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a b s t r a c t

Electrolysis of molten fluorides is one of the promising methods for the recovery and recycling of rare
earth metals from used magnets. Due to the dearth of phase equilibria data for molten fluoride systems,
thermodynamic modelling of LiF-DyF3-NdF3 system using the CALPHAD approach was carried out. Gibbs
energy modelling for LiF-NdF3 and LiF-DyF3 systems was performed using the constitutional data from
literature. Ab initio calculations were used to obtain enthalpy of reaction of LiDyF4, an intermediate phase
that is found to exist in the LiF-DyF3 system. Differential thermal analysis was carried out for selected
compositions in the NdF3-DyF3 system, in order to determine liquidus and solidus temperatures. The
Gibbs energy parameters for the limiting binaries determined in this work is used for modelling the
Gibbs energy functions of equilibrium phases in the ternary system. Selected compositions of LiF-NdF3-
DyF3 were subjected to DTA in order to validate the calculated phase temperatures involving melt.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Rare earth elements are essential in the green and low-carbon
economy due to their superior magnetic properties. They play a
key role in hybrid and electric car industries as well as in wind
turbines [1]. Neodymium along with dysprosium are expected to
dominate the future of magnetic material industry, increasing their
demand over the next 25 years by 700 and 2600%, respectively
[2e4]. Due to the uneven distribution of the resources and recent
issues in the supply and demand of the rare earth metals, demand
for recovery of these metals fromwaste products is strongly rising.
In comparison with the hydro metallurgical route, molten salt
processes are advantageous due to the low energy consumption,
higher purity of the end product, high efficiency and no limitation
regarding the hydrogen evolution [5e7]. Molten salt electrolysis
process is the dominant industrial method for extraction of rare
earths [8]. Electrolysis of molten fluorides has been the subject of
many studies on the recovery of rare earth metals [9e11]. Evolution
of fluorine associated gases (PFCs), low solubility of the rare earth
basalizadeh).
oxide in the fluoride electrolytes and formation of oxyfluoride
complexes are the challenges of the recovery of the rare earth
elements.

In order to optimally design such processes, knowledge of phase
equilibria and thermodynamics of molten fluorides system is
crucial. However, there is a dearth of such information in the
literature. In the present work, we report thermodynamic model-
ling of the LiF-DyF3-NdF3 system using the CALPHAD approach.
2. Experiments

Anhydrous LiF (99.98%- Alfa Aesar, USA), DyF3 (99.9%- Alfa
Aesar, USA) and NdF3 (99.9%- Alfa Aesar, USA) were used for pre-
paring the samples for thermal analysis. Various compositions
investigated in the NdF3-DyF3 and LiF-DyF3-NdF3 systems are listed
in Tables 1 and 2, respectively. The samples were prepared by
mixing the chemicals in a glove box and heating the mixture to a
temperature above the melting point under Ar atmosphere and
subsequently quenching the molten mixture using liquid nitrogen.

Differential thermal analysis (DTA) was carried out using
Netzsch STA 409C apparatus with DTA/TG sample carrier. The in-
strument was calibrated by measuring the melting point of high
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Table 1
Solidus and liquidus of NdF3-DyF3 measured by DTA.

Composition (mol% DyF3) Solidus Liquidus

(K)

20 1569 (1603) 1646 (1640)
40 1519 (1491) 1606 (1612)
60 1449 (1444) 1549 (1560)
80 1418 (1429) 1492 (1465)

Values in parentheses are calculated.
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purity metals such as Al, Ag, Au, Ni and Sn [12]. The signal related to
temperature difference between the sample and the reference
measured by DTAwas converted into heat flux difference by means
of an appropriate calibration. Hence the DTA results are reported as
heat flux change with temperature. Each sample (weighing be-
tween 60 and 90mg) was loaded in a platinum cup with a lid
because of the corrosive character of fluoride salts. The platinum
cup was positioned inside an alumina crucible. An empty alumina
crucible served as the reference material. For each experiment, 3
cooling and heating runs were carried out. Heating rate was fixed at
10 Kmin�1, based on the instability of the fluoride salts. All ex-
periments were carried out under high purity nitrogen atmosphere
with a flow rate of 40mlmin�1.
3. Experimental results

