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Abstract

The paper presents the procedures for the experimental research of the actinide fluorides solubility in fluoride melts 73LiF-27BeF2(% mol) and 46.5LiF-11.5NaF-42KF (% mol) (какие расплавы), such as thermal analysis method by cooling curves, differential scanning calorimetry, elementary analysis. The implementation of these techniques was carried out by the determining individual solubility of  NdF3, CeF3 and UF4 and solubility of the mixture 47CeF3-29NdF3-24UF4 in investigated salt solvents.
INTRODUCTION

One of the foreground tasks of nuclear power engineering is the reduction of the radioactive waste by the utilization of the minor actinides (MA), such as Neptunium, Americium and Curium. In Russia, transmutation of the MA in special molten-salt reactor-burner (MSR-Burner) is considered as the perspective approach to solve this problem. The transmutation ("burning") of MA means the conversion of isotopes of these elements and actinides formed due to their interacting with neutrons into fission products. Advantages of the MSR-burner are unnecessity of the fuel pellet and fuel elements making, capability of the continuous spent nuclear fuel processing and achievement of  MA transmutation efficient production due to high content of MA in nuclear fuel. Implementation of MSR-burner project is mainly depends on the molten-salt fuel composition, particularly concentration of actinide fluorides in it.
In Russia two fluoride salt systems are considered as basis of molten-salt fuel composition:

1. Fluoride salt systems 73LiF-27BeF2(% mol) [5] (hereinafter FLiBe);

2. Fluoride salt systems, which is triple eutectic composition 46.5LiF-11.5NaF-42KF (% mol) [6,7] (hereinafter FLiNaK)

These salt solvents in different manner meet to requirements for MSR-Burner, such as high thermal and radiation resistance, low melting point, low vapor pressure and satisfactory compatibility with structural materials in the field of operating temperatures. The proposed compositions possess their advantages and disadvantages.
Characteristics of the special reactor operation modes should ensure the solving of the actual problems to the maximum extent. For MSR-Burner it is needed to ensure:

- required MA transmutation capacity, which is determined, for example, by the spent nuclear fuel reprocessing efficiency;
- minimization of any other radioactive waste generation, except for fission products;
- minimization of uranium and plutonium consumption as the main components of  nuclear fuel of power reactors.

Theoretical research [12] shows that there is an optimal MA transmutation mode. In this mode, the reactor consumes only MA without additional feed of Pu. In MSR-burner based on the salt 46.5LiF-11.5NaF-42KF (% mol), the concentration of actinides corresponding to the optimal mode for the volume of the reactor core in the range 1... 30 m3 is within 20... 10%, mol. Composition of actinides corresponding to the optimal mode and obtained by averaging for different volumes of the core is 47PuF3-8UF4-16NpF4-21AmF3-8CmF3 (%, mol.).

The possibility of providing of the required actinides concentration in the MSR-Burner fuel composition for realization of the optimal MA transmutation mode is determined by the actinide fluorides solubility in the melts of candidate salt solvents.

Experimental research of the actinide fluorides solubility in fluoride salt systems is quite difficult due to the high radioactivity of MA, and therefore needs more complex equipment. So it is more reasonable to use their analogues at the initial stage of research to study the main patterns. It is known, that CeF3 was used as the analogue of PuF3, which has a similar temperature dependence of solubility with PuF3 in the salt FLiBe [8]. NdF3 was used as analogue of AmF3 and CmF3 due to the similarity of their crystal-chemical and thermodynamic properties, including ionic radius. UF4 was used as simulator of NpF4 due to the similarity of their physicochemical, thermodynamic, crystallographic properties, as well as the tendency to form fluoride complexes with alkali metal fluorides. Based on this, the composition of 47CeF3-29NdF3-24UF4 was used in experimental research of the actinide fluorides solubility in fluoride salt systems 

EXPERIMENTAL RESEARCH OF MINOR ACTINIDES SOLUBILITY  

2.1. Method and materials
For preparation of salt compositions of  73LiF-27BeF2 and 46.5LiF-11.5NaF-42KF (% mol.) the  following materials were used:

· chemically pure lithium fluoride powder by VEKTON production, mass fraction of LiF is not less than 98.5%. The lithium fluoride powder was previously subjected to vacuum remelting at temperature 950˚C to remove impurities, moisture and compact material producing.

