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Abstract

The phase diagrams of the LiF-LnFj; series, where Ln = La-Sm, and of LiF-AnF3;, where An = U, Pu, have been
optimized using Redlich—Kister functions. The phase diagrams of LiF-AmF; and LiF-PuF;—AmF; have been calcu-
lated. The necessary Gibbs energy functions for americium trifluoride were defined by use of a semi-empirical method.
The excess Gibbs energy terms, which are expressed as Redlich—Kister polynomials and describe the effect of interaction
between the two fluoride components in the liquid phase, were obtained by translating the trends observed in the lan-
thanide trifluoride series into the actinide series. A single eutectic has been found in the LiF-AmFj; system with the

eutectic point at ~33 mole% AmF; and at ~951 K.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

The research on a nuclear reactor using molten salt
fuel started in the USA in the early 1950s with the design
of a nuclear-powered aircraft, using a circulating molten
fluoride salt. Later, the emphasis shifted to the develop-
ment of a civilian power reactor based on the same prin-
ciple. An intensive research programme was performed
on molten fluoride salt systems in the Molten Salt Reac-
tor Experiment at the Oak Ridge National Laboratory
during the 1960s. The molten salt fuels were based in
general on UF, and/or ThF, kept in solution in a mix-
ture of ZrF,4, NaF, LiF and BeF; in different amounts.
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Their stability at high temperatures and resistance
against radiation made the fluoride salts attractive for
this purpose [1].

The Molten Salt Reactor was originally designed as a
breeder using uranium or plutonium to start up the reac-
tor to produce U-233 from Th-232. In a later stage, the
possibility to use the reactor as a burner of plutonium
and other actinides became an option as well. In the
USA, the support for the Molten Salt Reactor ceased
in 1975. However, the fluoride salts have become subject
to renewed interest since 1990s in the frame of the Par-
titioning and Transmutation (P&T) and Generation IV
programmes.

In this context it is of great importance to understand
the behavior of the minor actinide fluoride components.
Thermal analysis of these, in general, highly active sub-
stances, is complicated and for most actinide com-
pounds, it has not been carried out yet. In contrast,
more information is available for lanthanide compounds.
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Thermal analysis [2-8] as well as calorimetry [9,10]
have been carried out on lanthanide fluoride systems.

In this work, the phase diagram of the system lithium
fluoride—americium trifluoride was calculated by means
of estimated excess Gibbs energy coefficients, expressed
as Redlich—Kister polynomials and recently assessed
Gibbs energy functions. Estimations for the excess terms
of AmF; were achieved by observing the trends in the
lanthanide series and inferring probable excess terms.
The Gibbs energy functions for AmF; were obtained
by a semi-empirical method.

2. Method
2.1. Gibbs energy functions

Gibbs energy functions have been set up by careful
investigation of existing thermodynamic tables in such
a way that it could be described as the polynomial in
Eq. (1):

G(T)=a+bT +cTIn(T)+» d;T". (1)

Gibbs energy functions have been defined for each
phase. The enthalpy as well as the entropy can be ob-
tained from the heat capacity values (Eqs. (2)—(4)). Hier
is the enthalpy at the reference state, which is the enth-
alpy of formation at 298.15 K.

G(T) = H(T) = S(T)T, (2)
H(T) = Hyt + /T C,dT, (3)
S(T) = /H % dr. 4)

Thermal and calorimetric data are abundant for
many fluoride compounds, such as LiF, e.g. [11-14].
Also for the lanthanide trifluorides [9,10,15] and for
some actinide trifluorides [16-18], reliable thermody-
namic data and good estimated data are available. On
the contrary, for several compounds, such as AmkFs;,
the heat capacity has not been measured yet. To achieve
a good estimation of the C, function, a semi-empirical
method has been applied.

It is assumed that the standard entropy S° for lan-
thanide and actinide compounds can be described as
the sum of a lattice component and an excess compo-
nent [18,19]. The former arises from the lattice vibra-
tions and can be considered as a base contribution
through the complete range of the lanthanides or the
actinides with the same crystal structure; the latter de-
pends on the electronic configuration of the lanthanide
or actinide considered and can be calculated from the

crystal field energy. As the entropy is related to the
heat capacity, the same method has been used for cal-
culating the C, of AmF;. The heat capacity data of
UF;, which are well known [16], were taken initially.
Subtracted were the electronic excess values for the
U*" jon, which have been calculated from the crystal
field energies of U?" in UCl;. It was assumed that
the crystal field contribution for trichlorides is similar
to that for trifluorides, resulting in a lattice heat capac-
ity component for actinide trifluoride. Subsequently,
the calculated electronic component for AmF; was
added.

