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Abstract: Understanding the corrosion mechanisms and the effect of corrosion products on the basic
properties of the salt (e.g., melting point, heat capacity) is fundamental for the safety assessment and
durability of molten salt reactor technology. This work focused on the thermodynamic assessment of
the CrF2 – CrF3 system and the binary systems of chromium trifluoride CrF3 with alkali fluorides
(LiF, NaF, KF) using the CALPHAD (computer coupling of phase diagrams and thermochemistry)
method. In this work, the modified quasi-chemical model in the quadruplet approximation was used
to develop new thermodynamic modelling assessments of the binary solutions, which are highly
relevant in assessing the corrosion process in molten salt reactors. The agreement between these
assessments and the phase equilibrium data available in the literature is generally good. The excess
properties (mixing enthalpies, entropies and Gibbs energies) calculated in this work are consistent
with the expected behaviour of decreasing enthalpy and Gibbs energy of mixing with the increasing
ionic radius of the alkali cations.

Keywords: molten salt reactor; corrosion; chromium fluoride; CALPHAD; FLiNaK

1. Introduction

The molten salt reactor (MSR) was selected as one of the six reactor designs retained by
the Generation IV International Forum (GIF) for the next generation of nuclear reactors [1],
which aims to replace the current fleet of light water reactors in the coming decades.
Fluoride salts containing alkali fluorides are considered a promising heat transfer medium
and coolant in the primary and secondary loops of MSR systems. A major concern for the
operation of these reactors is the degradation of structural materials caused by the corrosive
properties of fluoride salt at high temperatures. The understanding of corrosion phenomena
is fundamental for the safety of the MSR and commercial exploitation in the near future.
An example of a typical fuel salt composition is 7LiF – ThF4 – UF4 – (UF3), proposed for the
European Molten Salt Fast Reactor (MSFR) design [2], or 7LiF – NaF – (KF) – AnF4 – AnF3
(An = actinide) considered for the MSR-burner [3]. The so-called FLiNaK salt (LiF–NaF–
KF mixture) is, moreover, a potential choice for secondary coolant systems of the MSFR
designs [3].

Ni-based alloys, which have shown the best resistance to fluoride salts, with alloying
elements such as Fe, Cr and Mo, are currently the reference. Chromium is the least sta-
ble element in this alloy, leading to the dissolution of CrxFy fluorides inside the fluoride
salt matrix and the formation of discrete voids in the Ni-based alloy which could affect
the general integrity of the structure of the reactor. Depending on fluorine potential and
temperature, the formed chromium fluoride species will be stable as divalent or triva-
lent species. The current reference structural alloy for MSRs fuelled with a fluoride fuel
salt is Hastelloy-N, which has the following composition: Ni(70.6 wt%), Mo(16.8 wt%),
Cr(7.01 wt%), Fe(4.16 wt%), Mn(0.52 wt%), Al(0.15 wt%), Ti(0.002 wt%), Si(0.36 wt%) and
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C(0.055 wt%) [4]. This material has demonstrated its promising performance during the
Molten Salt Reactor Experiment (MSRE) of the Oak Ridge National Laboratory (ORNL)
in the 1950s [5]. The presence of a 7 wt% fraction of chromium appears as a good pro-
portion to provide the required mechanical strength for the core components, while not
being overly exposed to salt corrosion. The redox potential of the fuel salt, controlled by
the UF4/UF3 ratio, determines the rate of corrosion of the structural material. During
the fission process, free fluorine is formed, which reacts with UF3; hence, increasing the
UF4/UF3 ratio and redox potential of the salt which results in an increase in the corro-
sion rate of the structural material. This leads to oxidation reactions such as Cr(alloy) +
2 UF4(salt) = CrF2(salt) + 2 UF3(salt) [6]. Olson et al. conducted a comparative study with
different Ni-based alloys including Hastelloy with different contents of chromium [7,8].
The authors studied the corrosion rate at a high temperature (1123 K) of FLiNaK salt
(LiF–NaF–KF: 46.50–11.5–42 mol%) with an immersion device and confirmed the correla-
tion between the Cr content and corrosion resistance of the Ni-based alloy. Except for the
quasi-pure nickel metal, Hastelloy-N proved its superior resistance to corrosion. A high
proportion of Cr ('20 wt%) led to the high Cr depletion of the structural material, and the
degradation was particularly enhanced in the presence of Cr3+ cations in solution [4].

