy.

PuF,

RbF ‘ \ LaF,

Fig. 16. Calculated liquid surface of RbF-LaF;-PuFs. Isotherms are labelled in K
with interval of 25 K. Primary phase fields: (A) (La,Pu)F; (B) RbPuF,; (C) RbsPuFg;
(D) RbF; (E) RbsLaFs; (F) RbyLaFs; (G) RbLaF,; (H) RbLayF.

4. Potential actinide burner fuel compositions

In the report by Zherebtsov and Ignatiev [13] the MOlten Salt
Actinide Recycler and Transmuter (MOSART) system has been
introduced. It is actually a nuclear reactor with a fast neutron spec-
trum that uses PuFs as a fissile material. The big benefit of this sys-
tem is that some amount of transuranium actinides (long lived
isotopes coming from nuclear waste) can be added to the fuel in
order to transmute them into short lived isotopes. The fuel of
MOSART concept is based on the LiF-NaF-BeF, matrix (15-58-
27 mol%), in which PuF3 and some higher actinides of total concen-
tration 1.3 mol% are dissolved.

One of the aims of the present study was to optimize the fuel
choice based on the MOSART concept using only alkali fluorides
for the matrix, thus avoiding BeF,. It is not only because of its tox-
icity, but also better solubility of the PuF; compound is achieved
when BeF; is excluded.

Our goal is to find a composition in the LiF-NaF-MF (where
M =K of Rb) system that contains 1.3 mol% of PuFs (in this study
representative of all actinides), whereas LiF, NaF, KF and RbF (com-

PuF,

LaF,

Fig. 17. Calculated liquid surface of CsF-LaF;-PuFs. Isotherms are labelled in K with
interval of 25 K. Primary phase fields: (A) (La,Pu)F; (B) CssPuFg; (C) CsF; (D) CssLaFs.

ponents for the matrix) could vary. Another criterion to be fulfilled
is the melting temperature of the fuel. It must be lower than 823 K,
which is 50 K (safety margin) below the design inlet temperature
of the reactor in the MOSART concept [13].

4.1. Melting behavior

There are six ternaries containing PuF3 in the LiF-NaF-KF-RbF-
PuF; system. All of them are listed in Table 5 and as it can be seen,
four of these (LiF-KF-PuF3,LiF-RbF-PuF3;, NaF-RbF-PuF; and KF-
RbF-PuF;) systems have eutectics lower than our criterion
(T =823 K). However the compositions of PuF; in these systems
are different from the targeted 1.3 mol%. Therefore a set of four
pseudobinary phase diagrams has been calculated keeping the con-
centration of PuFsz at 1.3 mol%. While in the KF-RbF-(PuF; = 1.3 -
mol%) and NaF-RbF-(PuF; = 1.3 mol%) systems the lowest melting
temperatures are much too high to be acceptable for Molten Salt
Reactor (T=1037K and T=935K), the other two LiF-KF-
(PuFs = 1.3 mol%) and LiF-RbF-(PuF3 = 1.3 mol%) systems fulfill this
condition and can be considered as an Actinide Burner fuel. The
lowest melting points of these two systems correspond to
X[_": = 0.482,XKF = O.SOS,XPUF3 =0.013 and T=760K and XLiF =
0.439, Xgpr = 0.548, Xpyr, = 0.013 and T =744 K, respectively.

It is also of interest to find potential fuel compositions contain-
ing three compounds of the matrix. Therefore we made further cal-
culations and found that a matrix based on the ternary mixtures of
LiF-NaF-RbF, LiF-NaF-KF and LiF-KF-RbF with addition of
1.3 mol% of PuF; have very low pseudo-ternary eutectics and these
points can be considered as a fuel compositions also. The corre-
sponding compositions and their melting points are given in
Table 6.

Obviously all of the melting temperatures of the potential fuel
compositions from Table 6 are significantly lower than our temper-
ature criterion (T=823K), therefore three pseudoternary phase
diagrams have been plotted (see Figs. 18-20) at T= 823 K in order
to show the composition margin that is represented by the liquid
region in these phase diagrams.