3.1. Thermal analysis

The extrapolated onset temperature is less affected by heating
rate and other experimental factors in comparison with trough of
the peak or offset temperature [13]. Hence, the DTA peaks were
analysed using the onset technique reported by Ref. [14] in order to
determine the phase transformation temperatures. Liquidus and
solidus temperatures thus calculated from the heating and cooling
curves, respectively, have an uncertainty of ±8 K. The uncertainty is
high due to the instability of the fluoride system and the difference
between the second and third heating/cooling cycles.

DTA curves of NdF3-DyF3 samples (Fig. 1 (a)) do not show any
solid state transformation, which could be due to the small
enthalpy of the orthorhombic to hexagonal transformation in DyF3
[15]. The results from DTA analysis for the NdF3-DyF3 mixtures
indicate complete solubility of NdF3 and DyF3 and no evidence for
any solid state phase transformation. All samples show only one
peak in the heating curve corresponding to the solidus. Results are
given in Table 1. The maximum weight loss of the samples
measured by thermogravimetric analysis (TGA), was 1.43%.

The phase transformation temperature for the LiF-DyF3-NdF3
systemwas also obtained using the DTA. In Fig. 1(b), the DTA curves
corresponding to LiF-30mol% NdF3-30mol% DyF3 composition
show two peaks. The transformation temperatures are measured to
be 955 and 1053 K, respectively. Except for LiF-30mol%NdF3-
30mol%DyF3, all DTA results for the ternary compositions showone
Table 2
Phase transformation temperatures of LiF-NdF3-DyF3 measured by DTA.

Composition Temperature

(mol% DyF3) (mol% LiF) (K)

10 80 982 (981, LþCub!LþCubþHex)
20 60 948 (955, L!CubþHexþLiDyF4)
40 40 1063 (1063, LþHex!LþHexþLiDyF4)
30 40 1053 (1045, LþHex!LþHexþLiDyF4)
20 20 1038 (1037, LþHex!LþHexþLiDyF4)

Values in parentheses are calculated. Corresponding phase transformations are also
given.
peak while three thermal events are expected for each composi-
tion. High heating rate and mass loss in the samples can be two
reasons that these transitions are not captured by DTA. Because of
the high evaporation of salts, especially LiF, which results in the
mass loss of the samples, reliable measurement of the trans-
formation temperatures of LiF-DyF3-NdF3 system using DTA is
difficult. The mass loss of the samples increased with the increase
in the amount of LiF in the samples. For the sample LiF-10mol%
NdF3-10mol% DyF3, the mass loss was measured to be about 34%.
Moreover, in ternary systems some of the compositions go through
four-phase as well as three-phase regions in addition to the two-
phase region before melting is completed. Some of these events
are not necessarily captured in a DTA experiment. Hence, the DTA
results were only used for comparing with the calculated results.
The phase transformation temperatures determined by DTA for all
ternary compositions are listed in Table 2.

3.2. Microstructure analysis

In order to investigate the solubility of the solid phase at high
temperatures in the NdF3-DyF3 system, the samples were heated
below the liquidus temperature and quenched in liquid nitrogen.
The quenched samples were subjected to SEM/EDS to ascertain the
number of phases present at various compositions of NdF3-DyF3.
The results (Fig. 2) show the presence of a single phase in all
investigated samples, proving extended solid solubility just below
their solidus. No evidence of phase separation could be detected in
any of the samples.

4. Ab initio calculations

Due to lack of experimental thermochemical information for the
compound LiDyF4 forming in LiF-DyF3 system, ab initio calculations
were performed to estimate its enthalpy of formation. The Vienna
Ab initio Simulation Package (VASP) [16,17] was used. The input
parameters used for relaxing the structures are listed in Table 3. The
enthalpies of formation of LiDyF4 in tetragonal (tI24, I41/a) and
orthorhombic (oP24, Pbcn) structures were estimated. It was found
that tetragonal LiDyF4 was more stable in comparison with the
orthorhombic LiDyF4.