Understanding the effect of the corrosion products on the basic properties of the
salt (e.g., melting point, heat capacity) is fundamental for the safety assessment and
durability of MSR technology. This work thus focused on a thermodynamic modelling
assessment of the CrF2–CrF3 system and the binary systems of chromium trifluoride CrF3
with alkali fluorides (LiF, NaF, KF), based on data previously reported in the literature on
these systems.

2. Literature Review
2.1. Structural Data

The binary and ternary compounds that are stable in the systems under investigation
in this work are CrF2, CrF3, Cr2F5, Li3CrF6, NaCrF4, Na3CrF6, Na5Cr3F14, KCrF4, K2CrF5,
K2Cr5F17 and K3CrF6. The most relevant reported structural properties on the latter phases
are listed in Table 1.

Table 1. Lattice parameters of the intermediate compounds of the AF CrF3 (A = Li, Na,K) systems.

Compound Symmetry Space Group a(Å) b(Å) c(Å) β(°) Ref.

α Li3CrF6 Monoclinic C2/c 14.4058(10) 8.6006(4) 10.0122(6) 94.714(5) [9,10]
β Li3CrF6 Orthorhombic Pna21 9.5796(1) 8.4071(1) 4.9793(7) 90 [9,10]
α NaCrF4 Monoclinic P21/c 7.862(2) 5.328(2) 7.406(2) 101.65(4) [11]
β NaCrF4 Tetragonal P4/mmm * 15.330(5) 5.330(5) 6.279(3) 90 [12]
Na3CrF6 Monoclinic P21/c 5.46(1) 5.68(1) 7.88(1) 90 [13]

α Na5Cr3F14 Monoclinic P21/c 10.5096(3) 7.2253(2) 7.2713(2) 90.6753(7) [14]
β Na5Cr3F14 Orthorhombic C2221 10.49(1) 10.19(1) 10.21(1) 90 [15]
γ Na5Cr3F14 Tetragonal P41212 7.32(2) 7.32(2) 10.24(2) 90 [15]

KCrF4 Orthorhombic Pnma 15.761(10) 7.448(5) 18.361(11) 90 [16,17]
K2CrF5 Orthorhombic Pbcn 7.334(2) 12.804(4) 20.151(5) 90 [18]

K2Cr5F17 Orthorhombic Pmmm * 12.56(1) 7.25(1) 7.36(1) 90 [19,20]
γ K3CrF6 Cubic Fm3̄m 8.66(1) 8.66(1) 8.66(1) 90 [19]

* These structural data have not been experimentally confirmed and were based on theoretical calculations.

Most chromium fluoride solid compounds have been reported as green crystal pow-
der [15,21,22] or sometimes as black powder [23]. Most of the intermediate compounds
in the LiF – CrF3, NaF – CrF3 and KF – CrF3 systems, first described as early as 1969 by
de Kozak [15,21], have been confirmed by more recent structural studies (referenced
in Table 1). However, some doubts remain regarding the structural determinations of
Na5Cr3F14, K2Cr5F17 and K3CrF6. Na5Cr3F14 is known to have three crystalline forms:
α-monoclinic, β-tetragonal and γ-orthorhombic [15], but the reported differential calorime-
try experiments have not allowed to clearly identify the phase transition temperatures
between the different crystalline forms [24]. De Kozak found in 1971, by X-ray diffraction,
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that K2Cr5F17 has an orthorhombic structure (space group Pmmm) [19]. However, this
study did not report the atomic positions, so the data for this compound are incomplete. De
Kozak [15] postulated different crystalline phases for K3CrF6 with transitions: α

446K

β
495K

γ. Only the γ-cubic phase has been formally identified by X-ray diffraction at
523 K [19].

