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Liquidus curves for LiF-KF and LiF-KCl mixtures are calculated from the two-phase technique in the
framework of molecular dynamics simulation. The calculated topology of the solid-liquid equilibria is in
excellent correspondence with the experimental data. The local structures in liquid LiF-KF and LiF-KCI
mixtures are analyzed by the partial structure factors (PSFs) calculations. For the reciprocal mixture LiF-KCI
of equimolar composition, the appearance of a significant intensity peak in the region of small kand only a
decrease in the height of the principal peaks of the PSFs for lithium-lithium, fluorine-fluorine, and lithium-
fluorine pairs is observed. An intermediate range ordering appears for the Li+ and F-ions, which is associated
with clustering of these species and is reflected in the sshape form for the liquidus curve for LiF-KCI mixture.
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1. Introduction

Binary mixtures of alkali halides (AHSs) with a
common ion show different phase equilibria features.
Melts of AX-BXor AX-AY type (here, A and Bare alkali
cations; Xand Yare halide ions) exhibit the phase diagram
patterns depending on the ionic radii ratio [I-4]. For
example, binary mixtures with a common anion with the
cations of close radii represent a phase diagram with a
continuous series of solutions in both the solid and liquid
phases. With increasing size differences between cations,
simple eutectic phase diagrams are observed. Such a type
is made up of mixtures of NaX-Rb.X, NaX-Cs X, LiX-KX,
and some others. When size differences reach the
maximum possible values, experiments show the presence
of certain compounds in the crystal structure, which
differs significantly from the rock salt lattice. For example,
in the case of LiX-Rb.X and LiX-CsX mixtures, these are
LiRb X2 and LiCs X2 [5-8].
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In the liquid region of the phase diagram, binary
mixtures of AHs with common ions do not have any
observable features. The situation changes if one considers
mixtures of AHs consisting of four different ions, i.e.,
AX-BY type mixtures. Beyond the features mentioned
above, the diagrams exhibit an immiscibility gap in the
liquid phase region for this type of system [?-]. In this
case, as was shown in [12], the key parameter controlling
the phase equilibrium is the difference in the radii of the
mixture components AXand BY. Due to the particularity
of the Coulomb interaction, the screening ability of ions
of different sizes becomes the main driver. A general
pattern for segregation is that a smaller cation tends to
surround itself with a smaller anion and vice versa. As a
result, the system splits into two liquid phases; in a
macroscopic sense, it is a solution for one component in
another. Experiments show that liquid-phase immiscibility
is observed only if 1) one of the components is lithium
fluoride and 2) the size difference between the mixture's
components becomes more significant than a specific
value [9]. For example, for the binary mixture of LiF-KBr,
the phase diagram has an immiscibility gap, whereas the
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LiF-KCI mixture exhibits a simple eutectic-type diagram
[13].

The appearance of an immiscibility gap for some
mixtures that consist of components of identical chemical
nature with the same type of interparticle interaction is
due to the complication of the local structure. It should be
noted that AHSsare characterized by ionic chemical bonds
with the formal charge of ions of * 1.

The microscopic structure and most of the
physicochemical properties of pure alkali halides are
accurately described within a simple model of charged
hard spheres [14-16] and the rigid ion model (RIM) [17-19].
Therefore, rigorous models considering the Coulomb
nature of interactions are suitable for the theoretical
study of the intermediate range ordering in binary
mixtures of alkali halides.

In the pioneering study by Ribeiro [20], the structure
characteristics were calculated for LiF-KF and LiCI-KCI
binary mixtures. The partial structure factors (PSFs) were
obtained for the equimolar mixture. The author used the
classical molecular dynamics method and the Born-
Huggins-Mayer pair potential with Fumi-Tosi parameters
(BHMFT). For both considered mixtures, the Li-Li
structure factor has a so-called pre-peak (or first sharp
diffraction peak — FSDP) in the region of wave vector
values smaller than the principal peak. For example, for
the LiF-KF mixture, the position of the pre-peak for
the Li-Li pair is 1.1 A-, while the position of the principal
peak is 2.5 A-. All other partial structure factors
demonstrate a standard form with the presence of a
principal peak and damped oscillations. At the same time,
the height of the PSF principal peak for all pairs of binary
mixtures decreases compared to those for the individual
salts. Also, the pre-peak height for the fluoride mixture is
higher than that for the chloride mixture.

