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Abstract 

New design options of MOSART and MSFR systems without and with U-Th support fuelled with 
different compositions of transuranic elements trifluorides from spent LWR fuel both based on 
homogeneous cores and used fuel salts with high enough solubility for transuranic elements trifluorides 
are being examined within MARS (Rosatom) and EVOL (Euratom) parallel coordinated projects. The 
paper has the main objective of presenting the fuel cycle flexibility of the mentioned above systems while 
accounting technical constrains and experimental data received in this study. A brief description is given 
of the calculation core neutronics properties and fuel cycle scenarios as well as experimental results on 
key fuel salt properties, salt chemistry control and combined materials compatibility to satisfy MOSART 
and MSFR systems requirements. Measurements described mainly concern phase behaviour and transport 
properties data for selected fuel salts. As for fuel salt clean up operations in MOSART and MSFR fuel 
cycles, the most uncertain its part concerning rare earth removal is discussed. Last section is focused on 
the compatibility of special Ni-based alloys with fuel salt selected at temperatures required for MOSART 
and MSFR operation. The major achievements are: (1) ability to produce and maintain a high level of 
purity in fuel salt, (2) effective control of the Redox potential of the salt medium in order to minimize 
corrosion, (3) understanding of basic corrosion mechanisms in MOSART and MSFR systems. HN80MTY 
alloy can be recommended for further consideration as the main container material for the fuel circuit with 
operating temperature up to 1 023 K required for MOSART and MSFR designs. 

1. Introduction 

Many countries worldwide contributed to molten salt reactor (MSR) technology, among which the 
United States, the Russian Federation, the European Union, France, Japan, India and for the past few years 
China and Korea have also contributed. The European Union, France and the Russia Federation are 
focusing on the development of a fast spectrum MSR capable of either breeding or transmutation of 
actinides from spent nuclear fuel. In 2010, as result of the coordinated call two projects on MSR were 
selected funded by the European and Russian Agencies: (1) Russian Project: “Minor Actinides Recycling 
in molten salts” (MARS)–; (2) European Project: “Evaluation and Viability Of Liquid fuel fast reactor 
systems”(EVOL). A three-years Euratom – Rosatom collaboration, through parallel co-ordinated projects 
(MARS-EVOL) on molten salt reactors included the following work packages: 

(1) Core design analyses using coupled neutronics and thermal-hydraulics numerical simulations. 
(2) Neutronic benchmark, static and transient calculations of criticality, neutron spectrum, delayed 

neutron fraction, feedback coefficients, heavy nuclei inventories. 
(3) Thermodynamic, physical and chemical data acquisition (experimental and modelling) on molten 

salt. 
(4) Materials compatibility and salt chemistry control. 
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The European and Russian partners have carried out theoretical and experimental studies to verify the 
feasibility of the MOSART [1] and MSFR [2] systems to reduce long-lived waste toxicity and produce 
electricity simultaneously. The common objective of the MOSART and MSFR projects is to develop a 
conceptual design for intermediate/fast spectrum MSRs with an effective system configuration resulting from 
physical, chemical and material studies, for the reactor core, the processing unit and waste conditioning. 

These studies led to the design of two fast spectrum concepts: MOSART and MSFR. The first concept 
aims to be used as an efficient burner of TRU waste from spent LWR fuel with MA/TRU ratio up to 0.45 
without any uranium and thorium support [1]. The second concept has a good breeding capability when 
using the thorium fuel cycle but high power densities would be required to avoid excessive fissile 
inventories (300 MW/m3). The objective of this paper is to present the fuel cycle flexibility of the MSR 
designs while accounting technical constrains based on the experimental data received within MARS 
project for MOSART and MSFR systems. 

Section 2 examines core neutronics properties and fuel cycle scenarios for different MOSART and 
MSFR configurations. Note that, for both systems, system minimal temperature in primary circuit of fuel 
salt determines not only its melting point, but also the solubility of TRU trifluorides in the solvent for this 
particular temperature [3]. 

