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The transport properties of several LiF-NaF-ZrF, mixtures have been determined. Our work primarily
consisted in the determination of the electrical conductivity from experimental measurements and from
computer simulations. A good agreement was observed between both approaches. The simulations are
based on the molecular dynamics technique and they employ a polarizable interaction potential, which
was parameterized from first-principles calculations only. The diffusion coefficients were also
determined from the simulations, which allowed us to understand the mechanisms responsible for
the variations of electrical conductivity with temperature and composition of the melt.
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1. Introduction

Among the nuclear reactors of tomorrow, the molten salt
reactor (MSR) has some very specific features from the chemist
point of view. While the other reactors would consist of a solid
uranium-based fuel inside a primary coolant (water, liquid sodium,
helium), in the MSR the fuel is dissolved in the molten salt; thus
the molten salt is both used as a fuel and as a coolant [1]. Because of
this particularity, it is possible to use the MSR reactor either in a
thorium/uranium or in an uranium/plutonium fuel cycle. The
speciation of all ions will greatly influence a lot of thermochemical
properties; for example the nature of majority species is important
in determining the solubility of heavy metals, and especially of
actinide cations. It is then necessary to understand the short-range
structure of the species involved in the foreseen molten salts.
Transport of heat and matter also varies a lot from a molten salt to
another and it is important to quantify it precisely.

In such liquids, the short-range structure can be probed by
many spectroscopic techniques. In molten fluorides, Raman [2] as
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well as classical NMR or EXAFS [3-9] studies have recently been
undertaken by several groups, and proved to be efficient in
determining the cationic environments in a wide range of melt
compositions. On the contrary, matter transport is difficult to
quantify with precision. The NMR gradient field technique was
applied to determine diffusion coefficients in a variety of room-
temperature ionic liquids [10,11], but it is of course difficult to set
up such experiments within the framework of high-temperature,
corrosive liquids. An advantage of molten salts is that they consist
of charged species only; measuring the charge transportis thus an
efficient way to estimate the diffusive properties of the ions. It is
indeed possible to measure the electrical conductivity of a molten
salt. In the specific systems consisting of molten fluorides, these
experiments are very difficult to set up because of the important
reactivity of these melts towards oxide glasses. To overcome this
difficulty, an electrochemical cell, based on pyrolytic boron
nitride, was developed by Hives and Thonstad [12], who used it
successfully to measure electrical conductivities of aluminium-
based molten fluorides.

From the theoretical point of view, molecular dynamics (MD)
simulation is a method aimed in obtaining the microscopic
properties of condensed matter, which has proved to be useful in
modeling many molten salts. It is notably capable to determine
a variety of transport properties. Individual properties like the
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diffusion coefficients are straigthforward to extract, but the
collective ones like the electrical conductivity and the ion mobility
(which measures the displacement of a given species relatively to
another one) can also be determined provided that sufficient
statistics have been collected [13]. The atomistic representation of
the sytems allows to examinate the relationships between these
transport quantities and the structure of the melt. In a recent
work, we could adress this point in the molten mixtures of LiF with
BeF, [14-16]. In these melts, the fluidity changes greatly due to
the formation of a fluoroberyllate network when the concentra-
tion in BeF,is increased. The Li* ions migration decouples from the
other species, and the formation of “migration channels” could be
observed.

In the preceding paper [17], we have shown how it is possible to
build a polarizable interaction potential for mixtures of LiF, NaF, KF
and ZrF, from a purely first-principles basis. The accuracy of the
simulations was checked by computing heat-transfer properties, like
the heat capacities and the viscosities, which compared satisfactorily
with experimental measures, for two different salts (LiF-NaF-KF and
NaF-ZrF, mixtures). The objective of present work is to determine
transport properties of such melts. Inorder to get a first experimental
information for these quantities, we have performed electrical
conductivity measurements in mixtures consisting in LiF, NaF and
ZrF,4. Systems with the same compositions have also been studied by
MD simulations. The ratio of alkali cations Li*/Na* was almost kept
constant while the concentration of ZrF, was varied from O to
29 mol% to study the importance of heavy cations incorporation on
the matter and charge transport. These melts have been chosen
because Zr** is a good example of highly charged cations, and it is
easier to handle than actinide species like Th** or U*". In this paper we
will first consider the values for the electrical conductivity from both
the experimental and the theoretical approach, then we will focus on
the diffusive properties of the various species, with a particular
emphasis on the role of ZrF4 concentration.