2.2. Thermodynamic Data

The thermodynamic data available on the aforementioned binary and ternary com-
pounds are rather limited in the literature. Hansen [25] performed adiabatic calorimetry
measurements between 15 and 300 K on CrF3 and derived the standard entropy at 298.15 K
as (93.88± 0.15) J·K−1·mol−1 and the heat capacity at 298.15 K as (78.75 ± 0.01) J·K−1·mol−1.
In this work, data provided by the IVTAN tables [26] and SGPS–SGTE pure substances
database [27] have been used for the thermodynamic functions for CrF3. The fusion tem-
perature has been experimentally measured at (1698 ± 20) K for CrF3 and (1167 ± 2) K
for CrF2 by Sturm [23] in 1962, and is still considered an appropriate reference. No other
data have been found for the thermodynamic properties for CrF2. In this work, the
IVTAN/SGPS–SGTE databases were also used for the thermodynamic functions (Table 2).

Thermodynamic data have barely been explored for the intermediate compounds in
the AF – CrF3 systems. De Kozak [15] reported the temperature of fusion of Li3CrF6 to be
T f us = 1125 K. For NaCrF4, Yin derived the enthalpy of formation from the binary species
NaF and CrF3 at 0 K as −39.990 kJ·mol−1 based on first principles calculations. The mixing
enthalpy was calculated to be −36.498 kJ/mol for the liquid phase at the (NaF:CrF3) = (1:1)
composition at 1500 K [28]. The same method was applied to estimate the formation
enthalpies from NaF and CrF3 at 0 K of Na3CrF6 and Na5Cr3F14 as −96 kJ·mol−1 and
−197 kJ·mol−1, respectively [29]. Yin reported a formation enthalpy from KF and CrF3 at
0 K of −64.912 kJ·mol−1 for the KCrF4 intermediate compound and a mixing enthalpy of
−51.633 kJ·mol−1 at 1500 K for the liquid of this composition [29]. For K2CrF5, K2Cr5F17
and K3CrF6, no thermodynamic data are available to this date in the open literature.
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Table 2. Thermodynamic data for end-members and intermediate compounds were used in this work for the thermodynamic assessment. Standard enthalpy of formation ∆ f Ho
m(298.15 K),

standard entropy So
m(298.15 K), and heat capacity coefficient of pure compounds Cp,m(T/K)/(J·K−1·mol−1) = a + b·T + c·T2 + d·T−2 + e·T3. Optimized data are presented in bold.

Compound ∆ f Ho
m(298.15 K) So

m(298.15 K) Cp,m(T/K)/(J·K−1·mol−1) = a + b·T + c·T2 + d·T−2 + e·T3
T(K) Ref.

(kJ·mol−1) (J·K−1·mol−1) a b c d e

LiF(cr) −616.931 35.66 43.30898 0.016312168 5.0470398 × 10−7 −569123.6 298.15−2500 [30]
LiF(l) −598.654 42.96 64.183 - - - - 298.15–6000 [30]

NaF(cr) −576.650 51.21 47.630 0.01479 - −464300 - 298.15–2500 [30]
NaF(l) −557.730 52.75 72.989 - - - - 298.15–6000 [30]
KF(cr) −568.606 66.55 68.757414 −0.057756882 7.5404856 × 10−5 −766718.34 −2.3885627 × 10−8 298.15−2000 [30]
KF(l) −554.374 67.77 71.965 - - - - 298.15–6000 [30]

CrF2(cr) −781.8 86.87 76.68345 0.0105410 −1.386756 × 10−9 −1338373 - 298.15–1167 [26,27]
CrF2(l) −764.692 86.308 100 - - - - 1167–4000 [25–27]
CrF3(cr) −1160.0 93.88 75.86301 0.0404446 −4.20805 × 10−6 −782870 - 298.15–1100 [25–27]
CrF3(cr) - - 226.552 −0.0870137 2.020701 × 10−5 −49199760 - 1100–1698 [26,27]
CrF3(l) −1125.281 83.0567 130 - - - - 1698–2500 [26,27]

