
Introduction

The most favourable variant of the transmutor in nu-
clear power plants seems to be a three circulating
loops concept with homogeneous core configuration
in the primary one [1, 2]. The molten fluorides are
considered as the primary coolant and the nuclear fuel
carrier, simultaneously. Molten fluoride salts are also
considered as the coolant for the secondary circulat-
ing loop [3]. This loop ensures heat transport between
the primary and the tertiary circulating loop, which
operate on the Rankine–Clausius’s or the Brayton’s
cycle principles. A lack of information about the
properties of candidate fluoride salt coolants
(e.g. melting temperature, specific heat capacity, vis-
cosity, etc.) is a reason for their research.

The chemical stability of the system and low
melting temperature, in the range of operational tem-
peratures, belong among basic coolant requirements.
The condition of the low melting temperature is met
also in the SnF2–NaF system. The criterion of the
chemical stability can be deduced from the phase dia-
gram of considered system. The equilibrium diagram
of this system was reported in [4]. Authors reported
the formation of four congruently melting compounds

at NaF–SnF2 molar ratio 6:1, 2:1, 1:1, 1:2 with the
melting points of 279, 273, 265 and 299°C, respec-
tively. However, only two compounds were identified
by XRD patterns; NaSn2F5 and NaSnF3, respectively.

In the present work the phase diagram of the bi-
nary system NaF–SnF2 was determined by using of
thermal analysis and the subsequent coupled analysis
of thermodynamic and equilibrium phase diagram
data. The solid phases obtained from the quenched
melts of mixtures of varying composition were ana-
lysed by X-ray powder diffraction.

Experimental

For the preparation of samples the following chemi-
cals were used: NaF (Merck, 99.5%), SnF2 (Aldrich,
99.0%), NaCl (Fluka, 99.5%), and NaNO3 (Lachema,
99.8%). NaF was dried at 600°C for 2 h and SnF2 was
dried in vacuum oven at 130°C for one day. Handling
of all salts was done in a glove box under dry nitrogen
atmosphere (Messer, 99.990%).

The temperatures of individual phase transitions
(primary and eutectic crystallization) were deter-
mined by means of thermal analysis, recording the
cooling and heating curves of the investigated mix-
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tures. The platinum crucible with the sample
(10.000�0.001 g) was placed into the preheated resis-
tance furnace with a controlled Ar atmosphere
(Messer, 99.996%) and adjustable cooling rate that
was controlled by Clasic Clare 4.0 regulator (Czech
Republic). The heating and cooling rates were 5 and
2°C min–1, respectively. The temperature was mea-
sured by using a Pt–PtRh10 thermocouple calibrated
to the melting points of NaCl and NaNO3. The ther-
mocouple was connected to the multimeter
Keithley 2700 DMM. The measured transition tem-
peratures were reproducible within �1°C and they are
summarised in Table 1.

X-ray powder patterns of samples were collected
on Stoe Stadi P transmission diffractometer equipped
with a curved Ge (111) monochromator placed in the
primary beam and a linear PSD. In order to achieve a
better resolution CoK� radiation was used. The re-
cords were taken in the 2� range of 7–70° at room
temperature each for 2 h. Identification of the present
phases was done using the PDF-2 International Cen-
tre for Diffraction Data database [5].

Data processing

The calculation of the phase diagram

The calculation of the phase diagrams of condensed
systems using the coupled analysis of the thermody-
namic and phase diagram data is based on the solution
of a set of equations of the following type [6]
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where � fus iG 0 is the standard molar Gibbs energy of fu-
sion of the component i at the temperature T, R is the gas
constant, and as,i(T) and al,i(T) are the activities of com-
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(as,i=1), for the thermodynamic temperature of primary
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where � fus iH 0 and � fus iS 0 is the standard enthalpy and
standard entropy of fusion, respectively, xl,i and �l,i is the
mole fraction and the activity coefficient of component
i, respectively. The activity coefficients can be calcu-
lated from the molar excess Gibbs energy of mixing
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where ni is the amount of component i and n is the to-
tal amount of all components.