· beryllium fluoride (sublimation condensate) by VNIICHT production, mass fraction of BeF2 is  not less than 99.7. Prior to use of beryllium fluoride, X-ray phase analysis was carried out, which confirmed the absence of other phases and foreign compounds in the material.
· analytically pure sodium fluoride powder by GRANCHIM LLC production , mass fraction NaF  is not less than 99.0%,

· analytically pure acid potassium fluoride by GRANCHIM LLC production, mass fraction KF • HF is not less than 99.0%.
The eutectic mixture of composition 73LiF-27BeF2 (% mol) was prepared by direct melting of the individual components in the desired ratio (59.87 wt% LiF and 40.13 wt% BeF2) in a glass carbon crucible under vacuum at the temperature of 750˚S for 2 hours. 
A eutectic mixture of 46.5LiF-11.5NaF-42KF (% mol) was prepared by direct melting of individual components using KF·HF  instead of KF in the desired ratio (28.9 wt% LiF, 80.6 wt% KF·HF and 11.6 wt% NaF), by means of the developed technique. This technique provides slow heating to a temperature of 750 °C for 5-6 hours and holding at this temperature for 2 hours. After cooling and crystallization the melt was subjected to zone recrystallization for additional cleaning. This technique has a number of advantages, such as simplicity of processing, availability of the salts used and low concentration of impurities due to natural fluorination of the melt during decomposition of KF • HF.
Before starting the experiments, the obtained 73LiF-27BeF2 and 46.5LiF-11.5NaF-42KF  salt compositions were analyzed  to determine the content of main components, oxygen and  impurities. According to the results of the analysis, the oxygen content in the salt did not exceed 0,040 wt%. for both  salt compositions. Content of basic impurities such as AlF3, FeF3, CrF3, NiF2, MoF2, CuF2 did not exceed 0.051 wt% totally for FLiBe and 0.071 wt%. totally for FLiNaK. The deviation of experimental concentration of main components from theoretical values did not exceed 5%.
Oxygen content was determined by the carbothermic recovery method with analysis error less than 22%.  The elemental composition of the melt was determined by the atomic emission spectrometry method with inductively coupled plasma with analysis error less than 15% for impurities and less than 5% for main components.

For preparation of the actinides fluoride composition following materials were used:

-  anhydrous cerium fluoride powder  by Lanchite LLC production, mass fraction is not less than 99.9%;
-  anhydrous neodymium by VNIICHT production, mass fraction is not less than 99.9%;

- uranium fluoride by VNIICHT production. Immediately prior to carrying out the experiments, uranium fluoride was vacuum dried at 200 ˚S for 2 hours.

Prior to the experiments, individual fluorides of cerium, neodymium and uranium were analyzed by the carbothermic recovery method for an oxygen content, which was 0.08 wt%, 0.09 wt%, 0.07 wt%, respectively. In addition, the X-ray phase analysis of uranium tetrafluoride was carried out. Figure 1 shows an X-ray pattern of uranium tetrafluoride obtained experimentally (top) compared to an X-ray diffractometer card (bottom). X-ray phase analysis of the uranium tetrafluoride did not reveal the presence of other phases and foreign compounds, and the oxygen content in them is less than 0.1 wt%.
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FIG 1.  Uranium tetrafluoride X-ray pattern, obtained experimentally (top), compared to X-ray diffractometer card (bottom)
Due to the high hygroscopicity of fluorides, all powder and melt operations are carried out in sealed glove boxes in a dry argon environment. Equipment for research of the fluorides solubility is a resistance furnace in which a glass-carbon crucible is installed. In turn, the last one is placed in a security nickel or ceramics crucible. The furnace temperature was measured with a thermocouple (type K). The salt temperature was measured with a thermocouple (type K) in a nickel jacket immersed directly in the melt.
For the research of fluorides mixture solubility in salt solvents the following procedure of the experiment was offered and realized:

