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Ba1-xCaxF2 samples with fluorite-type structure were prepared by high-
energy ball milling. DSC measurements revealed exothermic decomposition at 
temperatures of about 450 °C. Decomposition was also observed by high 
temperature X-ray experiments. As a product, two phases with compositions close 
to pure BaF2 and CaF2 were obtained. The decomposition temperature observed 
by X-ray measurements is lower than in the DSC experiments. This might indicate 
that X-ray irradiation could foster the decomposition.  
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Introduction 

Fluorine-containing inorganic materials are important in many fields [1-4]. 

Difluorides with fluorite structure MF2, M = Ca, Sr, Ba, Pb, Cd are of particular 

importance [5-10]. Solid solutions of rare earth elements in fluorite matrices, as 

well as MF2-M’F 2 systems, are promising materials for photonics and 

electrochemical devices [1, 11-17].  
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Fluorides of calcium and barium crystallize into the cubic fluorite-type 

structure with lattice parameters a = 5.463 and 6.200 Å, respectively. They have 

relatively high melting points of 1418 °C (CaF2) and 1365 °C (BaF2) [11]. The 

phase diagram of the system CaF2–BaF2 was studied in ref. [18]. Solid solutions 

are formed over a wide range near the melting temperature, but at room 

temperature the equilibrium solubility of the components in each other is very 

small. The solid solutions react with each other at 870 ± 5 °С according to the 

eutectoid scheme with the formation of intermediate composition phase. Co-

precipitation from aqueous solutions [18] lead to solid solutions with compositions 

close to the pure binary fluorides. However, the application of mechanochemical 

synthesis allowed us to obtain crystalline Ba1-xCaxF2 solid solutions in the whole 

concentration range of the CaF2–BaF2 system [15, 20-22]. These samples are 

nanomaterials. It should be mentioned that amorphous Ba0.50Ca0.50F2 was prepared 

by low-temperature atomic beam deposition [23] which became crystalline 

Ba0.50Ca0.50F2 after heating the sample slightly above 370 °C. This indicates a non-

diffusive crystallisation mechanism, e.g., a rearrangement of the Ba4-yCayF (0 ≤ y ≤ 

4, y	∈ ℤ) tetrahedrons already present in the amorphous phase. At temperatures 

above ca. 480 °C decomposition towards the pure binary fluorides was reported 

[23]. 

The materials in the CaF2–BaF2 system are of interest from the point of view 

of design of new fluoride ion conductors. Nano-size effect enhanced ionic 

conductivities were found for the pure binary fluorides [24-26]. Nanometer scale 

CaF2/BaF2/CaF2 heterolayers prepared by molecular beam epitaxy [27-29] and 

heterostructures formed by eutectoid decomposition of the high temperature phase 

[30] showed an enhanced ionic conductivity parallel to the heterolayers. An even 

higher ionic conductivity was found in nanosized solid solutions Ba1-xCaxF2 [20, 

21] which was explained by decreased migration energies due to geometric 

frustration [21] creating a quasi super-ionic state of the fluorite lattice at low 

temperature.  
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In order to determinate the ionic conduction mechanism, the microstructure 

and ion dynamics of nanocrystalline Ba1-xCaxF2 solid solutions were studied by 19F 

magic angle spinning (MAS) nuclear magnetic resonance (NMR), impedance 

spectroscopy [20-22], static NMR spectroscopy, extended X-ray absorption fine 

structure (EXAFS) and molecular dynamic (MD) simulation [22]. A small 

deviation from Vegard’s rule towards larger lattice parameter was revealed by X-

ray powder diffraction (XRPD).  

Thermal stability of a material is of paramount interest from the standpoint 

of application. In addition, an example of the practical stability of a system in a 

thermodynamically unstable state is of theoretical interest.  

The purpose of the present work is the study of decomposition of Ba1-xCaxF2 

solid solutions by high-temperature X-ray powder diffraction (HT XRPD) and 

differential scanning calorimetry (DSC).   

Experimental 

We used CaF2 (99.99%, Alfa Aesar) and BaF2 (99.99%, Alfa Aesar) 

reagents without further reprocessing. High-energy mechanochemical synthesis of 

the sample Ba1-xCaxF2 was carried out from CaF2 and BaF2 powders. These were 

dried for at least 12 h at 120 °C in vacuum and then handled in an argon filled 

glovebox. Mixtures of BaF2 and CaF2 to give Ba0.25Ca0.75F2, Ba0.50Ca0.50F2, and 

Ba0.75Ca0.25F2, assuming a complete conversion, were weighted into milling 

beakers made of tungsten carbide filled with 100 milling balls made of the same 

material (5 mm diameter, beaker and milling balls purchased from Fritsch, 

Germany). The overall mass of the mixtures were in all cases 2.000(5) g. Milling 

was done for 33 h at 600 rpm in intervals of 15 min followed by 15 min pause 

employing a Pulverisette 7 premium line planetary ball mill (Fritsch, Germany).  