2. Results and discussion
2.1. Electrical conductivities
2.1.1. Measurements
Impedance measurements at ocp (open circuit potential) were

conducted to follow the variation of the electrolyte resistance
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Fig. 1. Nyquist diagrams obtained at different temperatures for the LiF-NaF-ZrF,
eutectic (29 mol% ZrF;) at various temperatures. The electrolyte resistance is
obtained at —3(Z) = 0.

versus temperature. As an example, the Nyquist diagrams obtained
for different temperatures of the eutectic mixture LiF-NaF-ZrF,
(29 mol% of ZrF,) are given in Fig. 1. The electrolyte resistance is
obtained at —3(Z) =0. As clearly shown on this figure, the
electrolyte resistance decreases with increasing temperature.
Taking into account the cell constant and the resistance values
deduced from the impedance spectra, we could determine the
experimental conductivities for three different compositions of the
molten fluoride mixtures.

The corresponding experimental points are shown on the top
panel of Fig. 2. The three compositions are given on the same figure
in order to underline the variation of electrical conductivity with
the amount of ZrF, in the molten salt. The lines correspond to
Arrhenius fits to the data. Electrical conductivity of the LiF-NaF
eutectic mixture has already been measured and the results are
reported in Ref. [18]. A small difference was observed here, and we
obtained slightly lower values. This difference is mostly due to the
relative incertitude in these experiments; as it was shown in
several recent reports [19] all the physico-chemical properties are
difficult to measure precisely in these media, but the principal
interest is to be able to compare several systems one with each
other in order to select the best compromise between all the
competing properties.

The first observation is the important diminution of electrical
conductivity when ZrF, is added to the melt. Such a behavior has
already been observed when adding BeF; to LiF: in these melts, the
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Fig. 2. Experimental (top) and simulated (bottom) values for the electrical
conductivity as a function of temperature for all the compositions studied.
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Fig. 3. Distances between one F~ and two different Zr** ions as a function of time
during a molecular dynamics simulation.

progressive formation of fluoroberyllate species, which have
relatively small diffusion coefficients, provokes the diminution
of electrical conductivity [15,16]. The diminution is not as strong as
the corresponding increase in the viscosity, and this decoupling
was associated to the important contribution of Li*ions in the
overall conductivity. In the case of ZrF, containing melts, Raman
spectroscopy studies showed evidence for the formation of small
size fluorozirconate chains [2], and the same effects can thus be
expected. At this point molecular dynamics (MD) simulations can
provide us a useful picture of that process. In this method, the
molten salt is simulated at the atomic scale and trajectories of
several nanoseconds are generated for all the ions of a given
condensed phase system (through the use of periodic boundary
conditions). Fig. 3 displays the variation of the distances between
one F~ and two different Zr** ions as a function of time during a MD
simulations. For the whole period of time represented, the F~ ion
stays in the first solvation shell of the first Zr**, the distance
between them slightly fluctuating around a value of 2 A. Then,
between t~ 10 psand t~ 15 ps, the F~ also is in the solvation shell
of the second Zr** ion, in a so-called bridging position. The distance
between the two cations then fluctuates around 4 A. Therefore, the
MD simulations support the formation of some complex fluor-
ozirconate species in the melt, which are responsible for the
diminution of the electrical conductivity when the ZrF, concen-
tration increases.

The Arrhenius fits allow a better understanding of the variation
of electrical conductivity with temperature. We obtained activa-
tion energies of respectively 9.3, 20.8 and 24.2 k] mol~! for the 0,
20 and 29 mol% ZrF, containing mixtures. This increase can again
be associated with the variation of the structure of these molten
salts: because of the high association of Zr*" and F~ ions, the
diffusion of all the species will involve jumps across higher
potential barriers. When the temperature is increased, such jumps
will become more and more frequent. Thus, for the LiF-NaF

mixture, the electrical conductivity will already be high at low
temperatures because of the small potential barrier, and it will
slowly increase with temperature, while in the ZrF, containing
melts, the charge transport will be slow at low temperature when
the ions have difficulties to jump across higher potential barriers,
but it will increase faster when their motion will become easier.