Cr2F5(cr) −1950.8 181.0 152.54646 0.05098565 −4.20944 × 10−6 −2121243 - 298.15–6000 [26], this work
Li3CrF6(cr) −3070.0 210.6 205.78995 0.089381104 −2.69393806 × 10−6 −2490240.8 - 298.15–1100 [26], this work
Li3CrF6(cr) - - 356.47894 −0.038077196 2.172112194 × 10−5 −50907130.8 - 1100−3000 [26], this work
NaCrF4(cr) −1777.5 156.2 123.49301 0.0552346 −4.20805 × 10−6 −1247170 - 298.15–3000 [26], this work

α Na3CrF6(cr) −2935.9 314.5 218.75301 0.0848146 −4.20805 × 10−6 −2175770 - 298.15–913 [26], this work
β Na3CrF6(cr) −2925.4 326.3 218.75301 0.0848146 −4.20805 × 10−6 −2175770 - 913–3000 [26], this work
Na5Cr3F14(cr) −6545.65 584.2 465.739030 0.1952838 −1.262415 × 10−5 −4670110 - 298.15–3000 [26], this work
α KCrF4(cr) −1772.8 181.9 144.620424 −0.017312282 7.1196806 × 10−5 −1549588.34 −2.3885627 × 10−8 298.15–1066 [26], this work
β KCrF4(cr) −1768.8 185.9 144.620424 −0.017312282 7.1196806 × 10−5 −1549588.34 −2.3885627 × 10−8 1066–3000 [26], this work
K2CrF5(cr) −2378.6 251.0 213.377838 −0.075069164 1.4660166 × 10−4 −2316306.68 −4.7771254 × 10−8 298.15–3000 [26], this work

K2Cr5F17(cr) −7067.5 632.8 516.829878 0.086709236 1.2976946 × 10−4 −5447786.68 −4.7771254 × 10−8 298.15–3000 [26], this work
α K3CrF6(cr) −2941.2 338.5 282.135252 −0.132826046 2.2200652 × 10−4 −3083025.02 −7.1656881 × 10−8 298.15−499 [26], this work
β K3CrF6(cr) −2925.0 371.3 282.135252 −0.132826046 2.2200652 × 10−4 −3083025.02 −7.1656881 × 10−8 499–3000 [26], this work
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2.3. Phase Diagram Data
2.3.1. CrF2 – CrF3 System

Only one study was reported in 1962 on the phase equilibria of the CrF2 CrF3 system
by Sturm [23] based on quenching experiments. Two invariant equilibria were observed
in the system: an eutectic point at X(CrF3) = 0.14 with a temperature of (1104 ± 5) K
and a peritectic equilibrium at X(CrF3) = 0.29 and T = (1270 ± 5) K. A single intermedi-
ate compound was identified in the region between X(CrF3) = 0.40 and X(CrF3) = 0.45,
corresponding to the mixed valence state compound Cr2F5 with an extended region of
stability [16,31]. Sturm [23] suggested the composition of the solution phase “Cr(II,III)
fluoride” to be between 0.42 and 0.46, so slightly below the ideal 0.50 composition, but
did not explore the stability in the temperature range below 1023 K. Tressaud et al. [31]
and Lacorre et al. [16] reported crystallographic data for the Cr2F5 compound. Its melting
point was determined to be (1270 ± 5) K [23]. Two solid solutions were finally identified,
from X(CrF3) = 0 to X(CrF3) = 0.01 and from X(CrF3) = 0.90 to X(CrF3) = 1, respectively. No
thermodynamic model has been developed for this system to this date. A sketch of the
phase diagram was drawn by Sturm in accordance with the experimental data collected in
their work [23].