− the first portion of investigated fluorides or their mixture is loaded into a glass-carbon crucible with salt solvent, mass of the last one is 15-30 grams.  The total fluorides mixture quantity in the solvent is obviously below the solubility limit for the specified temperature of the experiment.
- crucible contents is heated to the specified limit temperature оf 700-750 ° C and then the melt is kept at this temperature during 4-6 hours until the salt composition will be completely melted and the fluorides mixture will be dissolved in this melt.

- after melt exposure, samples are taken for differential scanning calorimetry (DSC) (determination of the melting point, when the sample is heated, and the crystallization start temperature, when the sample is cooled) and elemental analysis (content of U, Ce, Nd, Li, Be, Na, K). The sampler was a small spoon made of molybdenum, allowing to select a sample about 50-100 mg. 
- for research of fluorides solubility by differential thermal analysis (DTA) method the melt is slowly cooled with the rate 5 ° C /min to complete crystallization, the temperature of the furnace and melt is controlled. Phase transition temperatures, including the beginning of melt crystallization, are determined by the temperature cooling curves. During the cooling process, the presence/absence of sediment at the bottom of the crucible is also visually monitored. The obtained data are compared with the DSC results of the sample taken at the given limit temperature of the experiment.

− the next portion of fluorides mixture is added to a crucible with melt and all operations are repeated. The experiments are continued according to the procedure described above with increasing total content of the fluorides in the solvent. At the final stages of the experiment, samples are taken from the melt to determine the elemental composition in the presence of an insoluble phase in the melt (the presence of a precipitate at the bottom of the crucible).
Elemental analysis was carried out by inductively coupled plasma atomic emission spectrometry by means of an Optima 8000 spectrometer. Analysis of the phase behavior of melts was carried out by differential scanning calorimetry using the PE STA 6000 thermal analyzer or by differential thermal analysis using inflection points on cooling curves. Liquidus temperature was determined from the DSC diagram by the position and the shape of the exothermic peak on the cooling curve.
Determination of fluoride complete dissolution time was carried out by sampling method. The melt containing the fluoride additive was kept at a constant temperature and samples were taken over the time from the central part of melt carefully so as not to mix it. Dynamics of neodymium trifluoride dissolution in melt FLiNaK is shown on Figure 2. The NdF3 additive is considered as an example for estimation of dissolution dynamics. Time of complete dissolution of NdF3 additive (5% mol/) was about 3 hour. For other fluorides, the dissolution rate was the same. Time of complete dissolution did not exceed 3 h. Nevertheless, at addition of each mixture portion, melt was mixed, and time of isothermal endurance was chosen as 4 h for FLiNaK and 5 h for FLiBe.