In Section 3, experimental results on key physical and chemical properties of selected MOSART and 
MSFR fuel salts, which determine the main fuel salt parameters (e.g. inlet / outlet temperatures, critical 
loadings and temperature reactivity coefficient of the fuel salt , etc) are presented. The measurements 
described, mainly concern phase behaviour and transport properties data for selected fuel salts. As for fuel 
salt clean up operations in MOSART fuel cycles, the most uncertain its part concerned rare earth removal 
[3] is discussed. Maximum temperature of the fuel salt of the MSR primary circuit made of special Ni-base 
alloy is mainly limited by tellurium intergranular corrosion (IGC) under strain depending on salt Redox 
potential [3]. 

Section 4 focuses on the compatibility of special Ni-based alloys with fuel salt selected at 
temperatures required for MOSART and MSFR operation. The major achievements are: 

1. Ability to produce and maintain a high level of purity in fuel salt. 
2. Effective control of the Redox potential of the salt medium in order to minimise corrosion. 
3. Understanding of basic corrosion mechanisms in MOSART and MSFR systems. 

2. Core neutronics and fuel cycle properties 

This section briefly describes the core and fuel circuit parameters for MOSART and MSFR systems 
with single- and two-fluid homogeneous cores. Characteristics of MOSART and MSFR systems under 
investigation are given in Table 1. MCNP-4B+ORIGEN2.1 complex adapted for specificity of MOSART 
and MSFR was used as the calculation tool at all stages of MARS study. EVOL partners 
(CNRS/IN2P3/LPSC and Politecnico di Milano) used for the neutronic benchmark in evolution 
calculations of the MSFR design, respectively the following codes: (1) probabilistic code MCNP with a 
homemade materials evolution code REM; extraction of nucleus i with a specific removal constants λchem; 
fissile and fertile composition adjusted to control the reactivity and (2) ERANOS-based EQL3D procedure 
and extension for the MSFR: ERANOS 2.2-N code system for core calculation (33-group energy); fission 
products removal and refuelling adjustment simulated; SERPENT-2 extension for on-line fuel salt 
processing. SERPENT is a three-dimensional Monte Carlo code; developed extension of SERPENT-2 code 
takes into account online fuel processing and features a reactivity control algorithm. 
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Table 1: MOSART and MSFR designs [1,2] 

Design MOSART MSFR 
Project MARS  EVOL  
Fuel salt, mole % LiF-BeF2+1TRUF3 

LiF-BeF2+5ThF4+1UF4 
LiF-15ThF4-7TRUF3 

77.7LiF-6.7ThF4-12.3UF4-3.3TRUF3 
Temperature, K 900 – 1 000 923 – 1 023 
Core radius / height, m 1.4 / 2.8 1.13 / 2.26 
Core specific power, W/cm3 130 270 
Container material  HN80MTY ЕМ 721 
Removal time for REE, yrs 1 - 3 1  

2.1. Transmuter mode 

A promising single fluid configuration for the 2.4 GWt MOSART is the homogeneous cylindrical 
core (3.6 m high and 3.4 m in diameter) with 0.2 m graphite reflector filled with 100% of 73LiF-27BeF2 
salt mixture. It is feasible to design a critical homogeneous core fueled only by TRU trifluorides from 
UOX or MOX LWR used fuel while equilibrium concentration for trifluorides of actinides (0.4 mole% for 
Li,Be/F core, with the rare earth removal cycle 1 EFPY) is truly below solubility limit (about 2 mole%) at 
minimal fuel salt temperature in primary circuit 873-900 K (Figure 1). The effective flux of such system is 
near 1×1015 n cm-2 s-1. The main attractive features of MOSART system [1] deals with the use of (1) simple 
configuration of the homogeneous core (no solid moderator or construction materials under high flux 
irradiation); (2) proliferation resistant multiple recycling of actinides (separation coefficients between TRU 
and lanthanide groups are high, but within the TRU group are very low); (3) the proven container materials 
(special Ni-Mo alloys) and system components (pump, heat exchanger etc.) operating in the fuel circuit at 
temperatures below 1 000 K, (4) core inherent safety due to large negative temperature reactivity 
coefficient (-3.7 pcm/K), (5) long period (1-3 EFPY) for soluble fission products removal. 