The enthalpy of the reaction LiFþ DyF3! LiDyF4 was calculated
according to Equation (1).

DrH+
298ðLiDyF4ÞzE0ðLiDyF4Þ � E0ðLiFÞ � E0ðDyF3Þ (1)

In order to validate the calculated DrH+
298 for LiDyF4, the en-

thalpies of formation of LiF and DyF3 were also calculated with the
same input parameters as in Table 3 using VASP. The DfH

+
298 for

these compounds were calculated using Equation (2).

DfH
+
298

�
AFy

�
zE0

�
AFy

�� E0ðAÞ �
y
2
E0ðF2Þ (2)

The enthalpy of formation of LiF was calculated with respect to
Li(bcc) and F2(gas) and DyF3 was calculated with respect to
Dy(dhcp) and F2(gas). The total energy of F2(gas) was calculated
using the same procedure as in Ref. [21] for calculating the total
energy of N2(gas). The difference in total energies of DyF3 with
hexagonal (P3c1) and orthorhombic (Pnma) structures was also
calculated. The calculated enthalpies from the present work and
the comparisonwith experimental data from literature are listed in
Table 4.

5. Thermodynamic models

There are five equilibrium phases in this system: Liquid, Cubic



(a) NdF3-20 mol% DyF 3
(b) LiF-DyF 3-NdF3

Fig. 1. DTA thermograms of representative compositions.

Fig. 2. BSE images and EDS spectra of selected compositions.
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(Cub), Orthorhombic (Ort), Hexagonal (Hex) and LiDyF4. The crys-
tallographic information for the solid phases of the system is listed
in Table 5.

The liquid phase was modelled using the two-sublattice model
for ionic melts [25,26]. This is based on Temkin's model [27]
assuming that cations and anions occupy separate sublattices
(indicated by parenthesis in Table 6) andmix randomly within each
sublattice. The mixing model for liquid phase is thus represented as

�
Dy3þ; Liþ;Nd3þ�

p
:
�
F�; LiDyF4

�
q

Table 3
VASP input parameters.

Potential PAW [18]
Exchange-correlation

functional
GGA-PBE [19]

Energy cut-off 600 eV
k-point mesh spacing � 0:8Å�1

Force convergence 1� 10�3 eV/Å
Stress convergence 0.1 kB
SCF convergence 1� 10�4 eV
Integration scheme Tetrahedron method with Bl€ochl correction

[20]
Initially, the liquid phase was modelled without a neutral specie
in the anion sublattice. It was found that several model parameters
were required to obtain the best-fit to experimental data. Hence,
LiDyF4 (corresponding to the stoichiometry of the most stable
compound in the system) was added as a fictitious neutral species
to account for the short range ordering in LiF-DyF3 melt. In order to
keep the electroneutrality, the number of sites on each sublattice, p
and q, must satisfy the following constraints:

p ¼ yF� (3)

q ¼ 3yDy3þ þ yLiþ þ 3yNd3þ (4)
Table 4
Enthalpies of reaction/formation of LiDyF4, LiF and DyF3.

Phase DrH+
298/DfH

+
298 (kJ/mol)

Ab initio Experiment

LiDyF4 � 19:156 e

LiF � 574:626 � 594:581[22]
DyF3 � 1606:664 � 1665:23[23]

� 1692[24]



Table 5
Crystallographic data for solid phases.

Phase Space group Stability range (K)

Cub (LiF) Fm3m � 1121
Ort (DyF3) Pnma � 1300
Hex (DyF3) P63/mmc 1300� 1430
Hex (NdF3) P63/mmc � 1650
LiDyF4 I41/a � 1093

Table 6
Sublattice formulations for the phases.