Madden and co-workers [21] simulated a series of
binary mixtures: 0.25 LiF-0.75 KF, 0.5 LiF-0.5 KF,
0.75 LiF-0.25 KF, 0.25 LiF-0.75 NaF, and
0.59 LiCl-0.41 KCI. The calculations were performed
using the polarized ion model (PIM) model in the
temperature range of 773-1300 K. It was shown that the
pre-peak at Li-Li PSFs in a long-wavelength region is
preserved for all studied binary mixtures with a common
anion. At the same time, it was noted that the Li-Li radial
distribution functions do not exhibit unusual features
except for a significant increase in the height of the
principal peak. The authors concluded that the
intermediate chemical ordering of lithium cations is a
common property of binary mixtures of lithium halides
with other AHs. There is a deterioration in miscibility at
the microscopic level, which is a consequence of the
different screening abilities of ions of different radii.
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The LiF-KCl mixture is poorly described in the
literature. There is a single theoretical study [22] that
presents the results of molecular dynamics calculations of
radial distribution functions and self-diffusion coefficients
for a LiF-KCl equimolar mixture at 7=1200 K. An
ensemble consisting of 216 ions was simulated using the
BHMFT pair potential. Data on the radial distribution
functions (RDFs) obtained for the binary mixture were
compared with the RDFs of the pure components. Based
on the changes in the height and position of the principal
peaks on the partial RDFs, a generally correct conclusion
was made on the tendency to form clusters consisting of
Li+ and F- ions due to the stronger Li+-F- interaction.

Since the local structure of the melt significantly
affects the patterns of phase equilibrium of AHs binary
mixtures, it is relevant to perform a theoretical analysis of
the observed phenomena within the framework of the
same methodology. Moreover, the molecular dynamics
method allows the calculation of liquidus temperatures
for phase diagrams of the simple eutectic type without
involving experimental data [23-25].

Two binary mixtures were chosen as objects of this
theoretical study: a fluoride mixture with a common
anion LiF-KF and a reciprocal mixture LiF-KCI, both with
the phase diagram of a simple eutectic type. However, in
the latter case, the eutectic point is strongly shifted toward
KClI, and the liquidus line separating the two-phase region
(LiF(solid) + melt) from the melt has an sshaped form
[26, 27]. This study uses the molecular dynamics method
to calculate the liquidus curves and structure properties
of the LiF-KF and LiF-KCl binary mixtures. An analysis of
the structure features connected with the replacement of
the anion in the second salt will be presented as well as the
correlation of the local structure and the phase behavior
of these binary mixtures. The results obtained for the
phase diagrams and structure characteristics will be
compared with experimental and calculated data in the
literature.

2. Simulation details

The calculation of phase equilibria involves modeling
large two-phase molecular dynamics cells during long
simulation runs; therefore, the Born-Mayer pair potential
was used. Previously, this potential, combined with the ab
initio-based parameters, was applied to calculate the
melting temperatures of AHs with relatively low errors
[28]. The potential energy function consists of two
contributions: the first is the Coulomb term; the second
term describes the short-range repulsion of electron shells
in exponential form (Born-Mayer):
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there Z;, Z; are the charges of interacting particles located
at a distance r, ¢ is the dielectric constant (equal to 1 in our
case), e is an electron charge. The parameters A and p
specify the Born-Mayer repulsion were calculated in [28].
The calculation of partial structure factors S,z(k) was
carried out by the direct method, using particle
trajectories, through the expression:

Sap(k) = Jﬁ—Nﬁ@a Ype kraTp)), @

here N, is the number of particles of type a, 1, is the
radius vector of a particle of type a, the wave vector k is
determined on an interval depending on the size of the

simulated cell and its minimum value is k = 27”{1,0,0}.

The exponent in Equation 2 in the case of homogeneous
and isotropic liquids can be represented through scalar
quantities describing the absolute value of the distance
between particles and the value of the wave vector:
sin(kn)/ kr. The parameter L is the length of the simulated
cubic cell. In angle brackets, the summation is carried out
over all particles' coordinates and averaged over the
ensemble and the simulation time.

To analyze the local structure of LiF-KF and LiF-KCI
binary mixtures, the equimolar compositions were
simulated in the molten state at a temperature of
7=1030 K and standard pressure. The individual
components of the mixtures (LiF, KF, and KCI) were
simulated under the same conditions. LiCl melt was also
simulated to compare its Li-Cl PSFs with one of the
reciprocal LiF-KCl mixture. The molecular dynamic
trajectories required for calculating the PSFs were
obtained by simulating cubic cells containing 20000 ions
for binary mixtures and 13824 for individual melts.
Periodic boundary conditions were imposed. The total
simulation time was 1.0 ns, with a step size of At =1 fs.