2.1.2. Simulations

During the MD simulations, sampling of several quantities like
the energies, velocities or the displacements was performed
periodically. The electrical conductivity is calculable as an integral
over the charge current correlation function [20]:

2 0
A:’B%/O o) dt (1)

where B = (1/kgT), kg is the Boltzmann constant, e is the
electronical charge, V is the simulation cell volume and J is defined
as

Zq q;(Vi(t)v;(0)) (2)

N N
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with g; and V; the charge and velocity of each ion. The conductivity

therefore involves the relative motion of all species. It is

convenient to re-express the conductivity in the form of a

mean-squared displacement [21], this expression is

2
A= ,Be 11m < 0T (t) > (4)
2
o Ber 1 [ & o
A= T}Lngo§ ;quot(t) (5)
where &a(t) = > icoOri(t) is the net displacement of all the ions of

species « in time t.

As outlined above, the displacements of each ion are
periodically sampled during the simulation, and the electrical
conductivity can thus be calculated from the slope of the
corresponding average of mean-squared displacements versus
time, which become linear after the short-time correlations have
disappeared. It is indeed a collective quantity, and such a
calculation involves very long simulation runs.

The calculated electrical conductivities for the four mixtures (0,
5, 20 and 29 mol% of ZrF,, in molar percent) at different
temperatures are given in Fig. 2. The agreement with correspond-
ing experimental data is good: for the LiF-NaF mixture, simulation
values are higher than the experimental ones, but as it was
underlined earlier a slight difference was obtained with previous
study on that mixture [18]. Agreement between simulation values
and Janz data is better, and this results confirm the fact that
relatively important uncertainties have to be accounted when
performing physical chemistry measurements in molten fluorides.
In the two concentrated ZrF, melts, the agreement between
simulation and experiment is good, with a slight underestimation
of electrical conductivity in the simulation of the 29 mol% ZrF,
mixture. This confirms that our model is able to reproduce
transport properties of molten fluorides; such a validation had
already been shown in the case of LiF-BeF, mixtures in Ref. [15]. In
the preceding paper [17], we could show that the heat-transfer
properties, which include another transport coefficient, the
viscosity, are also very well reproduced. We can then conclude
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Fig. 4. Variations of the diffusion coefficients with temperatures for all the species and concentrations studied.

that the MD simulations undertaken give a good description of the
physical chemistry of the system, and that it will provide a very
reliable estimation of the diffusion coefficients, for which no
experimental data is available.

2.2. Diffusion coefficients

MD is a powerful tool to obtain collective quantities like the
electrical conductivity, but it is even more efficient in determining
individual quantities like the diffusion coefficients of the various
species. A precise experimental determination of this quantity is
difficult to realize and requires for example the use of advanced
NMR spectroscopy techniques. It is routinely performed in room-
temperature ionic liquids [10,11], but up to now no such study
appeared for molten fluorides. Estimates can be done from
electrochemical measurements, and for example a value of
2.92 x 107> cm? s 'was determined for the diffusion coefficient
of Zr*'present in small concentration in a LiF-NaF mixture at
1010 K[22].In MD simulations, the diffusion coefficient can also be
computed from the mean-squared displacements through the
Einstein expression:

o1
Da = lim - (I87(0)?) (6)
Here, the mean-squared displacements are averaged over all the
ions for a given species, thus the diffusion coefficient is an
individual property, unlike electrical conductivity. Statistics for
this quantity are then much better in a MD simulation run. The

diffusion coefficients are plotted versus temperature for all the
ions in Fig. 4.