The molar excess Gibbs energy of mixing in the
liquid phase in the binary systems can be described by
the following general equation:

�G x x Gbin
E j

j
j

�� 1 2 (4)

It is assumed that in the measured temperature
range the molar excess Gibbs energy of mixing is in-
dependent on temperature.
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Table 1 The temperatures of primary (tPC/°C) and eutectic
(teut/°C) crystallization in the system NaF–SnF2

together with the data published by
Donaldson et al.[ 4]

x(SnF2)
tPC,exp/

°C
tPC,calc/

°C
�t/
°C

teut/
°C

t/
°C [4]

1 213 213 219.5

0.95 210.5 210.64 0.14

0.9 208 205.49 –2.51 212

0.85 201 197.42 –3.58 187

0.83 200

0.8 211 211.93 0.93 193 215

0.78 233 231.41 –1.59

0.75 257 256.46 –0.54 289

0.7 283 282.75 –0.25 191

0.667 288 288.00 0 299

0.63 279 281.87 2.87

0.61 253

0.6 250

0.57 253

0.55 254 250.75 –3.25 261

0.5 260 260 0 265

0.45 250 251.5 1.5 263

0.42 264

0.4 248 245.3 –2.7

0.35 259 259.04 0.04 273

0.333 260 260.00 0

0.3 259 255.42 –3.58 268

0.28 259

0.25 403 – 256 271

371.61 31.39*

0.2 508 509.08 1.08 254 278

15 276

10 259

0 996 996

*This term is excluded from the calculation of the
standard deviation



Binary system with a compound in solid-state

Let us consider the system AX–AY, in which a com-
pound mAX·nAY is formed in the solid-state. Ac-
cording to [7] this compound can be written as
(AX)p·(AY)q where
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It is obvious that the compound (AX)p·(AY)q is
formed from 1 mole of the melt and the Gibbs energy
of fusion of (AX)p.(AY)q equals to
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The model is described in details in [8].

Results and discussion

The coupled thermodynamic analysis, i.e. the calcula-
tion of the coefficients Gj in the Eq. (4) has been per-
formed using multiple linear regression analysis omit-
ting the statistically non-important terms in the excess
molar Gibbs energy of mixing on the 0.99 confidence
level according to the Student test. As the optimising
criterion for the best fit between the experimental and
calculated temperatures of primary crystallisation the
following condition was used for all measured points

( )T Tpc,exp,n pc,calc,n
n

min
 �� 2 (7)

The values of the enthalpy of fusion of individual
components used in the calculation are summarised in
Table 2. However, no data on the enthalpy of fusion of
the phases corresponding to the composition NaF–SnF2

2:1, 1:1 and 1:2 were found in the literature. It was esti-
mated that the respective mixtures correspond to the fol-
lowing compounds Na2SnF4, NaSnF3 and NaSn2F5, re-
spectively. In the calculation of the enthalpy of fusion of
these phases it was assumed that the entropy of fusion of
the additive compounds is approximately given by the
sum of entropies of fusion of the respective compo-
nents [7], e.g.:

� � �fus 2 5 fus fus(NaSn F ) (NaF) (SnF )S S S� �2 2 (8)

Coefficients of the composition dependence of
the molar excess Gibbs energy of mixing (Eq. (4),
where subscripts 1 and 2 represent SnF2 and NaF, re-
spectively, are listed in Table 3. The standard devia-
tion of the measured and calculated temperatures of
primary crystallization is �=2.0°C.