The liquidus temperatures were calculated using the
two-phase method described in [23]. The simulated cells
are rectangular parallelepipeds with the dimensions of
40 A x 40 A x L,, where the lattice parameter along the
z coordinate takes the values L,=85A +220A,
depending on the concentration of the binary mixture
components. The core of the method is gradually heating
until the cell becomes completely single-phase. The
algorithm consists of sequential simulations of heating and
constant-temperature conditions. The temperature at
which the solid phase completely melts is the liquidus
temperature for a given concentration. For the heating
stages of the simulation, the heating rate of 2 K/ns was
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chosen based on a reasonable balance between the
accuracy of the calculated phase transition temperature
and the simulation time. The error in determining
liquidus temperatures by this method is about
AT =+ 30 K.

The simulation time step for all mixtures was
At =1fs. The total simulation time for each composition
depended on the initial temperature at which the
configuration and equilibration of the two-phase cell were
performed. For the LiF-KF mixtures close to the eutectic
composition, the total simulation time was about 10.0 ns.
In contrast, the simulation time was 25-35 ns for the
compositions far from the eutectic point. The same order
of magnitude for the total simulation time, depending on
the concentration of the components, was necessary for
the reciprocal LiF-KCI mixture. Temperature and pressure
were controlled using a thermostat and a Nose-Hoover
barostat [29]. The damping parameters for temperature
and pressure were O. and 0.5 ps respectively. All
calculations were performed in the LAMMPS package [30]
using the computing resources of the Uran
supercomputer at the IMM UB RAS.

3. Results and discussion

Static structure factor S,p(k) reflects density
fluctuations and, therefore, serves as a convenient
function for describing the structure of a liquid [3I].
Typical ionic melts are characterized by one principal
peak at distances of the order of k., ~ 27/, where o is
the closest distance between ions. If, for various reasons,
stable density fluctuations or microheterogeneity arise in
the melt volume at distances significantly greater than o,
this leads to the appearance of an additional peak in
Sap (k). As the fluctuations increase, the additional peak

becomes more pronounced and shifts toward the region
of small 4 High and rapidly increasing peaks at k — 0
indicate density fluctuations on the scale of the entire
system, i.e., macroscopic instability.

Figure 1 shows the calculated PSFs for the potassium-
potassium pair in equimolar LiF-KF and LiF-KCI mixtures,
as well as for KF and KCI melts at 7=1030 K. When the
binary mixture is formed, the intensity of the principal
peak decreases as expected, and its position shifts slightly
toward a larger 4. This behavior of Sk (k) is observed for
both mixtures. It is due to the number of potassium-
potassium pairs per unit volume of the melt alongside a
slight decrease in the distance between the cations. The
Sxx (k) graphs do not show any features indicating the
formation of clusters or any segregation involving
potassium cations. This is confirmed by the data in
Figure 2, which shows the instantaneous configuration of
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potassium cations in an equimolar LiF-KCl binary
mixture. Snapshots taken at equilibrium molten state at
7=1030 K and every 5000 timesteps were analyzed. One
of them, which corresponds to 0.5 ns, is presented in
Figure 2. All other types of ions constituting the
reciprocal mixture have been removed from the cell for
clarity. Figure 2 shows a uniform distribution of
potassium cations throughout the simulated cell.

Let us now consider the behavior of the PSFs for
lithium and fluorine ions. Figure 3a shows the calculated
S;.:.i(k) for LiF-KF and LiF-KCI equimolar mixtures and
the LiF melt at a temperature of 7=1030 K. The results
of our MD calculation of S;;;; (k) for the binary mixture
of LiF-KF agree with the data of [20] and demonstrate the
presence of a small pre-peak at k ~ 1.15 A~1. Similarly,
the Spr(k) calculated for LiF-KF (see Figure 3b) shows
only a decrease in the principal peak alongside its slight
shift toward smaller & which also concurs with the data
obtained using the BHMFT pair potential [20]. The results
of the calculation of the PSFs for the binary mixture
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LiF-KCI of equimolar composition are more intriguing. In
this case, the PSFs calculated for lithium and fluorine ions
significantly increase from approximately k ~ 1.5 A- to
the boundary values k,,,;,,. The latter are determined by
the linear dimensions of the simulated cells and, in our
case, are equal to 0.25 A-. The inability to determine the
position of the maxima for S;;;; (k) and Spx(k) indicates
that the inhomogeneities formed with lithium and
fluorine ions exceed the dimensions of the simulated cells
of the LiF-KCI binary mixture. Figure4 shows the
instantaneous configuration of lithium cations in the
reciprocal mixture, with other types of ions removed from
the cell. This snapshot was taken under the same
conditions as in Figure 2. The distribution of lithium
cations in the MD cell is non-uniform. However, the scale
of lithium density fluctuations in the reciprocal mixture at
the studied temperature is not macroscopic. Otherwise,
the simulated melt would represent two immiscible liquids
separated by a surface, i.e., two separate liquid phases.