The thermal stability was determined by DSC, using a NETZSCH DSC 404 

F1 Pegasus differential scanning calorimeter. The measurements were carried out 

in platinum crucibles under argon flow (20 ml/min), the heating rate was 10 
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degree/min, the specimen weight was 23 ± 1 mg.  

High temperature X-ray diffraction was performed with a Bruker D8 

Discover A25 diffractometer equipped with a high temperature camera HTK 

1200N employing CuKα radiation using Bragg-Brentano geometry while keeping 

the samples under a vacuum of 1.3x10-3 to 0.13 Pa. Temperature range of 

measurements was from ambient temperature to 750 °С. The heating rate was 20 

degree/min. When the preset temperature was reached an X-ray pattern was 

recorded in the range of 20-75 °2Ɵ. The accuracy of temperature maintenance was 

± 3°С. X-ray patterns were  processed with the DIFFRAC.EVALUATION 

PACKAGE (DIFFRAC.EVA 4; Bruker, Karlsruhe, Germany) and TOPAS 4.2 

software package (Rwp < 10) (Bruker, Karlsruhe, Germany). 

Results and Discussion. 

According to the X-ray data, initial samples, prepared by mechanochemical 

protocol, had a fcc cubic structure, i.e. they are fluorite-type solid solution. The 

broadening of X-ray lines corresponds to the small size D of coherent scattering 

regions (Fig. 1). An average crystallite size of ca. 18 ± 3 nm was obtained for the 

samples by Rietveld refinement. The deviation from Vegard’s rule is small – in 

particular, for the sample Ba0.50Ca0.50F2  exceeding the lattice parameter compared 

to the arithmetic mean of CaF2 and BaF2 by 0.021 Å.  

On the thermograms of all three samples an exothermal process was observed 

at a temperature of about 420 - 450 °C (Fig. 2), and during subsequent heating an 

endothermal process took place at ~870 °C. The first process corresponds to the 

decomposition of the non-equilibrium solid solution under heating. The second 

effect, in accordance with the CaF2-BaF2 phase diagram [1], reflects an eutectoid 

reaction of two solid phases with the formation of a high-temperature phase of 

intermediate composition.  

The data of high temperature X-ray diffraction analysis of the Ba0.50Ca0.50F2  

sample are shown in Fig. 1. Already at 200 °C the decomposition of the solid 
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solution into two fluorite-type phases is observed (Fig. 1b). In this case, the X-ray 

data indicate a small amount of the initial non-equilibrium solid solution. The lines 

are broadened. Upon further heating (Figs. 1c – 1f), X-ray patterns contain a 

superposition of the XRPD reflexes of two fluorite solid solutions, the lattice 

parameters being close to those of the fluorides of barium and calcium, 

respectively (Table 1). The lines are narrow, which corresponds to a size of 

coherent scattering regions of above 200 nm. An additional peak of low intensity at 

~30 °2Ɵ appears starting from 470 °C, the interpretation of which is difficult.  

Taking the applicability of Vegard’s rule for the system CaF2–BaF2 at high 

temperature, and based on the data of Schumann et al. [31], and Neumann et al. 

[32] for the temperature dependence of the lattice parameters of the pure fluorides 

of calcium and barium, we evaluated maximal concentrations of the solid solutions 

on the basis of CaF2  and BaF2. The solubility of both CaF2 in BaF2, and BaF2 in 

CaF2 is negligible and amounts to 1.5-2 mol % in the range 370-750 °С. These 

values agree with the CaF2 - BaF2 phase diagram [18]. 

The appearance of exothermic effects on the thermograms clearly shows that 

the initial samples of solid solution were not in equilibrium state. It is worth noting 

that, according to the third law of thermodynamics, all solid solutions should 

decompose at low temperatures [33]. The transition to an equilibrium state, 

namely, the decomposition of a solid solution is accompanied by heat release. 

Interestingly, the Ba1-xCaxF2 samples can seemingly stay in a non-equilibrium state 

indefinitely long at room temperature. Storage for 6 months did not lead to a 

change in their X-ray patterns.  