Figure 1: Molar concentrations of TRU vs. time for different solvents and feedings (MA/TRU ratios) 
for single fluid system (1- MA/TRU=0.1in Li,Be/F; 2 – MA / TRU = 0.1 in Na,Li,Be/F; 3 – MA / TRU 

= 0.35 in Li,Be/F) and two fluid system with 233U recycling from blanket to fuel stream (4 – MA / 
TRU =0.45 in Li,Be/F); actinides trifluorides solubility in fuel salt at 923K (5) [1] 

 

It is possible to expand even more possibilities of single fluid MOSART transmuter mode of 
operation and to increase the rate of minor actinides burning, surrounding its core by thorium-containing 
blanket with molar composition 75LiF-5BeF2-20ThF4 or 78LiF2-22ThF4 (50-60 cm thickness). From 
blanket uranium (80-100 kg/yr) processed by the volatility process is recycled to fuel stream of two-fluid 
system, but the thorium-bearing salt is returned to the blanket. The use of produced 233U as additional 
source of neutrons in fuel salt permits to decrease equilibrium TRU concentration, and thus to widen the 
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range of possible fuel make up compositions to MA bearing ones. Taking in to account constrains on the 
solubility of TRUF3 for 73LiF-27BeF2 solvent (mole %) the limit on MA/TRU ratio in the fuel feeding for 
this mode of operation may be near 0.5 (Figure 1) and the rate of MA burning 315 kg/yr. Such composition 
of feeding leads to the further increase of total loading of the primary circuit (up to 23 t) and to the 
complication of the design due to the use of two-fluid configuration. 

2.2. Self-sustainable mode 

Interesting possibilities may be demonstrated by the use of MOSART with the reduced dimensions as 
self-sustainable system with CR=1. For transition to this mode of operation a strategy of gradual increase 
of thorium concentration in the fuel salt is required. Single fluid 2.4 GWt Li,Be/F MOSART core (radius -
1.4 m, height – 2.8 m) containing as initial loading 2 mole % of ThF4 and 1.2 mole % of TRUF3 with the 
rare earth removal time 1 EFPY after 12 years can operate without any TRUF3 make up basing only on Th 
support as a self-sustainable system (Figure 2). The maximum concentration of TRUF3 during this 
transition does not exceed 1.7 mole %. At equilibrium molar fraction of ThF4 in the fuel salt is near 6% and 
it is enough to provide the system with CR = 1 up to 50 years of the reactor operation. The reactivity 
temperature coefficient of the homogeneous core is not only essentially negative, but also practically has 
no inertion. In the case of self-sustainable MOSART its value on equilibrium is – 6.7 pcm/K. The use of 
the Th – containing blanket permits to reduce the transition to self-sustainable mode of operation period 
down to 3-4 EFPY, but of course makes the system as whole more complicated from a technical point of 
view. Any moment of self-sustainable mode system can be used for transition to breeder mode with CR > 1 
due to increasing thorium concentration in the fuel salt. So self-sustainable mode demonstrates the 
MOSART abilities as transforming system and can be used for starting U-Th fuel cycle on the base of first 
TRU loading from LWR SNF. 

Figure 2: Transition to equilibrium of ThF4 (1), TRUF3 (2), UF4 (3) in single fluid 2.4 GWt MOSART 
(self-sustainable mode) with Li,Be,Th/F core (CR=1gradual increase of thorium [1] 

 