4 r
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Figure 3 Calculated PSFs (a) S;;;; (k) and (b) Sgr(k) for equimolar mixtures and LiF.
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Figure 4 Snapshot of Li+ in LiF-KCl equimolar mixture.
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Figure 5 (m) Liquidus curve for the LiF-KF binary mixture and
their error bars for all considered compositions calculated by
MD. The dashed curve denotes experimental data [32].
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Figure 6 (m) Liquidus curve for the LiF-KCI binary mixture and
their error bars for all considered compositions calculated by
MD. The dashed curve denotes experimental data.
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Let us now analyze the relationship between the
described features of the local environment and phase
equilibria in the studied mixtures. Lithium cations in the
LiF-KF binary mixture tend to form clusters in a matrix
consisting of uniformly distributed potassium cations.
Such microheterogeneities have virtually no effect on the
phase behavior. Figure 5 shows the calculated liquidus line
for the LiF-KF binary mixture compared to the
experimental data. A standard fusibility curve is observed,
with an almost equimolar composition of the eutectic
point.

Figure 6 presents the results of the liquidus curve
calculation for the reciprocal mixture LiF-KCl compared
to the experimental data [27]. Note that the data obtained
by the two-phase modeling method qualitatively match
the topology of the experimental curve. Assessing the
quantitative agreement with the experiment, there is an
acceptable error level in determining the liquidus
temperatures.

The main feature of the phase diagram of the
reciprocal mixture LiF-KCI is as follows: on the liquidus
line, which separates the two-phase region of
LiF(solid) — melt coexistence and the homogeneous melt,
there is a clearly expressed inflection point. Such a shape
of the coexistence curve can stem from two reasons. The
first reason is the presence of a chemical compound in the
region of compositions close to the inflection point, that
is, in the region of the equimolar ratio of LiF and KCI. So
far, there is no experimental evidence of the presence of
such a compound in the system under consideration. In
contrast, stable compounds have been proven
experimentally for LiX-RbX, LiX-CsX (X=F, Cl, Br, I)
mixtures [5]. The second explanation for such a shape of
the coexistence curve is associated with an immiscibility
gap, which turns out to be unstable concerning the
liquidus curve. In other words, the region of limited
solubility occurs at a lower temperature than the liquidus
curve.

The results of the calculation of the PSF indicate the
formation of largescale, but not macroscopic,
fluctuations in the density of lithium fluoride in the LiF-
KCI binary mixture at temperatures above the liquidus
curve. In this case, the second component of the reciprocal
mixture at this temperature and concentration is
uniformly distributed over the entire cell volume. It
stabilizes the entire melt phase, preventing decomposition
into two liquids. Figure 7 shows the calculated structure
factors S¢;c; (k) and Sk (k) compared to ones for the KCI
melt. It is evident that the curves do not have any pre-
peaks in the region of small & and only a decrease in the
height of the principal peaks occurs.
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Figure 7 The structure factors S¢;; (k) and Sk (k).

The LiF-KCl reciprocal mixture represents an
example of a situation where thermal motion, which tends
to mix all components, dominates the competing
Coulomb interaction in the liquid phase region. The
decomposition occurs during the crystallization of
LiF-KCl since a eutectic mixture of components is formed.
The situation changes significantly when chlorine is
replaced by bromine in the second component of the
mixture, i.e., if one considers the reciprocal mixture of LiF-
KBr. In this case, an immiscibility gap is already formed in
the liquid phase region, since the Coulomb interaction
dominates thermal motion. Although the consideration of
monotectic equilibrium is beyond the scope of this study,
it is a promising line of research within the framework of
the same theoretical approach.

Thus, the relationship between the observed phase
equilibria and the local structure features is presented
through the molecular dynamics modeling of binary
mixtures LiF-KF and LiF-KCI. Both binary mixtures under
consideration crystallize according to the eutectic
equilibrium type, i.e., they demonstrate complete mixing
in the liquid phase region and decomposition into
components in the solid state. One of the reasons for such
phase behavior is the discovered features of the local
structure in the form of pre-peaks on the PSF of the
lithium-lithium pair for both mixtures. Moreover, in the
reciprocal LiF-KCI mixture, such pre-peak is also observed
for Spr(k), but on an even larger scale. This leads to the
appearance of an inflection point on the calculated
liquidus line, which is also observed on the experimental
phase diagram.
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One key feature of the approach to analyzing phase
equilibria presented in this paper is that no fitting
empirical data were used in the calculation. All structural
characteristics and temperatures of phase transitions of
the binary mixtures LiF-KF and LiF-KCI are obtained
within the framework of a single classical molecular
dynamics method. This is a great advantage and delivers
vast possibilities for predicting phase diagrams.
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