2.2. Redlich—Kister coefficients

The excess Gibbs energy parameters, which are nec-
essary to define the 7-X phase diagram, are unknown
for the majority of the systems concerned. To calculate
the phase diagrams, the excess parameters are optimized
by fitting the Gibbs energy function to known experi-
mental data. Redlich—Kister polynomials are used to de-
scribe the excess parameters and are defined as in Eq. (5)
for binary systems.

N
AG = XX ZkLA‘B(XA —Xp)". (5)
k=0

"LA,B are the interaction coefficients, which are defined
as a linear function of the temperature.

kLA,B = kpA‘B + kqA,BT' (6)

The coefficients kpA,B and kqA,B, where A is LiF and
B is XFj3, are optimized by use of the ChemSage [20]
optimization module. It uses the Bayesian Optimization
Algorithm, a genetic algorithm, which is based on a
probability model [21], to obtain an optimum fit be-
tween the theoretical Gibbs energy functions and the
experimental values. Optimizations have been carried
out for LiF-LnF; (Ln = La, Ce, Pr, Nd, Sm) and for
LiF-AnF; (An = U, Pu) binary systems. The resulting
excess Gibbs energy coefficients were used to estimate
the coefficients for LiF-AmFj.

2.3. The LiF-PuF;-AmF; ternary diagram

The ternary LiF-PuF;—AmF; diagram was calcu-
lated under a few assumptions: The first was that no ter-
nary interactions exist between the components. Second,
it was assumed that AmF; and PuF; form an ideal solid
solution. This was based on the fact that both com-
pounds are isostructural with a hexagonal structure
and that the difference between the effective ionic radii
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of Am*" and Pu®" is small (97.5 and 100.0 pm, respec-
tively [22]).

3. Results
3.1. The LiF-LnF; and LiF-AnF; diagrams

The phase diagrams of the LiF-LnF; series, where
Ln = (Ln—-Sm) all show a single eutectic without the for-
mation of an intermediate compound [6]. Details can be
found in Table 1, which lists the calculated and the
experimentally determined eutectic points. Enthalpies
of mixing are not known, except for the system LiF—
LaF;, of which the enthalpies have been measured by
Hong and Kleppa [9] and Abdoun et al. [10]. This is
therefore the only system in this study for which the mix-
ing enthalpies have been included in the optimization,
although the difference in the result between in- or
excluding is negligible.

Similar calculations have been performed for the ser-
ies of LiF-AnF3, with An = (U, Pu). The system LiF-
PuF; has been thoroughly measured by Barton and
Strehlow [23], but data on LiF-UF;, which are based
on an unpublished report by Barton et al. given in
[7], are scattered and less precise. The resulting dia-
gram, although a single eutectic binary system as well,
has a distinctly different shape when compared to the
others. Since such a deviating shape was not expected,
the diagram was recalculated using interpolated excess
coefficients. The way it was done is discussed below.
A remark should be made on the Gibbs energy func-
tions used for liquid UF; and PuF;. The entropy of fu-
sion Ag S, one of the parameters to describe G“q(T),
was for both compounds taken as 33 JK ™ 'mol~, in-
stead of 20.8 JK 'mol ™!, proposed by Rand and Fuger
[17]. The former value seemed to be more consistent
with the entropies of fusion for the analogous lantha-
nide fluorides, which are well known.
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Fig. 1. The optimized LiF-LaF; phase diagram: (l) experimen-

tal data liquidus; (A) experimental data solidus, both by Thoma
et al. [6].
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Fig. 2. The optimized LiF-CeF; phase diagram: (M) experi-
mental data liquidus; (A) experimental data solidus, both by
Barton et al. [2].

Table 1
Calculated and experimental eutectic points in the systems LiF-XF3
X Xe, mole% XF3 care TJK cale Xe, mole”o XF3 exp” T/K exp”
La 21.2 1038.5 20.0 1043
Ce 18.5 1036.9 19.0° 1028
Pr 21.0 1030.6 19.0 1023
Nd 25.3 1006.5 23.0 1011
Sm 27.3 969.0 27.0° 971
U 28.1 1050.7 27.0° 1043
Pu 20.4 1009.0 19.5¢ 1016

2 [6].

(2].
28]

4 23].
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Fig. 3. The optimized LiF-PrF; phase diagram: (M) experi-
mental data liquidus; (A) experimental data solidus, both by
Thoma et al. [6].
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Fig. 4. The optimized LiF-NdF; phase diagram: (M) experi-
mental data liquidus; (A) experimental data solidus, both by

Thoma et al. [6].

Phase diagrams of the systems with other actinide flu-
orides have not been measured yet. The calculated dia-
grams are presented in Figs. 1-6.

3.2. The excess Gibbs energy coefficients

From our experience, it appeared that different pairs
of excess coefficients can result in similar diagrams, so
that the values obtained by ChemSage cannot be taken
unambiguously. However, the data shown here are con-
sidered as those resulting in the best fits with the exper-
imental data. The values are given in Table 2.