2.3. Breeder mode 

Reference MSFR is a 3 GWt reactor with a total fuel salt volume of 18 m3, operated at a maximum 
fuel salt temperature of 1 023 K. The fuel salt is composed of lithium fluoride and thorium fluoride and the 
proportion of heavy nuclei is fixed at 22.5 mole%. The preliminary design of the primary circuit of the 
MSFR is a single compact cylinder (2.25 m high and 2.25 m diameter) where the nuclear reactions occur 
within the liquid fluoride fuel salt acting also as the coolant. The fuel salt flows in the central part of the 
core freely from the bottom to the top without any solid moderator. The return path of the salt is divided 
into 16 sets of pumps and heat exchangers located around the core. Bubbles are injected in the fuel salt 
circulation after the exchangers and separated from the liquid at the core outlet. The fuel salt runs through 
the primary circuit in 3-4 s. The total fuel salt volume is distributed half in the core and half in the external 
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fuel circuit (salt collectors, salt bubble separators, fuel heat exchangers, pumps, salt injectors and pipes). 
As in MOSART the lower neutronic reflector of the MSFR is connected to a drain system enabling the 
reactor core to be drained for planned shutdowns or in case of incidents that lead to a temperature increase 
in the core. Thus the entire fuel inventory can be passively drained by gravity into subcritical, passively 
cooled tanks. MSFR configurations corresponding to various starting modes of the reactor are all 
characterised by excellent safety coefficients and have the same very good deployment capabilities. 
Methods for fission product removal, actinides recycling and waste management in MOSART and MSFR 
are very similar and described in details elsewhere [1,2]. In Figures 3 and 4, the results of neutronics 
benchmark for evolution calculation of MSFR loading and breeding gain are presented. Very good 
agreement between the different simulation tools used in MARS and EVOL projects with the same nuclear 
database should be emphasised (Figure 3). Higher sensibility on the data basis choice than on the tool also 
was found (Figure 4). 

Figure 3: Evolution calculation: Different tools, same data basis – ENDF-B6 [2] 

 

Figure 4: Evolution calculation: Breeding gain [2] 

 

3. Key properties of fuel salt 

When substantiating any MSR concept it is necessary to have detailed information on physical and 
chemical properties of candidate fuel salts as well as fission products behaviour for the system nominal 
operating and accidental conditions. MSR flowsheet development, first of all, requires reliable data on a 
phase diagram of the selected salt mixtures, on solubility of the fuel components in it, as well as fuel salt 
thermophysical properties: thermal conductivity, heat capacity, density, viscosity [3]. Due to the solubility 
limit, the main concerns for MSR designs are to be expected with actinides and lanthanides dissolved as 
trifluorides [1,2]. Below are listed the key thermal physical and chemical properties of molten binary 
LiF-BeF2 and LiF-ThF4 as well as ternary LiF-NaF-BeF2 and LiF-BeF2-ThF4 mixtures important for the 
MOSART and MSFR design calculation. 
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3.1. Phase equilibria and TRU trifluorides solubility 

The melting points (solidification temperature) determined in this study for selected eutectic mixtures 
73LiF-27BeF2, 78LiF-22ThF4,  and 77LiF-17BeF2-6ThF4 (Table 2a) by the method of differential scanning 
calorimetry agree with the data obtained by the method of differential thermal analysis in the limits of 
experimental error (±2 K). Actinides and lanthanides fluorides solubility in the melts were measured by 
techniques of local γ-spectrometry, isothermal saturation and reflectance spectroscopy. The apparatus and 
general techniques have been described elsewhere [1]. The techniques developed provide reliable 
determination of equilibrium in the system melt-solid state and measurement with relative error less than 
10%. The data on solubility in molten salt fluorides appear to follow a linear relationship within the 
experimental accuracy of the measurements when plotted as logarithm of molar concentration of actinide 
trifluoride vs. 1/T(K). For molten LiF-BeF2, LiF-ThF4, LiF-NaF-BeF2 and LiF-BeF2-ThF4 salt mixtures the 
equations are given in Table 2b. Particularly, it was found that two beryllium fluoride containing solutions 
LiF-BeF2 and LiF- NaF-BeF2 with BeF2 concentration 27 mole % provide close values for solubility of PuF3 
in the temperature range of 825-1000 K (Table 2a). The solubility of some other actinide fluorides, including 
AmF3 in the molten LiF-BeF2 salt mixtures was also measured. In our tests for two beryllium fluoride 
containing solutions ranging in BeF2 concentration from 27 to 34 mole % the 241Am analysis showed that 
behaviour of americium was almost identical to that of plutonium. For 78LiF-7ThF4-15UF4 and 
72,5LiF-7ThF4-20,5UF4 melts the joint solubility of PuF3 and CeF3 in the temperature range 873-1023 K was 
measured (Table 2c) [4]. In this case logarithms of the molar concentration for CeF3, PuF3 as well as 
(CeF3+PuF3) vs. 1 / T (K) in the studied ternary melts LiF-UF4-ThF4 are not linear. Near the liquidus 
temperature for 78LiF-7ThF4-15UF4 and 72,5LiF-7ThF4-20,5UF4 salts the CeF3 significantly displace 
plutonium trifluoride at their joint dissolution. This suggests that the use of CeF3 additives in the fuel 
LiF-ThF4-UF4-PuF3 salt can provide effective removal for PuF3. 