Like the electrical conductivity, the diffusion coefficients of all
the ions tend to decrease when ZrF, is added to the melt. In Fig. 5
are reported the variations of the diffusion coefficients for all the
species versus ZrF4 concentration at a given temperature of 1000
K. In the LiF-NaF system, the various species diffusion coefficients

20% ZI‘F4, T=1000K
T T T T T 1

g(r)
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Fig. 5. Cation anion radial distribution functions for the 20 mol% ZrF, melt at a
temperature of 1000 K.
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Fig. 6. Variation of the diffusion coefficients of all the ions with ZrF4 concentration,
for a constant temperature of 1000 K.

are almost similar. When ZrF, is added to the melt, the Li* and Na*
diffusion coefficients suffer a slight diminution, while the F~ one
decreases significantly. The origin of this behavior can be traced
in the solvation shells of the cations. The cation anion radial
distribution functions (RDF) are plotted for the 20 mol% ZrF,
melt in Fig. 6. Two very different patterns are observed: the first
RDF peak for the Zr-F pair is very sharp, with a high maximum
and avery low minimum (nearly 0), whereas, for the Li-F and Na-F
pairs, this peak is much broader and its minimum is quite high,
suggesting relatively rapid exchange of coordinated F-ions with
the bulk. The shape of the Zr-F RDF suggests some much
longer residence times for the F~ions in the Zr*" solvation shells,
which is confirmed by an examination of the variation of the
distance between the first Zr** and the F~ ion with time in Fig. 3.
Therefore, in a ZrF4;-containing melt, one can distinguish the
“free” F~ ions from the linked ones. When the ZrF, concentration
increases, so will behave the linked/free ratio. On the dynamic
point of view, this causes Dg- to reach similar value as D,.4., as
observed in Fig. 4.

An interesting feature appears upon examination of the varia-
tions of diffusion coefficients of the three cations with tempera-
ture. In Fig. 4, one can see that all species diffusion coefficients are
smaller for the 29 mol% ZrF4 melt than in the 20 mol% ZrF4 one
at low temperatures, but they become greater for the highest
temperature studied, i.e., 1100 K. This is directly related to the
variation of activation energies already discussed for the electrical
conductivities. Similarly to the electrical conductivities, activation
energies for the diffusion coefficients determined from the
Arrhenius fits (given by the lines in Fig. 4) increase with the
ZrF, proportion. In the 29 mol% mixture, the diffusion is more
activated with temperature than in the 20 mol% one, which results
in the observation of a crossing point in the diffusion coefficients of
the cations. This is not true for F~ ions because this effect is hidden
by the important diminution of their diffusion coefficients due to
their association with Zr** ions.

2.3. Validity of the Nernst-Einstein relationship
The expression 4, which was used to determine the con-

ductivity, can be approximated by neglecting the correlations
between the displacements of different ions, i.e.,

(SFi(t)F;(t)) =0, i#] (7)

This leads to the Nernst-Einstein approximation, where the
electrical conductivity (written ANF) is directly proportional to the
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Fig. 7. Electrical conductivity as approximated by the Nernst-Einstein relationship,
ANE vs. the real electrical conductivity A (MD simulations values). The diagonal
solid line corresponds to the equation ANE = A, while the dashed line corresponds to
the equation ANE =2 x A.

diffusion coefficients:

AN = Be?V " pig?D; (8)

icea

In this expression p; is the number density of species i. These
Nernst-Einstein conductivities have been computed and are
compared to the conductivities determined without any approx-
imation on Fig. 7. We can see that the approximation gives
reasonable results for the LiF-NaF mixture (because the data
points are close to the solid line, which corresponds to the equation
ANE — A), but strong deviations are observed for ZrF, containing
systems (points appear closer to the dashed line, which
corresponds now to ANE =2 x A, when the ZrF, concentration
increases). In fact, Nernst-Einstein is known to be accurate in ion
containing liquids with negligible association between distinct
ions like the diluted aqueous electrolytes. This shows again that
association effects are very important in the ZrF4-containing
systems, because of the long residence time of the F~ in the Zr**
ions solvation shell and the formation of small fluorozirconate
chains. In such systems, electrical conductivity measurements are
not sufficent to estimate precisely the diffusivity of the various
species in the melt. Structural informations, that can be provided
by MD simulations but also by experimental techniques as the
Raman or EXAFS spectroscopy are then necessary to understand
the possible association effects.

3. Conclusion

In this study we have shown how a coupled experimental and
theoretical strategy can be useful in determining the charge and
matter transport properties of molten fluorides consisting in
mixtures of LiF, NaF and ZrF,. The electrical conductivity could be
determined by two methods with a satisfactory agreement in the
obtained values. The diffusion coefficients of all the ions were
determined from the molecular dynamics simulations. Variation of
all these transport coefficients with the temperature and the
composition of the system were examined, and an interesting
analogy with the LiF-BeF, was observed. the main characteristics
of the diffusion processes are important coupling effects between
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the Zr*" and F~ ions, while the alkali ions tend to diffuse rapidly in
all the systems.