Phase Sublattice formulation

Liquid ðDy3þ; Liþ;Nd3þÞp : ðF�; LiDyF4Þq
Cub ðLiþÞ1 : ðF�Þ1
Hex ðDy3þ;Ndþ3Þ1 : ðF�Þ3
Ort ðDy3þÞ1 : ðF�Þ3
LiDyF4 ðDy3þÞ1 : ðLiþÞ1 : ðF�Þ3

Table 7
Data sources used for the optimization.

Data Method Reference

LiF-NdF3
Liquidus DTA [34]
LiF-DyF3
Liquidus DTA [34]
DrH+

298 DFT Present work
NdF3-DyF3
Liquidus/Solidus DTA Present work
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Cubic, orthorhombic and LiDyF4 phases were modelled as stoi-
chiometric phases. Hexagonal phasewas modelled as solid solution
based on the compound energy formalism [28,29]. According to
this approach, the structure of a phase is represented by two or
more sublattices and constituent species mix randomly within the
sublattices. Table 6 summarizes the sublattice formulations used in
the Gibbs energy modelling of various phases. The Gibbs energy
Table 8
Gibbs energy parameters for DyF3-LiF-NdF3 system (in SI units).

GHSERDF ¼ � 1722267:41þ 512:670134T � 92:91541T lnðTÞ� 0:01096079T2 � 2:121
156:9T lnðTÞ ð1430< T <6000Þ

GHSERLF ¼ � 634621:638þ 305:64556T � 50:30632T lnðTÞþ 0:0012289475T2 � 2:30
278:759762T � 45:75246T lnðTÞ� 0:006033035T2 � 4:40324167� 10�7T3 þ 43381
64:18256T lnðTÞ ð1121< T <3000Þ

GHSERNF ¼ � 1710301:85þ 510:665061T � 92:69601T lnðTÞ� 0:01171485T2 � 1:083
1142:45411T � 172:4*T lnðTÞ� 1:1335� 10�4T2 ð1650< T <6000Þ

Liquid: ðDy3þ; Liþ;Nd3þÞp : ðF�; LiDyF4Þq+GLiquid
Dyþ3 :F�

¼ þGHSERDFþ 58576� 40:9622387

33:2181818T
+
GLiquid
LiDyF4

¼ GHSERLFþGHSERDFþ 85663:2� 65:1191994T
0
LLiquid
Dyþ3 ;Liþ :F�

¼

41:475T
0
LLiquid
Dyþ3 ;Ndþ3

:F�
¼ þ 9956

1
LLiquid
Dyþ3 ;Ndþ3

:F�
¼ � 3863

0
LLiquid
Dyþ3 ;Liþ :F� ;LiDyF4

¼ þ 17825

Cub: ðLiþÞ1 : ðF�Þ1
+
GCub
Liþ :F�

¼ þGHSERLF

Hex: ðDy3þ;Ndþ3Þ1 : ðF�Þ3
+
GHex
Dyþ3 :F�

¼ þGHSERDF
+
GHex
Ndþ3

:F�
¼ þGHSERNF

0
LHex
Dyþ3 ;Ndþ3

:F�
¼ þ 10316

1
LHex
Dyþ3 ;Ndþ3

:F�
¼ þ 8164

Ort: ðDy3þÞ1 : ðF�Þ3
+
GOrt
Dyþ3 :F�

¼ þGHSERDF� 13532þ 10:409T

LiDyF4: ðDy3þÞ1 : ðLiþÞ1 : ðF�Þ3
+
GLiDyF4
Dyþ3 :Li:F�

¼ þGHSERDFþGHSERLF� 51636þ 28:9T
expressions for LiF (cubic and liquid), NdF3 (hexagonal and liquid)
and DyF3 (hexagonal and liquid) are from the SGTE substance
database (Version 5.1) [30]. The Gibbs energy expression for DyF3
(orthorhombic) is estimated using enthalpy and temperature DyF3
(orthorhombic) to DyF3 (hexagonal) transformation. This is
explained in Section 7.1.