Table 2a: Melting temperatures (Tmelt) and solubility of PuF3 (S) for selected fuel salts at minimal 
temperatures in the primary circuit of MOSART and MSFR systems [1] 

LiF BeF2 ThF4 Tmelt (K) S (mole%) Mode of 
operation 873 K 923 K 

73 27 0 853 2.1 3.1 TRU transmuter 
78 0 22 843 4.0 5.2 Th-U breeder 
77 17 6 870 3.4 4.0 Th-U breeder 

Table 2b: Solubility of PuF3 in molten salt fluoride mixtures: log S, mole% = A + B/T,K [1] 

LiF BeF2 ThF4 T, K А -В●10-3 Method 
73 27 0 825-1 000 3.927 3.099 Isothermal saturation 
66 34 0 800-900 3.231 3.096 γ-spectrometry 
78 0 22 873-973 2.58 1.73 γ-spectrometry 
75 5 20 873-1 023 2.06 1.34 γ-spectrometry 
77 17 6 848-998 3.61 2.91 γ-spectrometry 

Table 2c: Joint solubility of PuF3 and CeF3 in fuel salts, mole % [4] 

Temperature, K 72,5LiF-7ThF4-20,5UF4 78LiF-7ThF4-15UF4 
PuF3 CeF3 PuF3 CeF3 

873 0,35±0,02  1,5±0,1  1,45±0,07 2,6±0,1 
923 4,5±0,2  2,5±0,1  5,6±0,3 3,6±0,2 
973 8,4±0,4  3,7±0,2  9,5±0,5 4,8±0,3 

1023 9,4±0,5  3,9±0,2  10,5±0,6 5,0±0,3 
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3.2. Density 

The density of molten 78LiF-22ThF4 and 71LiF-2BeF2-27ThF4 salt mixtures (mole %) have been 
measured by method of hydrostatic weighing from the liquidus temperatures up to ~ 1073K. Measurement 
error is estimated as 0.9%. For the 78LiF-22ThF4 and 71LiF-2BeF2-27ThF4 (mole%) melts, respectively, 
correlation dependences for the density (ρ, kg/m3) vs. temperature (T, K) were obtained, respectively: 
ρ = 4742.3 - 8.82.10

-1
 T  and ρ = 4992.0 - 7.40.10

-1
 T [1].

3.3. Thermal conductivity 

The thermal conductivity of molten salt fluoride mixtures have been measured by steady state method 
of coaxial cylinders with temperature gradient in the salt gap about 1 K in order to minimise the 
contribution of radiation heat transfer. As compared to the transient methods, it also enables simpler and 
more accurate account of systematic and random errors, especially during absolute measurements. The 
apparatus device, precision adjustment of the cylinders as well as the use of the protection heaters, standard 
thermocouples, automatic recording thermoelectric power with high precision (± 0.0001 mV) have allowed 
the exact measuring thermal conductivity (±5%). The thermal conductivity (λ) of molten 78LiF-22ThF4 
and 70LiF-8CaF2-22ThF4 salt mixtures (mole %) was measured at several temperatures in the range of 
891 K to 1 020 K. The values found (W·m-1·K-1) are plotted in Figure 5. The reasonable trends have been 
found towards an increase of thermal conductivity λ (W·m-1·K-1) of salt mixtures studied with temperature 
T (K) which can be described by linear equations for molten 78LiF-22ThF4 and 70LiF-8CaF2-22ThF4 salt 
mixtures (mole%), respectively: λ = 0.93+8.40*10-5T and λ = 0.84+8.06*10-5T. 