[image: image2]
FIG 2.  Time dependence of Neodymium trifluoride concentration in the melt 
2.2. Results of the determination of the actinide fluorides solubility in fluoride salt systems FLiNaK
Using the technique described above the temperature dependence of solubility of NdF3 and CeF3 in the melt FLiNaK was obtained by the cooling curves method.  Figure 3 shows the temperature dependence of solubility NdF3 and CeF3 in the melt FLiNaK. Data of  liquidus temperatures obtained for this systems by the cooling curves method are in good agreement  with the available literature data [10].
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FIG 3.  Temperature dependence of the solubility of CeF3 and NdF3 in the melt FLiNaK
We assume, that the solubility of neodymium and cerium trifluorides in the melt FLiNaK could not be correctly described by the Arrhenius equation. The description of the temperature dependence of solubility using the Arrhenius equation is valid only for simple systems whose state diagrams have only one eutectic and do not contain a peritectic. The state diagrams of alkali metal fluoride - neodymium fluoride or cerium fluoride have several figurative points corresponding to the formation of incongruent compounds and various solid phases [13]. 
Research of the uranium tetrafluoride solubility in FLiNaK involve a number of difficulties. First of all, it is the formation of many different solid phases that remain in the solid state in the temperature range of interest, for example, 3NaF·UF4,  3KF·UF4, 7KF·6UF4 ,  7LiF-6UF4,  LiF-4UF4 and other. Thus, a number of solid phases may be formed in the FLiNaK-UF4 system, which leads to a large number of peaks on the cooling curves and requires significant melt overheating to dissolve them. 
Figure 4 show the temperature dependence of solubility UF4 in the melt FLiNaK. Data of liquidus temperatures obtained for this systems by the cooling curves method and by DSC method are in good agreement between each other and with the available literature data [9].
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FIG 4.  Temperature dependence of the solubility of UF4 in the melt FLiNaK
According to the obtained dependence, it is seen that the solubility reaches 20% mol. at a temperature not exceeding 630 ° C. Due to the formation of many different phases in the system FLiNaK - UF4, the temperature dependence is also difficult to describe by the Arrhenius equation.
According to the described method, experiments were carried out to research of solubility of the mixture 47CeF3-29NdF3- 24UF4 (% mol) in the melt FLiNaK. At each stage, three suspensions were added to the solvent salt FLiNaK: NdF3, CeF3 and UF4, corresponding to a certain concentration of the mixture in the melt. On the points of inflection, a temperature dependence of this fluorides mixture solubility in the melt FLiNaK was built on the cooling curves. The temperature dependence of the solubility of composition 47CeF3-29NdF3 - 24UF4 (% mol) in the melt FLiNaK is shown in Figure 5.

[image: image5]
FIG 5.  Temperature dependence of the solubility of fluorides mixture 47CeF3-29NdF3- 24UF4 (mol%)  in the melt FLiNaK

The solubilities of cerium and neodymium fluorides are close to each other at the same temperatures.  The solubility of uranium tetrafluoride is noticeably lower than that of lanthanide fluorides at the same temperatures. The solubility of UF4-CeF3-NdF3 mixture in the melt FLiNaK lies between the solubility of lanthanide fluorides and uranium. However, at a temperature above 550° C, the solubility of the mixture increases significantly and reaches the solubility of NdF3, CeF3.

2.3. Results of the determination of the actinide fluorides solubility in fluoride salt system FLiBe
Composition of  73LiF-27ВеF2 is not eutectic or peritectic, so describing of that may be connected with some difficulties, which may be explained by the tendency of the system to hypothermia due to presence of  beryllium fluoride and possible formation of different solid phases.
Some test experiments on neodymium trifluoride solubility determination in FLiBe were carried out to verify the described procedure and analytical methods. Neodymium trifluoride content in the melt was 1.5 and 2.5 % mol. the  obtained results demonstrates that the NdF3 additive with the amount of 1.5 and 2.5% mol. does not significantly increase melt liquidus temperature (~ 587 ° C) compared to pure solvent (~ 584 ° C). As shown by subsequent studies, the individual solubility of NdF3 in FLiBe at temperatures of 584-587 ° C is not limiting and exceeds 2.5% mol. Obtained results are in satisfactory agreement with literature data [10].
According to the described method experiments were carried out to investigate the individual solubility of uranium tetrafluoride in the melt FLiBe by the DSC method. Table 6 shows the dependence of liquidus temperatures from uranium tetrafluoride content in the melt FLiBe. The content of uranium in the melt was determined by atomic emission spectrometry with inductively coupled plasma, after which a conversion to uranium tetrafluoride content, expressed in% mole, was carried out. The obtained data is in accordance with the known triple state diagram of  LiF-BeF2-UF4 [11], according to which at a given ratio of lithium and beryllium fluorides, an increase in the uranium tetrafluoride content in the melt leads to a decrease in the temperature of the melt.
Table 3 – Dependence of liquidus temperatures of the melt from uranium tetrafluoride content 
	Uranium content in the melt, %  mas.
	Uranium tetrafluoride content in the melt, %  mol.
	Liquidus temperatures  of the melt, оС