4.2. Solubility for actinides
According to our thermodynamic assessment the solubilities of

PuF; in the mixtures of alkali fluorides have been determined for
the compositions that correspond to the fuel choices proposed on
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Table 5
Calculated invariant points of the ternaries containing PuFs
System A-B-C Xa Xz Xc T (K) Equilibrium Solid phase present
LiF-NaF-PuF; 0.429 0.472 0.099 877 Eutectic (Li,Na)F (1) + (Li,Na)F (2) + NaPuF4
0.611 0.167 0.222 958 Eutectic (Li,Na)F + PuF3 + NaPuF,
LiF-KF-PuF3 0.431 0.522 0.047 749 Eutectic KF + LiF + K3PuFg
0.341 0.471 0.188 786 Eutectic KPuF, + LiF + K5PuFg
0.364 0.390 0.246 825 Quasi-peritectic KPuF, + LiF + PuF;
LiF-RbF-PuF; 0.228 0.645 0.126 713 Eutectic LiF + Rb;PuFs + RbF
0.163 0.618 0.218 741 Eutectic LiF + RbsPuFg + RbPuF,
0.332 0.416 0.252 841 Quasi-peritectic LiF + RbPuF, + PuF;
LiF-CsF-PuF; 0.246 0.443 0.311 631 Eutectic LiF + Cs3PuFg + PuF3
0.299 0.626 0.075 678 Eutectic CsF + Cs3PuFg + LiCsF,
0.354 0.560 0.085 681 Eutectic LiF + Cs3PuFg + LiCsF,
LiF-LaF;-PuF; 0.788 0.000 0.212 631 Minimum
NaF-KF-PuF; 0.285 0.528 0.187 840 Eutectic (Na,K)F (1) + (Na,K)F (2) + NaPuF,
0.234 0.568 0.198 843 Quasi-peritectic (Na,K)F + K3PuFg + NaPuF,
0.053 0.608 0.340 878 Eutectic KPuF, + K5PuFg + NaPuF,
0.058 0.528 0.414 922 Quasi-peritectic PuF; + KPuF, + NaPuF,
NaF-RbF-PuF; 0.104 0.687 0.209 741 Eutectic RbsPuFs + RbF + NaPuF,
0.131 0.666 0.203 748 Quasi-peritectic NaF + RbF + NaPuF,
0.023 0.717 0.260 791 Quasi-peritectic RbPuF, + RbsPuFg + NaPuF,
0.062 0.582 0.356 920 Quasi-peritectic PuF3 + NaPuF, + RbPuF,
NaF-CsF-PuF; 0.122 0.803 0.075 821 Eutectic NaF + CsF + Cs3PuFg
0.029 0.541 0.430 871 Eutectic PuF; + NaPuF, + CssPuFg
0.391 0.349 0.260 888 Eutectic NaF + NaPuF, + Cs3PuFg
NaF-LaF3-PuF3 0.726 0.153 0.121 964 Eutectic NaF + NaPuF, + NaLaF,4
0.699 0.171 0.130 984 Quasi-peritectic (La,Pu)Fs + NaPuF, + NaLaF,
KF-RbF-PuF; 0.225 0.512 0.264 713 Eutectic K5PuFg + RbsPuFg + RbPuF,
0.225 0.530 0.245 714 Eutectic KsPuFg + (K,Rb)F + RbsPuFg
0.318 0.385 0.297 758 Quasi-peritectic KPuF, + K3PuFg + RbPuF,
0317 0.326 0.357 826 Quasi-peritectic PuF3 + KPuF, + RbPuF,
KF-CsF-PuF; 0.356 0.286 0.358 789 Eutectic Cs3PuFg + KPuF,4 + K5PuFg
0.223 0.369 0.408 792 Eutectic Cs3PuFg + PuF3 + KPuF,
0.515 0.231 0.254 840 Quasi-peritectic Cs3PuFg + K3PuFg + (K,Cs)F
0.145 0.776 0.079 835 Eutectic Cs3PuFg + (K,Cs)F (1) + (K,Cs)F (2)
KF-LaF;-PuF; 0.638 0.075 0.286 869 Eutectic KLaF, + KPuF, + KsPuFg
0.633 0.077 0.290 873 Quasi-peritectic KLaF, + KPuF, + (La,Pu)F3
0.759 0.140 0.100 861 Eutectic KLaF, + K5PuFg + KF
RbF-CsF-PuF; 0.632 0.135 0.233 723 Eutectic (Rb,Cs)F + Cs3PuFg + RbsPuFg
0.518 0.194 0.288 713 Eutectic RbPuF, + Cs3PuFg + RbsPuFg
0.251 0.370 0.379 777 Quasi-peritectic RbPuF, + Cs3PuFg + PuFs
RbF-LaF;-PuF; 0.784 0.033 0.183 767 Eutectic RbF + RbsLaFg + RbsPuFg
0.737 0.044 0.220 783 Eutectic RbPuF, + RbsPuFg + RbLaF,
0.736 0.044 0.219 784 Quasi-peritectic RbPuF, + RbsLaFg + RbLaF,
0.740 0.104 0.156 845 Quasi-peritectic Rb,LaFs + RbsLaFs + RbLaF,
0.695 0.062 0.242 857 Quasi-peritectic RbPuF, + (La,Pu)F; + RbLaF,4
0.663 0.287 0.051 999 Quasi-peritectic Rb,LaFs + (La,Pu)Fs + RbLaF,
CsF-LaF;-PuF; 0.903 0.024 0.073 845 Eutectic CsF + Cs3LaFg + Cs3PuFg
0.592 0.126 0.282 902 Eutectic (La,Pu)F5 + Cs3PuFg + CssLaFg