Figure 5: Thermal conductivity of molten 78LiF-22ThF4 (1) and 
70LiF-8CaF2-22ThF4 (2) salt mixtures vs. temperature [1] 

3.4. Heat capacity 

The studies on thermochemical properties of molten salts mixtures were performed with the STA 
449C Jupiter® synchronous thermal analyser. This analyser allows making measurements simultaneously 
by the methods of differential scanning calorimetry and thermogravimetry in a wide range of temperatures 
and obtaining information on thermal stability, evaporation, melting points, and enthalpy of fusion and heat 
capacity of solid and liquid salts. The experimental procedure is described elsewhere [1,5]. The 
temperature dependence of the heat capacity (сp) of molten 78LiF-22ThF4 eutectic mixture measured in the 
range from 867 K to 907 Кis described, within the experimental error, by a linear equation (in J∙g-1∙K-1): 
сp = -1.111+0.00278*T. It has been found that the heat capacity of 70LiF-8CaF2-22ThF4 melt in the range 
from 837 K to 873 КK is constant with temperature: 1.222 J∙g-1 K-1. The heat capacity of molten 
78LiF-22ThF4 mixture extrapolated to the melting point (839 K) is 1.221 J∙g-1∙ K-1. 
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3.5. Viscosity 

The viscosity of the different molten salt mixtures has been measured at the temperature ranging from 
liquidus up to 1 160 K by the method of torsional oscillations attenuation of the cylinder with the melt 
under study. The apparatus and general technique have been described elsewhere [6]. The dependences of 
kinematic viscosity (ν, 10-6 m2/s) vs. temperature (T, K) for molten salt mixtures are given in Table 3. In 
the temperature range where the melts behave like normal (single phase) liquids, the experimental viscosity 
values were approximated by the expression: ν = A * exp [В/T]. The parameters of model were obtained by 
least squares method. The kinematic viscosity root mean square (RMS) estimated in the assumption about 
dispersion homoscedasticity is (0.04÷0.20)×10-6 m2/s. Effect of CeF3 and BeF2 addition on viscosity of 
mentioned above eutectics was also studied. In most cases the presence of CeF3 (from 1 to 10 mole% ) or 
BeF2 (from 2 to 5 mole%) in the eutectic mixtures decreased its viscosity at the cold leg of the measured 
temperature range. Differ from other molten salt mixtures under study the addition of 3 mole % of CeF3 to 
the 75LiF-20ThF4-5BeF2 melt significantly increased its liquidus temperature. 

Table 3: Kinematic viscosity vs. temperature (T, K) for different molten salt mixtures [6] 

Composition (mole %) T (K) ν *106 (m2/s) RMS*106 (m2/s) 
78LiF – 22ThF4 898-1 119 1.980 exp{3 689*(1/T – 0.9698E-3)} 0.042 
71LiF – 27ThF4 – 2BeF2 866-1 073 2.075 exp{3 093*(1/T – 1.033E-3)} 0.10 
75LiF – 20ThF4 - 5BeF2 
with 3 mole% CeF3 

851-1 093 2.1905 exp{1 877*(1/T – 1.013E-3)} 0.12 
966-1 115 2.037 exp{1 465*(1/T – 0.9627E-3)} 0.053 

75LiF–20BeF2 – 5ThF4 924-1 158 1.996 exp{3 159*(1/T – 0.9593Е -3)} 0.038 
15LiF–58NaF–27 BeF2 
with 1 mole % CeF3 