	0.55
	0.06
	590.21

	6.23
	0.66
	586.18

	10.06
	1.12
	582.23

	13.29
	1.52
	576.73

	34.39
	5.28
	565.00


Similarly, experiments have been carried out to research the solubility of the mixture 47CeF3-29NdF3 - 24UF4 (% mol) in melt FLiBe. At each stage, three suspensions were added to the solvent salt FLiBe: NdF3, CeF3 and UF4, corresponding to a certain concentration of the mixture in the melt. The content of cerium, neodymium and uranium in the melt was determined by atomic emission spectrometry with inductively coupled plasma, after which a conversion to fluoride solubility, expressed in% mole, was carried out. Joint solubility was defined as the sum of the solubility of cerium, neodymium and uranium fluorides. Based on the results of the DSC, the temperature dependence of the solubility of this mixture of fluorides in the melt FLiBe was obtained (FIG 6). 
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FIG 6.  Temperature dependence of the solubility of fluorides mixture 47CeF3-29NdF3- 24UF4 (mol%)  in the melt FLiBe

The individual solubility of uranium tetrafluoride is noticeably higher than that of lanthanide fluorides at temperatures below 600 ° C and increases up to 8% mol. with a decrease in temperature according to the state diagram in contrast to lanthanide fluorides. At the joint presence of fluorides mix in the melt the solubility of uranium tetrafluoride decreases compared to cerium and neodymium trifluorides. Cerium fluoride dissolves almost completely, neodymium fluoride dissolves 88%, and uranium fluoride dissolves only 55%. Solubility of uranium tetrafluoride  increases with increasing proportion of mixture of actinides in melt. The solubility of the mixture 47CeF3-29NdF3 - 24UF4 in the melt FLiBe is determined mainly by the solubility of cerium and neodymium fluorides and does not exceed 4.2% mol. at 660°C.
Conclusion
The work [12] shows that there is an optimal MA transmutation mode. In this mode, the reactor consumes only MA without additional feed of plutonium. For MSR-Burner with a core volume from 1 m3 to 30 m3 fuel melt should contain 20…10% mol. Actinide composition averaged for different core volumes is 47PuF3-8UF4-16NpF4-21AmF3-8CmF3 (% mol.)
Mixture of composition (% mol.): 47CeF3-29NdF3-24UF4 was offered as imitator of actinide fuel composition to investigate actinides fluorides solubility in candidate salt melts for initial experiments.  Liquidus temperatures  of melts based on FLiNaK and FLiBe with different content of actinides fluorides was determined. 
Temperature dependencies solubility of uranium fluoride and fluorides mixture 47CeF3-29NdF3-24UF4 (mol%) in the melts FLiNaK and  FLiBe are obtained. Both the individual solubility of uranium tetrafluoride and the solubility of the mixture 47CeF3-29NdF3-24UF4  in the melt FLiNaK are noticeably higher than in the melt FLiBe. It reaches 18% mol. at the temperature 620°C for UF4 and 18% at a temperature 560°C for the mixture in the melt FLiNaK. The individual solubility of uranium tetrafluoride in the melt FLiBe are able to reach similar concentrations according to the state diagram, but the solubility of the mixture does not exceed 4.2% mol. at a temperature of 660°C.
However, in order to decide on the use of one of the candidate salt solvents as a fuel base, it is necessary to take into account not only the solubility of actinides fluorides, but also its corrosive activity and other characteristics.
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