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Abstract

LiF–BeF2 and LiF–BeF2–ThF4 are key systems for Molten Salt Reactor fuel. The liquid phase of these systems has

been assessed using Redlich–Kister polynomials. The result shows a miscibility gap on the BeF2-rich side. This has

never been proven experimentally. Nevertheless, evidence for a two liquids region is given by the fact that such a region

exists in the analogous MgO–SiO2 system. Also the ternary system LiF–BeF2–ZrF4 contains such a miscibility gap in

the BeF2 corner.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The Generation IV programme comprises six future

reactor systems. One of them is the Molten Salt Reactor.

The concept of this reactor, in which the fuel is dissolved

in a circulating molten fluoride salt mixture, was already

developed in the 1960s in Oak Ridge National Labora-

tory, USA. One purpose of the reactor was the breeding

of uranium from thorium. Neutron capture of 232Th

forms 233Pa, which decays to 233U, a fissile isotope. To

obtain an optimum neutron balance and also to meet

other important thermal and physicochemical demands,

a composition of mainly LiF–BeF2 has proved to be the

most viable matrix for the fuel to dissolve in. So in this

context, the systems LiF–BeF2 and LiF–BeF2–ThF4 are

of major importance.

LiF–BeF2 was also considered as a �weakened� ana-
logue for MgO–SiO2 and ZnO–SiO2 by Goldschmidt
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(for example in [1,2]), because the size of the fluor ion

(13.6 pm) and of the oxygen ion (14.0 pm) are nearly

similar and the charge is reduced from �2 to �1. Since

melting temperatures for the fluorides are significantly

lower than for the silicates, thermal and calorimetric

investigation of the former was technically easier to per-

form, particularly in the past.

For these reasons, the LiF–BeF2 phase diagram has

been investigated by several researchers, for example

Thilo and Lehmann [1], Roy et al. [3,4], Novoselova

et al. [5], Thoma et al. [6] and Romberger et al. [7]. How-

ever, disagreements exist between the results, especially

on the BeF2-rich side, probably because of the experi-

mental difficulties to perform measurements on the

highly viscous melt. Molten BeF2 is, as SiO2, known

to form glass easily. Glass-formation in a melt results

inevitably in supercooling effects during thermal

analysis.

Regarding the Molten Salt Reactor concept in Gen-

eration IV, no fixed fuel composition is existing yet. Sev-

eral salt compositions have been proposed for MSR fuel,

depending on the exact use and design of the system.
ed.
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Numerous relevant phase diagrams have been investi-

gated in the past, but it is likely that compositions, dif-

ferent from the ones for which the phase diagrams are

presently known, will be used in the future. For the eval-

uation of melting temperatures of fuel salt compositions

in multicomponent systems with LiF, BeF2, but also

NaF and/or RbF as solvent members, we are developing

a thermodynamic database. In this framework, the LiF–

BeF2 system and the ternary system of LiF–BeF2–ThF4

have been assessed, using the CALPHAD method.
2. Method

Gibbs energy functions of all phases of the system

and especially the excess Gibbs energy coefficients of

the solution phases are necessary to calculate a T–X

phase diagram. When they are unknown, which is rather

the rule than exception, they can be obtained by per-

forming a thermodynamic assessment. This is done by

making use of the known Gibbs energy functions of

the compounds and the available experimental data in

the following way: The Gibbs energy functions for the

relevant compounds are set up after careful investigation

of thermodynamic tables [8] in such a way that they are

described as the polynomial in Eq. (1)

GðT Þ ¼ aþ bT þ cT lnðT Þ þ
X

diT i. ð1Þ

For each phase, Gibbs energy functions have been de-

fined. The Gibbs energy is derived from the temperature

dependence of enthalpy and entropy, which in turn are

dependent on Cp(T) (Eqs. (2) and (3)). By convention,

the reference state for the enthalpy Href equals the en-

thalpy of formation from the elements at T = 298.15 K

and p = 1 bar. S0 (298.15) is used as a reference state

for the entropy at T = 298.15 K and p = 1 bar, but it

should be kept in mind that the third law holds for the

entropy, i.e. it is zero at 0 K

HðT Þ ¼ H ref þ
Z T

T ref

Cp dT ; ð2Þ

SðT Þ ¼
Z T

T¼0

Cp

T
dT ; ð3Þ

SðT Þ ¼ S0ð298.15Þ þ
Z T

T ref

Cp

T
dT . ð4Þ

The Gibbs energy is then obtained from the Gibbs–

Helmholtz equation (Eq. (5))

GðT Þ ¼ HðT Þ � SðT ÞT . ð5Þ

Redlich–Kister polynomials are used to describe the

excess parameters and are defined as in Eq. (6) for bin-

ary systems

DxsG ¼ XAXB

XN
k¼0

kLA;BðXA � XBÞk ; ð6Þ
kLA,B are the interaction coefficients, of which the tem-

perature dependence is defined in the same way as Eq.