723-1 063 3.267 exp{3 042*(1/T – 1.086Е -3)} 0.21 
723-1 070 2.6375 exp{1 870*(1/T – 1.084Е -3)} 0.116 

3.6 Equilibrium distribution of lanthanide and actinide elements between molten fluoride/chloride salts 
and liquid bismuth solutions 

The extraction of lanthanum, neodymium, samarium, europium and thorium from 73LiF-27BeF2, 
78LiF–22ThF4, 75LiF–5BeF2–20ThF4, 15LiF–58NaF–27BeF2, and 60LiF–40NaF (mole %) fluoride salt 
melts into liquid bismuth with admixtures of lithium as a reducing agent was studied at 853–1 023 K [1]. 
Equilibrium values of their distribution coefficients D were measured. In Figures 6 and 7, straight lines in 
logarithmic coordinates (lgD(Nd,La,Sm,Eu,Th) vs. lgDLi) describe our experimental data. Data from the 
experiments with the above mentioned molten salt mixtures yielded a valence very close to 2 for samarium 
and europium, to 3 for the lanthanum and neodymium, as well as to 4 for thorium. The exctraction of Nd and 
La as well as in less extent Sm and Eu from molten 73LiF-27BeF2 salt is quite efficient. A decrease in the 
mole fraction of LiF in LiF–BeF2 melts substantially increased the effectiveness of its separation from 
lanthanides. The distribution coefficients obtained for LiF-ThF4 and LiFBeF2-ThF4 salts cannot provide the 
effective separation between thorium and lanthanides in the fluoride salt/bismuth solutions. For molten 
78LiF-22ThF4 and 7474LiF-22BeF2-4ThF4 salt mixtures (mole%) the measured values of 
α = D(Nd,La)/D(Th) are 1 and 3 respectively at lgD(Li) ≈ -2.5. Excellent separation of thorium from 
lanthanides and alkaline-earth elements can be made by use of LiCl. It was found that small additions 
(< 1 mole%) of free fluoride ions have an influence on the distribution coefficient of thorium in 
LiCl/Bi system (Figure 8). 
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Figure 6: Distribution of neodymium, lanthanum (left), samarium and europium (right) 
between molten 73LiF-27BeF2 salt (mole%) and liquid bismuth at 923 K 

  
Figure 7: Distribution data between molten LiCl salt and liquid Bi at 923 K for Nd3+ (curve I, this 

work), Ln3+ (curve II, this work), Th4+ (curve III, this work with 0.5 mole % ThF4 in LiCl) and Th4+ 
(curve IV without ThF4 in LiCl, [7]) 

 
Figure 8: Microstructure of surface layer for Hastelloy N specimens without loading 

after 250 hrs exposure in Li,Be,U/F fuel salt for U(IV)/U(III) ratios: 
а - 30 (at 1 033 K), b - 60 (at 1 033 K) and c - 90 (at 1 073 K) 

 

a) 
No.  

 

b) 
K = 3 500pc×μm/cm 
l = 69 μm 

 

c) 
K = 4 490pc×μm/cm 
l = 148 μm 

100 μm 

100 μm 

100 μm 
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4. Materials compatibility and salt chemistry control 