6. Optimization

The Gibbs energy parameter optimization was carried out using
the PARROT module [31] of the Thermo-Calc data bank system [32]
using relevant constitutional and thermochemical data as input.
The method involves minimizing reduced sum of squares of errors
in an iterative manner, starting with estimated values for all opti-
mizing variables. Optimized Gibbs energy description thus ob-
tained, is eventually used for calculating phase diagrams and
thermochemical properties at any desired temperature and
composition regime inwhich the functions are valid. The sources of
input data used in the optimization are shown in Table 7. Optimi-
zation is initialized by providing estimated values for the parame-
ters. The start values are refined iteratively by minimizing the sum
of the squares of deviation between input data and the corre-
sponding model calculated values. Finally the model parameters
were rounded-off according to the method suggested by Hari
Kumar et al. [33]. The Gibbs energy parameters of LiF-NdF3, LiF-
DyF3 and NdF3-DyF3 were optimized based on this method. Opti-
mization was not performed for the ternary system.

7. Results

7.1. Binary systems

The optimized thermodynamic parameters for LiF-NdF3, LiF-
DyF3 and DyF3-NdF3 systems obtained in this work are listed in
Table 8.

The phase diagram of LiF-NdF3 calculated using the model pa-
rameters obtained in this work is shown in Fig. 3 along with the
experimental data from Ref. [34]. The phase diagram of LiF-NdF3 is
a simple eutectic phase diagram without any solid solubility in
47� 10�10T3 þ 235586:75T�1 ð298:15< T <1430Þ� 1791020:92þ 1010:0659T �

170167� 10�6T3 þ 399408:8T�1 ð298:15< T <700Þ� 633813:702þ
3:85T�1 ð700< T <1121Þ� 644878:626þ 411:074928T �

33333� 10�10T3 þ 322770T�1 ð298:15< T <1650Þ� 1809836:14þ

T
+
GLiquid
Liþ :F�

¼ þGHSERLFþ 27087:2� 24:1569607T
+
GLiquid
Ndþ3

:F�
¼ þGHSERNFþ 54810�

� 46814
1
LLiquid
Dyþ3 ;Liþ :F�

¼ þ 10509
2
LLiquid
Dyþ3 ;Liþ :F�

¼ þ 18849
0
LLiquid
Liþ ;Ndþ3

:F�
¼ þ 27447�
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Fig. 3. Calculated LiF-NdF3 phase diagram and its comparison with the experimental
data from Ref. [34].

Fig. 5. Calculated NdF3-DyF3 phase diagram and its comparison with the experimental
data from present work.
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cubic and hexagonal phases. The optimized eutectic composition
and temperature for this system are 22mol% NdF3 and 1007 K,
respectively.

LiF-DyF3 phase diagram was optimized using the experimental
data by Thoma et al. [34] along with the enthalpy of reaction of
LiDyF4 obtained from ab initio calculation. The calculated phase
diagram is shown in Fig. 4. Here also the terminal solid phases have
no solubilities. The calculated enthalpy of reaction of LiDyF4
(�19.052 kJ/mol) is in good agreement with the ab initio calculated
value that was used as the input.

Zalkin and Tempelton [35] were the first to recognise the
dimorphism among the rare earth trifluorides. They observed
hexagonal structure for LaF3 to NdF3 and orthorhombic structure
for GdF3 to LuF3, while SmF3, EuF3, HoF3 and TmF3 could have both
hexagonal and orthorhombic structure. Thoma and Brunton [23]
also studied the dimorphism of lanthanide trifluorides systemati-
cally. They observed tysonite-type hexagonal structure for LaF3 to
NdF3 group. However, they have found that all lanthanide tri-
fluorides with the orthorhombic structure transform to hexagonal
crystal structure on heating. They have demonstrated that SmF3,
EuF3, TbF3 and DyF3 form tysonite-type hexagonal structure, while
Fig. 4. Calculated LiF-DyF3 phase diagram and its comparison with the experimental
data from Ref. [34].
ErF3 to LuF3 form a-YF3 type structure. Spedding et al. [36,37]
confirmed the orthorhombic to hexagonal transformation for TbF3
and DyF3 by high temperature XRD. However, the enthalpy of the
transformation for these two fluorides was not large enough to be
detected by drop calorimetry. Greis and Cader [15] have not
observed any first-order solid state transformation for TbF3, DyF3
and HoF3.