(2). However, in most cases a simple linear dependence

is sufficient (Eq. (7)):

kLA;B ¼ kpA;B þ kqA;BT . ð7Þ

The coefficients kpA,B and kqA,B were optimized for

the three different binary systems A–B, namely LiF–

ThF4, LiF–BeF2 and BeF2–ThF4. For this purpose,

the optimization module of FactSage 5.3 [9] was used,

which makes use of the Bayesian optimization algo-

rithm. This is a genetic algorithm, based on the estima-

tion of a probability distribution function. A given

experimental data set and initial estimates are used to

generate new candidate solutions [10] in such a way that

an optimum fit between the Gibbs energy functions and

the experimental values is obtained. The system LiF–

BeF2 has also been assessed using the BINGSS program

[11] that makes use of the least square method to get a

best fit between the experimental data and optimized

Gibbs energy coefficients.
3. Results and discussion

3.1. The binary phase diagrams

The Gibbs energy functions of the pure compounds

LiF, BeF2, ThF4 and of the intermediate compound Li2-

BeF4 were derived from thermodynamic tables. Thermo-

dynamic functions of the intermediate compounds in the

LiF–ThF4 system were not known and were obtained by

optimization in FactSage 5.3. Table 1 contains the

Gibbs energy functions used in this work.

The excess coefficients needed for the liquid phase

in order to describe the phase diagrams of LiF–BeF2,

LiF–ThF4 and BeF2–ThF4 in a satisfying way are listed

in Table 2. It must be noted that, though p can be con-

sidered as an enthalpy term and q as an entropy term,

these coefficients here are essentially mathematical,

because of the lack of calorimetric experimental data.

Figs. 1–3 show the assessed phase diagrams of

LiF–BeF2, LiF–ThF4 and BeF2–ThF4 together with

the known experimental data.

The calculated phase diagram of the LiF–BeF2 sys-

tem in Fig. 1 reproduces the diagram that is proposed

on the basis of the experimental results, as for example

by Thoma et al. [6], but for one exception. The calcu-

lated diagram shows a miscibility gap in the BeF2-rich

side. Assessments using FactSage and BINGSS gave

comparable results. There was no other way to perform

a successful parameter optimization than to allow a

miscibility gap in the liquid phase, in order to let the

entropy of fusion of BeF2 be in concordance with the

experimental liquidus data. The entropy of fusion of



Table 1

DfH
0(298.15) (kJ mol�1), S0(298.15) (J K�1 mol�1) and Cp data for the pure components and intermediate compounds of the system

LiF–BeF2–ThF4

Comp. DfH
0(298.15) S0(298.15) a bT cT�2

LiF(l)a �599.931 43.085 64.219

BeF2(l)
a �1021.658 60.495 40.984 4.4936E�02

ThF4(l)
a �2064.491 156.629 133.900

LiF(cr)a �616.931 35.660 43.051 1.7322E�02 �5.6853E+05

BeF2(cr,a)
a,b �1026.800 53.354 19.181 1.0954E�01

BeF2(cr,b)
a,b �1025.560 56.114 39.457 4.6255E�02

ThF4(cr)
a �2097.900 142.050 122.173 8.3700E�03 �1.2550E+06

2LiF ÆBeF2(cr)
c �2274.254 129.483 90.779 1.4915E�01 1.9708E+05

3LiF ÆThF4(cr)
d �4031.051 184.164 251.327 6.0335E�02 �2.9606E+06

LiF ÆThF4(cr)
d �2812.701 88.713 165.224 2.5692E�02 �1.8235E+06

LiF Æ2ThF4(cr)
d �4916.685 241.627 287.397 3.4662E�02 �3.0785E+06

LiF Æ4ThF4(cr)
d �9155.485 494.702 531.743 5.0802E�02 �5.5885E+06

a Data taken from an internal report [22].
b A transition occurs at 500 K in solid BeF2, where the crystal structure changes from low quartz to high quartz.
c Data from NIST-JANAF thermochemical tables [8]. An extra term in the Cp function: �1.8416E�08T2.
d Obtained by optimization.