Values of kpA,B and kqA,B were plotted against the
effective ionic radius of the cation X in XFj3. The result
is shown in Fig. 7. Two clear non-linear trends are visible.
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Fig. 5. The optimized LiF-SmF; phase diagram: (M) experi-
mental data liquidus; (A) experimental data solidus, both by
Thoma et al. [6].
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Fig. 6. The optimized LiF-PuF; phase diagram: (M) experi-
mental data liquidus (thermal analysis); (A) experimental data
solidus (thermal analysis); ([J) experimental data liquidus
(potentiometer); (A) experimental data solidus (potentiometer),
all by Barton and Strehlow [23].

Based on these trends, linear interpolations of the excess
coefficients for the systems LiF-UF; and LiF-AmF; were
made, using the effective ionic radii of U and Am and the
values of the first neighboring ionic radii.

The interpolated values of the excess coefficients for
LiF-UF; have been used to calculate the phase diagram.
It has been shown in Fig. 8 that the result is in better
agreement with the phase diagrams of the other LiF-—
XF3 systems.

3.3. The diagrams of LiF-AmF; and LiF-PuF;-AmF;

The Gibbs energy function of the pure compound of
AmF; was calculated by means of an estimated C, func-
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Table 2

Optimized and interpolated kpA_B and "qA,B for A is LiF and B is XF;

X ’pas (Jmol ™) %gas JK™'mol™") 'pap (Jmol™") 'gap JK "mol™")
La —17848 -2.5323 -20810 10.880
Ce —15265 2.0892 —7613.1 5.3094
Pr 3699.6 —13.545 16125 —15.979
Nd 13573 —18.931 15006 —15.504
Sm 5291.9 —22.673 12359 —13.621
U 6088.0 —21.584 9822.0 —25.650
Ui —17026 —1.0618 —16611 9.1073
Pu 10015 —17.315 —3804.5 8.4936
Am 10923 —20.129 13415 —13.948
& Uiy for interpolated values.
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Fig. 7. The optimized Redlich—Kister coefficients kpA’B and kqA,B of systems LiF-XFj3 versus the effective ionic radius of cation X,
according to Shannon [22]. Solid symbols represent values for k£ = 0, open symbols for k = 1. Star symbols are interpolated values.
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Fig. 8. The optimized LiF-UF; phase diagram: (——-) optim-
ized in ChemSage; (—) based on interpolated excess Gibbs
values for UF5-LiF; (H) unpublished experimental data liqui-
dus; (A) unpublished experimental data solidus, both by Barton
et al. [28]. Data points below 900 K have been omitted.

tion, which can be found in Appendix A. The resulting
G functions of the pure solid as well the liquid state
are described by Egs. (7) and (8):

Gl (T) = —1.619 x 10° + 5154 x 10°T
—9.148 x 10' TIn(T) — 1.509 x 107 1?2
+1356x 10°°7° +4.142x 10°T7",  (7)

Guhp, (T) = —1.619 x 10° +7.797 x 10° T
—1.300 x 10* T'In(T). (8)

As was explained in the previous section, values for
the excess parameters, kpA,B and "qA)B, were achieved
by interpolation based on the trends found in Fig. 9.
The resulting diagram is shown in Fig. 7. A binary eutec-
tic point has been found at 32.7 mole% AmF; at 951 K.

The calculated ternary LiF-PuF;-AmF; phase dia-
grams is shown in Fig. 10. With intervals, it shows the
liquid stability fields above 1009 K, which is the binary
eutectic temperature of LiF-PuFs;.
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Fig. 9. The calculated LiF-AmF; phase diagram.
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Fig. 10. The calculated LiF-PuF;-AmF; ternary phase dia-
gram from 1009 to 1650 K with a temperature interval of 50 K
starting at 1050 K. (——-) LiF (sol) stable; (—) (Pu,Am)F3 (ss)
stable.

4. Discussion
4.1. LiF-LnF;3 systems

The phase diagrams in this paper have all been optim-
ized according to the Redlich-Kister polynomial model
using the Bayesian Optimization Algorithm. Evidently,
the fit improves when more accurate data are available.
The problem is that, except for LiF-LaF5, no enthalpies
of mixing are known, so that too many degrees of freedom
are present to fix the solutions properly. Therefore, the
optimized Redlich—Kister coefficients for the same system
could differ. Moreover, the coefficients were dependent on
the starting values for the Bayesian algorithm, although
the resulting phase diagrams appeared to be similar.
The Bayesian Optimization Algorithm optimizes the total
excess Gibbs energy, which is described by an excess enth-
alpy and an excess entropy term. In order to reduce the

number of variables, the optimization was performed
with less parameters, for example only one kpA,B and
one kqA,B coefficient, but it appeared that the description
of the diagrams was not acceptable.