It is interesting to note that the temperature of decomposition recorded 

thermographically is significantly higher than the one obtained with high 

temperature X-ray diffraction. The difference may be due to the action of X-ray 

radiation accelerating the process of decomposition. It is also possible that vacuum 

might play a role in this process. This is also in agreement with ex situ 

measurements which show no decomposition after 3 h at 340 °C [21]. It should be 
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mentioned that static 19F NMR measurements conducted on a Ba0.50Ca0.50F2 sample 

kept under vacuum in a glass ampulla showed no signs of decompositions at  

200 °C [21,22]. 

Fig. 3 shows the general scheme of stable, metastable and labile state, and 

the proposed state diagram for the system CaF2-BaF2 (based on the data in ref. 

[23], too). There are two well-known different mechanisms of solid solutions 

decomposition: formation of nuclei of new phases and spinodal decomposition. 

The first mechanism is realized for metastable states. It requires the formation of 

nuclei of critical size, overcoming the energy barrier, which depends on the 

temperature. This process is similar to the crystallization of a liquid. The second 

mechanism, spinodal decomposition, is quite different. It starts with small 

fluctuations of the concentration of the two species forming the solid solution. It is 

a cooperative process, which is solely controlled by diffusion. It has to go 

simultaneously, and once started, this process is accelerating. The behavior of the 

system resembles a “fall”. This mechanism is characteristic for the decay of the 

labile state. There are several classical papers on this problem [34-37].  

Apparently, the crystalline solid solution Ba1-xCaxF2 is in labile state at room 

temperature, i.e. its transition to the equilibrium state is not associated with 

overcoming the potential barrier. Indication of this is the lack of abrupt beginning 

of the exothermic effect (smooth onset). In the absence of a potential well, even a 

small external impact, such as X-ray irradiation, can cause a significant 

acceleration of the process. 

Apparently, the relative stability of the crystalline samples of the solid 

solution Ba1-xCaxF2 is due to the extremely low values of the diffusion coefficients 

of the cations. The system is “falling”, but very slowly. A similar effect was 

observed for the system CaF2-SrF2 [38].  

Conclusion.  
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Ba1-xCaxF2 samples with fluorite-type structure, prepared by high-energy ball 

milling, are indefinitely stable at room temperature. However, they decompose 

under heating. As a product two phases with compositions close to pure BaF2 and 

CaF2 were obtained. The decomposition temperature observed by high-temperature 

X-ray measurements is lower than in the DSC experiments. Such behavior may be 

explained by a labile state of the initial samples and very low diffusivity of cations.  
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Figure Legends. 

Fig. 1. X-ray pattern on Ca0.5Ba0.5F2. a – room temperature, b- 200 °C, c - 370°C, 

d- 470 °C, e-570 °C, f - 750 °C. Circle – BaF2-based phase, asterisk- initial solid 

solution 

Fig. 2. DSC curve: a – Ca0.75Ba0.25F2 (23 mg); b- Ca0.5Ba0.5F2 (22 mg) ; c- 

Ca0.25Ba0.75F2 (24 mg). 

Fig. 3. Scheme of energetic stability of different states. а - Ba1-xCaxF2: 1- 

amorphous Ba1-xCaxF2 solid solution, 2 - crystalline Ba1-xCaxF2 solid solution, 3 – 

mixture of BaF2:Ca2+ and CaF2:Ba2+ solid solutions; b - generale case: 1- labile 

state, 2 –  metastable state, 3 - stable state.  

Table 1. Temperature of X-ray measurements and lattice parameters of observed 
cubic phases in the Ba0.50Ca0.50F2 system (i.e. the solid solution at 23 °C and the Ca 
[left] and the Ba rich [right] products of the decomposition for T ≥ 200 °C). 

T, °C Lattice 
parameter, Å 

23 5.853 
 Ca rich 

phase 
Ba rich 
phase 

200  6.182 
370 5.512 6.223 
470 5.515 6.235 
570 5.527 6.247 
750 5.55 6.265 
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Fig.1, a-c 
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Fig.1, d-e. 
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Fig.2. 
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Fig. 3. 
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Thermal decomposition of Ba0.25Ca0.75F2, Ba0.50Ca0.50F2 and Ba0.75Ca0.25F2 seems to be fostered by X-ray 

radiation, leading to decomposition at temperatures 200 K lower than observed by DSC. 

The three Ba1-xCaxF2 solid solutions investigated, here (and probably all others in the thermal miscibility 

gap) seem to be in a labile state. 

Despite being in labile state the solid solutions seem to be stable indefinitely at room temperature due 

to very low cation diffusivity.  

 

 