The agreement between experiment and simulation is
important in that it means that both the model chosen, the
polarizable ion model, and the procedure used to parameterize
the interaction potential, i.e. from first-principles calculations, are
consistent with the physical chemistry of the molten fluoride
liquids. In the framework of the MSR and other molten salts using
nuclear reactors, many species like the actinides, lanthanides or
fission/corrosion products will have to be considered, and it would
be very difficult to perform spectroscopic investigations and
thermodynamic studies for every composition of interest. MD
therefore appears as an interesting alternative to fill the gaps in
the databases necessary in the perspective of the setup of these
reactors concepts.

Future theoretical work should focus on interaction potential
development for many other species including lanthanide and
actinide cations. However it is of primary interest to continue to
confirm the validity of the computed physico-chemical properties,
and in molten salts the measurement of the electrical conductivity
is a method of choice for this task because it gives direct
information on the transport of matter.

4. Experiments
4.1. Electrical conductivity measurements

4.1.1. Salts

LiF, NaF, KF and ZrF, powders provided by (Sigma-Aldrich)
were treated under fluorine atmosphere to remove traces of oxides
or hydroxides and stored in a glove box (water content: 5 ppm)
under Ar atmosphere. Then, the constituents were dried before
each experiment under vacuum at 150 and 250 ° C during 1 day for
each step. Then, the fluorides mixture were introduced in the
reactor and dried again at 150 ° C under vacuum during 1 day and
then heat-treated very slowly up to the required temperature
(ramp: 5 °C). the impedance measurements were done about 1 h
after the stabilisation of the temperature. Whatever the electro-
chemical tests, all measurements were performed under argon
atmosphere. The temperature of the molten salt was controlled
using a chromel-alumel thermocouple.

4.1.2. Measurements

The conductivity cell was derived from the one proposed by
Hives and Thonstad [12]. Briefly, the cell consists of a pyrolytic
boron nitride tube (inner diameter of 5.9 mm and length of 90 mm)
and a graphite crucible used as one electrode. A tungsten rod used
as the second electrode was introduced in the boron nitride tube.
The graphite crucible contains about 20 g of salt. The cell was
placed in a cell made of an outer stainless steel envelope. The
measurement were done under Ar atmosphere. The resistance of
the molten salts was deduced from electrochemical impedance
measurements (Solartron 1260). The ac amplitude of the signal
was 10mV and the frequency range was comprised between
100 kHz and 1 Hz. Three successive diagrams were recorded to
ensure the reproducibility of the measurement. The cell constant
(~13 cm™') was determined by calibration of the cell using LiCl-
KCl eutectic (58.8-41.2 mol%) between 690 and 890 K.

4.2. Molecular dynamics simulations

Four different compositions of LiF-NaF-ZrF, mixtures have
been studied by molecular dynamics simulations. The number of
atoms involved in the simulation cells are detailed in Table 1. The
interaction potential used in those simulations is a “polarizable ion

Table 1

Number of ions of each species in the simulation cells

LiF-NaF-ZrF4 composition Ng- N+ Nya+ Nya-
61-39-0 (A) 216 132 84 0
58-37-5 (B) 260 132 84 11
47-33-20 (C) 282 84 58 35
42-29-29 (D) 374 84 58 58

model”, which consists of the sum of pairwise additive interactions
supplemented with a many-body polarization term. Its form and
values for all the parameters necessary are given in the preceding
paper [17]. The parameters were determined from a purely first-
principles basis, so that no experimental data but the density of
pure compounds have been used in that procedure.

At all the temperatures studied, the systems were first
equilibrated in the NPT ensemble with a pressure fixed at 0
GPa. We then performed NVT runs at the equilibrated cell volume.
The method used to enforce canonical (NVT) ensemble sampling is
the Nosé-Hoover chain thermostat method [23,24]. We chose a
time step of 0.5 fs and performed simulations of more than 2 ns for
each system in order to collect sufficent statistics to calculate the
electrical conductivities of the melts.
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