The calculated phase diagram of the system
NaF–SnF2 from the experimental data is shown in
Fig. 1 together with data by Donaldson et al. [4]. The
formation of three congruently melting compounds of

the composition NaF·2SnF2, NaF·SnF2 and
2NaF·SnF2 was confirmed, similarly as in [4]. Their
respective melting points are 288°C (299°C [4]),
260°C (265°C [4]) and 260°C (273°C [4]). The exis-
tence of the compound 6NaF·SnF2, proposed by
Donaldson et al. [4], seems to be unlikely. The part of
the system with SnF2 content lower than 30 mol% is
difficult to measure as it seems to be ‘unstable’. The
temperature necessary for melting the system of this
composition is too high. Thus SnF2 or SnF2-contain-
ing compounds evaporate or decompose and compo-
sition of the melt changes. Significant differences be-
tween temperatures of primary crystallisation re-
ported here and reported in [4] can be found in Ta-
ble 1 for composition below 25 mol% of SnF2. It can
be explained by the fact that temperatures that
Donaldson et al. [4] has attributed to primary crystal-
lisation temperatures are, indeed, eutectic tempera-
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Table 2 Temperatures and enthalpies of fusion of com-
pounds used for the phase diagram calculation

Compound
�fusH

0

/kJ mol–1
Tfus

/K
Ref.

NaF 33.137 1269 [9]

SnF2 10.503 486 [10]

NaSn2F5 38.897 561 [this work – Eq. (8)]

NaSnF3 25.437 533 [this work – like Eq. (8)]

Na2SnF4 39.355 533 [this work – like Eq. (8)]

Table 3 Coefficients of the molar excess Gibbs energy of the
system NaF–SnF2

Coefficient Value/kJ mol–1

G1 –(64.2�4.3)

G2 –(177.7�61.3)

G3 (373.4�112.4)

G4 –(317.3�67.9)
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Fig. 1 Phase diagram of the system NaF – SnF2. � – this work
(experiment); full line – calculated
� – Donaldson et al. [4]



tures. The last difference can be found in the melting
point of pure SnF2 that is 213°C [10, 11] in compari-
son with 219°C by Donaldson et al. [4].

The calculated coordinates of the four eutectic
points are:

e1: 70 mol% NaF, 30 mol% SnF2 and 255°C
e2: 58 mol% NaF, 42 mol% SnF2 and 238°C
e3: 44 mol% NaF, 56 mol% SnF2 and 246°C
e4: 18 mol% NaF, 82 mol% SnF2 and 191°C

The course of the excess molar Gibbs energy in
this system is shown in Fig. 2. From Fig. 2 it follows
that there is a strong exothermic reaction in the whole
concentration region. This type of deviation from the
additivity can be explained by the formation of com-
plex anions [SnxFy]

y–2x in the melts.

Identification of the products at compositions
NaF·2SnF2, NaF·SnF2 and 2NaF·SnF2 met with some
difficulties. The XRD pattern of the powdered
quenched sample of the composition of NaF·2SnF2

perfectly fits to the XRD pattern calculated from the
known structure of the compound NaSn2F5 (PDF card
No. 71-1961) [12]. Data provided by Donaldson [13]
for this compound, however, significantly disagree in
intensities with the data retrieved from the struc-
ture [12]. XRD pattern of the sample with composi-
tion NaF·SnF2 exhibit completely different structure
as data reported for NaSnF3 by Donaldson [13] (PDF
card No. 16-788) and do not match any XRD pattern
of known relevant compounds. The authors [13] re-
ported the preparation of this compound from water
solution as pure crystalline compound. Single crystal
structural identification should be done in order to
make unambiguous conclusion on the existing
phases. However, this was not the aim of this work.
On the other hand, there is also possibility that
NaSnF3 does not exist in the solid-state in the mea-
sured temperature range. The similar behaviour was
described in the NaF–Na2SO4 system [14].

XRD pattern of the sample with composition
2NaF·SnF2 corresponding to the compound Na2SnF4

cannot be confirmed as no data for this compound are
known. The formation of the Na4Sn3F10 [15], that was
prepared from water solutions, can be expected at the
composition 4NaF·3SnF2, however this was not ob-
served in the samples prepared from molten reactants.
At this composition the XRD pattern showed the same
structure as XRD pattern for composition NaF·SnF2.
Samples with SnF2 content lower than 33 mol% showed
NaF diffraction in their XRD patterns.
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