Sobolev et al. found that presence of oxygen can influence the
structure of lanthanide trifluoride, which can be a source of
discrepancy [38,39]. Meanwhile, Garashina et al. [40] have
observed that the transformation of orthorhombic to hexagonal
structure takes place as a result of a deformational mechanism and
over a broad temperature range. Stankus et al. [41] have proposed
that orthorhombic to hexagonal transformation in lanthanide tri-
fluorides proceeds in two stages: first a continuous transformation
up to the transformation temperature (Tt) and then a sharp change
of lattice parameters at Tt .

The enthalpy of the orthorhombic to hexagonal transformation
in DyF3 was measured by drop calorimetry by Lyaponov et al. [42].
Fig. 6. Calculated liquidus projection.



Table 9
Details of phase transformations in LiF-NdF3-DyF3 system.

Transformation Liquid
composition
(mol%)

Temperature (K) Reference

LiF DyF3

LiF-NdF3
L # Cub 100 0 1121 [30]
L # Hex 0 0 1652 [30]
L # Cub þ Hex (e1) 78 0 1007 This work

77 0 1011 [34]
74.7 0 1006.5 [43]

LiF-DyF3
L # Hex 0 100 1430 [30]
L # Cubþ LiDyF4 (e2) 77.2 22.8 968 This work

76 24 973 [34]
L þ Ort # LiDyF4 (p1) 51.4 48.6 1078 This work

54 46 1093 [34]
L þ Hex þ Ort (d1) 31.9 68.1 1300 This work
DyF3-LiF-NdF3
L þ Ort # Hex þ LiDyF4 (U1) 48.64 48.25 1068 This work
L # Hex þ Cub þ LiDyF4 (E1) 75.05 18.77 955 This work
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They reported that the transformation takes place at 1300 K and the
corresponding enthalpy change isþ2400±1700 J mol�1. Since there
is large uncertainty in the reported enthalpy value, we preferred
using the corresponding DFT calculated value (þ3383 J mol�1)
along with the measured temperature of transformation (1300 K)
to describe the Gibbs energy of DyF3 (orthorhombic).

The solidus-liquidus data obtained by DTA in the current work
were used for optimization of Gibbs energy model parameters in
the NdF�3DyF3 system. The calculated phase diagram along with
experimental data from the present work is shown in Fig. 5. The
phase diagram shows extended solubility in the hexagonal phase in
the high temperature region. As it was discussed earlier in this
paper, both the DTA measurements and microstructure analysis
indicated the complete solubility of NdF3 and DyF3.
7.2. DyF3-LiF-NdF3

The liquidus projection along with the isotherms is shown in
Fig. 6. It is calculated using the Gibbs energy parameters of binaries
alone. No ternary parameters were used. The projection shows two
ternary invariant transformations, whose co-ordinates are also
Fig. 7. Reaction scheme for DyF3-LiF-NdF3 system.
listed in Table 9. The corresponding Scheil reaction scheme is
shown in Fig. 7. Table 2 gives a comparison of DTA results with
calculated phase transformation temperatures and the corre-
sponding phase changes.

8. Conclusions

The Gibbs energy parameters for LiF-DyF3 and LiF-NdF3 systems
were optimized with experimental data from literature. Ab initio
calculations were used to obtain the enthalpy of formation for
LiDyF4, which is a stable phase in the LiF-DyF3 system. NdF3-DyF3
system optimization was performed with the experimental data
obtained from DTA analysis in this work. The phase diagram of
DyF3-LiF-NdF3 system was computed based on the Gibbs parame-
ters of the three limiting binaries and compared with the phase
diagram data obtained by DTA experiments. All the calculated
phase diagrams are in good agreement with the experimental data.
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