4.2. LiF-AnF; systems and the modelling of LiF-AmF;

It was assumed in the modelling of LiF-AmF3;, that
the binary systems with lanthanide and actinide fluorides
behave in a similar way. Since the phase diagrams are
analogous, this is probably correct. It is also supported
by the evidence that the ionic radii of the actinides follow
a trend corresponding to that of the lanthanides. It is
known that in the heavier LiF-LnFj5 series, from EuF;
on, intermediate compounds LiF -LnF; are being
formed. It might be questioned whether this is also the
case for LiIF-AmF;. However, it is noted that in the lan-
thanide series, the formation of compounds coincides
with the change from a trigonal/hexagonal to an ortho-
rhombic structure. Since AmF; has the same crystal
structure as LaF; [24], it is probable that the compound
LiF - AmFj; is not stable.

4.3. Models

The model used to calculated the phase diagrams was
the Redlich-Kister model. This is a pure mathematical
model and it is difficult, if not impossible, to attribute
a physical sense to it. Its major advantage is that fair
descriptions can be achieved with the minimum of un-
known parameters. Alternatively, other models with a
physical meaning, such as an ionic liquid or a sublattice
model can be used; however, the drawback is that hardly
any physical parameters are known of the fluoride com-
pounds. Good estimates have to be found then for a
proper application. These physical models will be stud-
ied in the future as well, to compare the results and to
improve the validity of the estimation and calculation
of phase diagrams.

4.4. LiF-PuF;—AmF; ternary diagram

Typical salt compositions for a waste burner contain
about four times more PuF; than AmF;. Fig. 11 shows
the pseudobinary system LiF-PuggAmg,F;. The x-axis
would be the connecting line from the LiF apex to the
AmF;-PuF; side at a mole fraction of 0.20 AmF;5 in
the ternary diagram.

Studying the pseudobinary diagram, it can be seen
that the temperature where the first melt appears is
1001 K, at a mole fraction of 0.78 LiF. This temperature
is significantly higher than for the standard MSR fuel
compositions. The liquidus temperature for typical com-
positions based on a LiF-BeF; solvent is ~870 and ~775
K for a fuel based on NaF-ZrF,. The characteristic inlet
temperature of the primary salt in the Oak Ridge MSBR
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Fig. 11. The pseudobinary LiF-Pu, gAm,F; phase diagram.

(breeder) design was 839 K, whilst the outlet temperature
was 978 K. Apparently, pure LiF is not suitable as a sol-
vent and the addition of a second component, such as
BeF, would be necessary, despite its toxicity. For that
reason, analysis of the system LiF-BeF,~AnF; will be
performed in the future.

5. Conclusion

The original concept for a Molten Salt Reactor was
based on the use of a molten LiF-BeF, salt as a carrier.
Since BeF; is very toxic, research is being performed for
a reactor concept with solely LiF as the matrix salt. This
study has only dealt with the melting temperatures of
several compositions with LiF and indicates that the
melting temperature is greater than 1000 K, probably
too high for a future reactor.
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Appendix A. Estimation of the C, of AmF;

The heat capacity function of pure AmFj; in the solid
state was estimated as follows. The heat capacity func-
tion of UF3 measured by Cordfunke et al. [25] has been
taken. The excess contribution, generated by the elec-
tronic configuration, is not known for UFj3, but it could
be calculated for UCls, under the assumption that the
electronic contributions of the U*' jons are similar.
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Fig. 12. Heat capacity versus temperature: (---) C, of UFj3;
(——) Ciat of UF3; (—) C, of AmF;.

The calculations are explained in Egs. (A.1) and (A.2)
[26]:

Cg = Clat + CeleC7 (Al)

Ce]ec = QizRil T72 QZgIEtZ exp(_Ei/RT)

i=1

- (i&-Ei exp(—Ei/RT)> ) (A2)

i=1

0= g exp(~E,/RT). (A3)

Q is the partitioning function described by the Maxwell—-
Boltzmann distribution law (Eq. (A.3)), T is the absolute
temperature, R the universal gas constant, E; the energy
of level i and g; its degeneracy.

The lattice heat capacity was obtained from the total
heat capacity function for UF;, subtracting the elec-
tronic contribution for the U** ion. Subsequently, the
electronic contribution of the Am** ion was calculated,
with the same assumptions, and added to the lattice
function. In absence of data on the electronic energy
levels, the crystal field energies, for the actinide trifluo-
rides, the Cg. terms have been calculated for the data
for the corresponding chloride systems [27]. Fig. 12
shows the relations of Cj, and Cge of UF3; and AmFs;.
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