Current study with molten LiF-BeF2 and LiF-BeF2-ThF4 salt mixtures (mole %) fuelled by 2 mole% 
of UF4 and containing additives of metallic Te or Cr3Te4, include five 250 hrs tests with exposure of Ni-
based alloys specimens at temperatures from 993K to 1073K and under mechanical loading from 0 to 
50 МPa. The Ni-based alloys selected for testing had the following compositions (in mass %): original 
Hastelloy N (Mo–16.28, Cr–7.52, Fe – 3.97, Ti – 0.26, Si -0.5), HN80М-VI (Mo–12, Cr–7.6, Nb–1.5), 
HN80МТY (Mo–13, Cr–6.8, Al–1.1, Ti–0.9), HN80МТW (Mo-9.4, Cr-7.0, Ti-1.7, W-5.5) and ЕМ-721 
(Cr-5.7, Ti-0.17, W-25.2). The corrosion facility described elsewhere [1] allows to test the alloy specimens 
in the nonisothermal dynamic conditions with difference of the fuel salt temperature in the upper and near-
bottom parts of test section about 40K. Chemical analysis determined by ICP–AES in a typical frozen 
sample of melt before corrosion test showed the content of the major impurities (in mass %) as follows: 
Ni-0.005; Fe-0.024; Cu<0.001; Cr-0.001; oxygen<0.05 In our tests, the [U(IV)]/[U(III)] ratios in the fuel 
salt were changed in the range from 0.7 up to 500. On the basis of the testing results (Figures 9 to 11), 
some general regularities can be emphasised, concerning behaviour of the multicomponent heterophase 
system consisted of the alloys specimens submerged in the molten 73LiF-27BeF2 and 75LiF-5BeF2-
20ThF4 salts with addition of 2 mole % (UF4+UF3) mixture and Cr3Te4. In the fuel salt with 
[U(IV)]/[U(III)] ratio in the range of 4÷20 any tellurium IGC of the selected alloys does not occur.As 
shown in Figure 9, after Hastelloy N [3] exposure without stress at 1023 K in Li,Be,U/F at 
[U(IV)/]/[U(III)]=60 the significant Te IGC was found. In the molten salt mixture with [U(IV)/]/[U(III)] 
ratio < 100 any traces of Te IGC on the HN80MTY and H80M-VI alloys specimens are not found 
(Figure 10). Certain signs of incipient IGC in the form of Te presence on the grain boundaries in the 
HN80MTB and EM-721 alloys surface layer and formation of not too deep cracks on HN80MTB alloy 
surface were revealed at [U(IV)/]/[U(III)] =100. In the melt with [U(IV)]/[U(III)] ratio equal 500 in all of 
the alloys tested the tellurium IGC took place (Figure 11). The tellurium IGC for the HN80MTY alloy (the 
k parameter) is by 3÷5 times lower as compared to other alloys. The EM-721 alloy has the minimal 
resistance to tellurium IGC (k = 9 200 pc⋅µm/cm, the depth of cracks is up to 434 μm). The studies have 
shown, that the Ni based alloys IGC is controlled by the U(IV)]/[U(III)] ratio, and its dependence on this 
parameter is of threshold character. Providing control the of [U(IV)]/[U(III)] ratio, it is possible to 
eliminate completely or to minimize Te IGC. It does not undergo tellurium IGC in the molten 73LiF-
27BeF2 and 75LiF–5BeF2–20ThF4 solvent with addition 2 mole % of (UF4+UF3) mixture at 
[U(IV)]/[U(III)] ≤100. HN80MTY alloy has the best corrosion and mechanical properties even at 1 073K 
and [U(IV)]/[U(III)]=500. 
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Figure 9: Microstructure of surface layer for E-721 (a,b,c) and HN80MTY (d,e,f) specimens after 
250 hrs exposure in Li,Be,U/F fuel salt without loading: a,d - for U(IV)/U(III) ratios: а - 30 (at 1033 

K); b,e - 60 (at 1033 K) and 90 (c,f - at 1073 K) 

 a) no IGC 

 b) K = 3 380 pc×μm/cm 

 c) K = 5 830 pc×μm/cm  

 d) no IGC 

 e) no IGC 

 f) K = 530 pc×μm/cm 

100 μm 

100 μm 

100 μm 

100 μm 

100 μm 

100 μm 
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Figure 10: Surface layer of Ni – based alloy specimens after 250 hrs exposure under strain 
25 MPa at 1013K in fuel salt with [U(IV)]/[U(III)] ratios 100 (left) and 500 (right): (a and b) 

HN80М- VI, (c and d) HN80МТY, (e and f) HN80МТW, (g and h) ЕМ-721; enlargement ×50 [1] 

 (a)  (b) 

 (c)  (d) 

 (e)  (f) 

 (g)  (h) 
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