Table 6

Potentional compositions for Actinide Burner fuel, their melting temperatures, vapor
pressures at T =988 K (outlet temperature of the MOSART concept) and the boiling
temperatures

Composition (mOI%) Tmelting/ pvaporlpa at Tboi]ing/
K T=988 K K

LiF-KF-PuF; (0.482-0.505-0.013) 760 0.8 1917

LiF-RbF-PuF; (0.439-0.548-0.013) 744 3.5 1839

LiF-NaF-RbF-PuF; (0.395-0.140-0.452- 706 3.2 1926
0.013)

LiF-NaF-KF-PuF; (0.433-0.140-0.414- 723 0.7 1937
0.013)

LiF-KF-RbF-PuF; (0.428-0.188-0.371- 711 2.8 1863
0.013)

a basis of the melting behavior (see Table 6). The solubilities for a
chosen matrix composition are reported in Table 1 as a functions of
temperature.

4.3. Vapor pressure

Based on the melting behavior we have found five potential fuel
compositions. Using the thermodynamic data of all the relevant
gas species, we calculated their vapor pressures at T =988 K. This
temperature is the outlet temperature of the reactor based on
the MOSART concept [13]. The calculated values (summarized in
Table 6) are very low, thus acceptable for the molten salt reactor.
The boiling temperatures related to each of the fuel choices are
listed in Table 6 as well.

4.4. Influence of the fission products

Our studied system contains also CsF and LaFs. As was
mentioned in Section 1 these compounds are considered as fission
products that are very difficult to separate from the fuel during the
clean-up treatment and their accumulation is expected.
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RbF

KF LiF

Fig. 18. Pseudoternary plot of the LiF-KF-RbF-PuF; system with constant amount
of PuF; =1.3 mol% at T=823 K. Phases in equilibrium: (A) (K,Rb)F +L; (B) KsPu-
Fe + (K,Rb)F + L; (C) LiF + L; (D) LiF + PuFs + L; L - Liquid.

Fig. 19. Pseudoternary plot of the LiF-NaF-KF-PuF3 system with constant amount
of PuF;=1.3mol% at T=823K. Phases in equilibrium: (A) NaPuF,+ (NaK)F +
(Li,Na)F +L; (B) NaPuF,4+ (LiNa)F+L; (C) (Li,Na)F+(Na,K)F+L; (D) (Li,Na)F +L;
(E) (Na,K)F+L; (F) NaPuF4+ (NaK)F+L; (G) NaPuF,+(NaK)F + KsPuFg +L; (H)
K3PuFg + (Na,K)F + L; (I) LiF + (Li,Na)F+L; (J) LiF +L; (K) NaPuF, + (Li,Na)F + LiF + L;
(L) NaPuF, + LiF + L; (M) NaPuF, + LiF + PuF5 + L; L - Liquid.

Nevertheless even the amounts of CsF and LaF; accumulated in the
fuel cycle after 30 years operation (0.06 mol% of CsF and 0.37 mol%
of LaF; [14]) are relatively low and as was confirmed by the calcu-
lations, they negligibly affect the melting behavior and vaporiza-
tion of the fuel.

5. Summary

Based on our thermodynamic assessment we have found five
potential fuel compositions that show good melting behavior,
and low vapor pressure at the operating temperature of the Molten
Salt Reactor (MOSART concept). Moreover the composition mar-

RbF

Fig. 20. Pseudoternary plot of the LiF-NaF-RbF-PuF; system with constant amount
of PuF3 = 1.3 mol% at T= 823 K. Phases in equilibrium: (A) (Li,Na)F + NaPuF, + L; (B)
(Li,Na)F + RbF +L; (C) (LiNa)F+L; (D) RbF+L; (E) (LiNa)F+LiF+L; (F) NaPu-
F4 + (Li,Na)F + LiF + L; (G) LiF + L; (H) LiF + NaPuF, + L; (I) LiF + PuF; + NaPuF, + Rb-
PuF4; L - Liquid.

gins were presented, that can be useful in the search for an optimal
fuel choice when considering other relevant properties (viscosity,
heat capacity, thermal conductivity, etc.) that are still matter of
further investigation. The solubilities of actinides in the matrixes
corresponding to the fuel choices have been calculated and rela-
tively high values have been found.
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