Table 2

Optimized kpA,B and kqA,B of the liquid phase for LiF–BeF2,

LiF–ThF4 and BeF2–ThF4

A, B k kpA,B/J mol�1 kqA,B/J K
�1 mol�1

LiF–BeF2 0 �15580 �11.645

1 71320 �63.487

2 4805.8 0.000

LiF–ThF4 0 �14369 106.09

1 56028 �43.643

BeF2–ThF4 0 5431.9 �0.3181

1 6339.2 �8.3035
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Fig. 1. The assessed LiF–BeF2 diagram, with an enlargement of

the area around the congruently melting Li2BeF4: (e) exper-

imental data by Roy et al. [4]; (h) data by Thoma et al. [6] and

(4) data by Romberger et al. [7].
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Fig. 2. The assessed LiF–ThF4 diagram: (s) experimental data

from Thoma et al. [17].
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Fig. 3. The assessed BeF2–ThF4 diagram: (h) experimental

data from Thoma et al. [19].
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the bounding component defines the initial slope of the

liquidus curve at that component in a T–X diagram [12]

dT
dX

¼ RT fus

DfusS
0
. ð8Þ

The initial slope at X = BeF2 proposed by Thoma et al.

suggests DfusS
0 ’ 17 J K�1 mol�1 or DfusH

0 ’ 13.7

kJ mol�1. The experimental value is considerably lower,

DfusS
0 ’ 5.4 J K�1 mol�1 and DfusH

0 ’ 4.5 kJ mol�1

and is well-established. Also Vallet and Braunstein [13]

calculated a miscibility gap in the LiF–BeF2 system.

They used the Cook–Hilliard method [14] to compute

the binodal and spinodal curves. For this method, liqui-

dus data and extrapolated data on isothermal activity

coefficients were needed, which were provided by several

phase diagram measurements [6,7] and an electromotive

force study [15]. The result was a two-liquid region,

which is almost entirely below the liquidus, i.e. metasta-

ble, except for a small section around the critical temper-

ature of Tc = 807 K at 0.781 mole fraction. The shape of

the miscibility gap is slightly different from the one cal-

culated in our assessment process.

A miscibility gap in LiF–BeF2 is also in concordance

with the analogous MgO–SiO2 system, which has a sig-

nificant gap at the SiO2-rich side, between 0.585 and

0.98 mole fraction SiO2 and in the temperature range

from 1968 K to 2240 K [16]. The possibility of a two

liquids region in LiF–BeF2 is also in agreement with

findings of Thoma et al. [6], who published an experi-

mental phase diagram of LiF–BeF2–ZrF4, with a misci-

bility gap in the BeF2-rich corner of the ternary diagram,

which nearly reaches the LiF–BeF2 edge.

The LiF–ThF4 diagram was measured by Thoma

et al. [17], with a modification by Thoma a few years

after [18]. In the earlier work, four intermediate com-

pounds were identified by XRD, which are 3LiF ÆThF4,

7LiF Æ6ThF4, LiF Æ2ThF4 and LiF Æ4ThF4. The second

compound has later been changed to LiF ÆThF4. But

regardless the stoichiometry, it melts congruently, the
Table 3

Invariant equilibria in LiF–BeF2–ThF4, calculated and experimentala

LiF BeF2 ThF4 T/K Type in

0.69 0.21 0.10 710 Eutectic

0.67 0.22 0.11 700 Eutectic

0.49 0.46 0.05 640 Eutectic

0.37 0.52 0.11 755 Peritect

0.23 0.67 0.10 800 Peritect

0.66 0.30 0.04 717 Peritect

0.63 0.30 0.07 721 Peritect

0.47 0.51 0.02 629 Eutectic

0.34 0.64 0.03 728 Peritect

0.15 0.83 0.02 770 Peritect

a Values in italics are proposed values, based on experiments and e
others incongruently. Gibbs energy functions are only

known for the pure compounds LiF and ThF4. The

functions for the other compounds had to be assessed.

This leaves evidently room for improvement of the opti-

mization by adding further experimental data, when

they become available.

The system of BeF2–ThF4, which was analyzed by

Thoma et al. [19], is a simple eutectic system with the eu-

tectic point very near the BeF2 axis.

3.2. The ternary phase diagram of LiF–BeF2–ThF4

Table 3 lists the ternary eutectic and peritectic points

of the calculated phase diagram of LiF–BeF2–ThF4, as

well as the invariant points proposed by Thoma et al.

[19], who investigated experimentally this ternary

diagram.

Fig. 4 shows the calculated liquidus surface of LiF–

BeF2–ThF4.

The experimental results suggest that no ternary

compounds exist in the system LiF–BeF2–ThF4. To cal-

culate this phase diagram, the binary Redlich–Kister

coefficients could be interpolated to the ternary diagram

in either a symmetric or an asymmetric way. The Mug-

gianu or Kohler type interpolation is symmetric, while

the Toop method is asymmetric. In the former, every

binary interaction has an equal weight, but in the latter,

selected binary interactions can be assigned a different

weight. Toop interpolation is based on the fact that

there is one asymmetric component in a ternary system,

which is chemically different from the two other chemi-

cally similar and therefore symmetric components [20].

An example is a common anion system with two compo-

nents having single valent cations and the third having a

three-valent cation. The last is clearly the asymmetric

component, of which the interactions are neglected.

Erroneous diagrams can result from making a wrong

choice in the way of interpolation. In this study, Toop

interpolation has been applied and BeF2 has been
variant Phases present

LiF + 3LiF ÆThF4 + 2LiF ÆBeF2 + L

3LiF ÆThF4 + LiF ÆThF4 + 2LiF ÆBeF2 + L

2LiF ÆBeF2 + BeF2 + LiF ÆThF4 + L

ic LiF ÆThF4 + LiF Æ2ThF4 + BeF2 + L

ic LiF Æ2ThF4 + LiF Æ4ThF4 + BeF2 + L

ic LiF + 3LiF ÆThF4 + 2LiF ÆBeF2 + L

ic 3LiF ÆThF4 + LiF ÆThF4 + 2LiF ÆBeF2 + L

2LiF ÆBeF2 + BeF2 + LiF Æ2ThF4 + L

ic LiF Æ2ThF4 + LiF Æ4ThF4 + BeF2 + L

ic ThF4 + LiF Æ4ThF4 + BeF2 + L

xtrapolation [19].
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Fig. 4. The calculated liquidus surface of LiF–BeF2–ThF4. The

miscibility gap is indicated as a dashed line. Isotherms are

labeled in K.
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selected as the asymmetric component, since it is known

as a glass-former, while the other two, LiF and ThF4,

are not. Also the symmetric method has been checked,

but it appeared that the resulting diagram was in poorer

agreement with the experimental data compared to the

asymmetric one.

The miscibility gap, which appears in the BeF2 corner

of the ternary diagram, is not directly visible in Fig. 4.

This is in concordance with the method of liquidus sur-

face plotting. Only the phase transition solid–liquid is

projected, so the liquid–liquid transition in a region of

demixing is ignored. But pseudobinary diagrams from

BeF2 to the opposite LiF–ThF4 axis crossing the demix-

ing area showed that the miscibility gap has an elon-

gated oval shape, as indicated in the diagram. The

height of the miscibility gap is 60 K at its maximum.

It is evident that differences exist between the exper-

imental and the calculated diagram, imposed by the

miscibility gap, which appeared in the assessment of

LiF–BeF2. So, especially in the BeF2-rich edge of the

diagram, the calculated phase equilibria disagree with

the experimental diagram. Another aspect should be

noted as well. At the time this ternary diagram was

investigated experimentally, there were uncertainties

whether the compound 2LiF ÆBeF2 melts incongruently

or not. Detailed measurements by Romberger et al. [7]

revealed that it is a congruently melting compound, so

that the first two invariant points by Thoma et al. could

therefore be interpreted as eutectic instead of peritectic.

A comparison considering the possible composition

for a Molten Salt Reactor was also made. The Molten

Salt Breeder Reactor, MSBR, was designed in the

1960s to breed 233-U from 232-Th in a LiF–BeF2 melt.
A favorable composition was 71.7%LiF–16%BeF2–

12%ThF4–0.3%UF4 in moles, with the small amount

of UF4 to start the reaction [21]. The experimental

temperature of fusion was determined to be 773 K,

which is in agreement with the ternary phase diagram

LiF–BeF2–ThF4 by Thoma et al. [19]. The composition

72%LiF–16%BeF2–12%ThF4 has a similar melting

point, implying that the influence of the small amount

of UF4 can be neglected. The same composition has a

melting point of 770 K according to the assessed ternary

diagram, so experiments and thermochemical calcula-

tion are in a good agreement here.
4. Conclusion

The Molten Salt Reactor concept includes the contin-

uous circulation of a fuel dissolved in a carrier of molten

fluoride salt in order to reach high burn-up. In this pa-

per, the system LiF–BeF2 as the solvant and ThF4 as

the fertile material were considered. Thermodynamic

assessments were performed for the binary sub-systems

and the results were interpolated to the ternary system

LiF–BeF2–ThF4. There is generally good agreement

with the experimental diagrams. However, the most

remarkable feature is the appearance of a miscibility

gap on the BeF2-rich side of the LiF–BeF2 diagram. This

caused a region of demixing in the BeF2-rich corner of

the ternary diagram as well. The assessment predicts

for the MSBR composition (72%LiF–16%BeF2–

12%ThF4) a melting point of 770 K, which agrees well

with the experimental value of 773 K.
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Petersen, CALPHAD 62 (2002) 189.

[10] M. Pelikan, D.E. Goldberg, E. Cantú-Paz, in: Proceedings
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