2.3.2. AF – CrF3 (A = Li, Na, K) Binary Systems

The first study of the phase equilibria in the LiF – CrF3, NaF – CrF3 and KF – CrF3
binary systems was performed by de Kozak in 1969 [15,21]. Based on the rather com-
plete experimental dataset obtained by differential thermal analysis (DTA) measurements,
sketches of the phase diagrams were established [15]. Thermodynamic modelling assess-
ments of these systems based on these data have been performed by Yin et al. [28,29],
using an associate model to describe the liquid phase. In this work, a re-assessment using
the modified quasi-chemical formalism is proposed, compatible with the thermodynamic
database developed for nuclear salt systems by the JRC [3].

3. Thermodynamic Modelling

In this study, thermodynamic models were built using the CALPHAD (Calculation of
Phase Diagrams) method [32,33] and the FactSage software [34].

3.1. Gibbs Energies of Pure Compounds

The Gibbs energies of pure compounds is expressed by

G(T) = ∆ f Ho
m(298.15)− So

m(298.15)× T +
∫ T

298.15
Cp,m(T)dT − T

∫ T

298.15

Cp,m

T
dT (1)

where ∆ f Ho
m(298.15) is the standard enthalpy of formation and So

m(298.15) is the standard
entropy of the pure compound at a standard pressure and reference temperature of 298.15 K.
Cp,m is the heat capacity expressed by

Cp,m(T) = a + bT + cT2 + dT−2 + eT3 (2)

In this work, in the absence of thermodynamic data in the literature for intermediate
chromium salt compounds, the Neumann–Kopp estimation technique was used [35] based
on the heat capacities of the end-member compounds AF (A = Li, Na, K) and CrF3. The
thermodynamic functions for solid alkali fluorides (LiF, NaF, KF) were taken from the JRC
database [3] and for the chromium fluorides from the IVTAN tables/SGTE database [26,27]
as CrF2, CrF3 and Cr2F5 were not yet included in the JRC databank of relevant molten salt
materials for nuclear applications (Table 2).



Thermo 2021, 1 210

3.2. Solid Solutions

Three solid solutions are presented in this work for the CrF2 – CrF3 system which
were modelled based on the data collected by Sturm [23]. A regular solution model
using a polynomial description of the Kohler–Toop interpolation was used to describe
the solid solution around the Cr2F5 composition, with CrF2 and Cr2F5 as the end-member
compositions. A two-sublattice polynomial model was used to describe the two solid
solutions around the end-member compositions quasi-CrF2 and quasi-CrF3, respectively.
In this case, the considered cationic species on the first sublattice are Cr2+ and Cr3+, and
the anionic species on the second sublattice is F– , meaning the end-member compositions
correspond to the CrF2 and CrF3 stoichiometry, respectively. The Gibbs energy function
G(T) of the solid solution is described by the equation:

G(T) = XA · Go
A + XB · Go

B + XART ln XA + XBRT ln XB + ∆Gxs
m (3)

where G0
A and G0

B are the molar Gibbs energies of the pure end-members, XA and XB are
their site molar fraction, R is the universal gas constant and ∆Gxs is the excess Gibbs energy.
The excess Gibbs energy can be expressed by

∆Gxs
m = ∑

i,j
yi

A · y
j
B · Li,j (4)

where Li,j is an interaction coefficient which can depend on temperature T as described by
the equation:

Li,j = A + BT (5)

and where yA and yB are the equivalent site fractions of the end-member species for the
regular solution, defined by

yA =
ZAXA

ZAXA + ZBXB
(6)

ZA is the coordination number of the A (and B, respectively) species in the end-
member. Here, ZA is set as equal to 1 (default value), meaning that the equivalent site
fractions are equal to the molar site fractions.

For the two-sublattice polynomial model, the equivalent site fractions yCr(I I) and
yCr(I I I) are described as charge equivalent site fractions:

yCr(I I) =
2XCr(I I)

2XCr(I I) + 3XCr(I I I)
(7)

yCr(I I I) =
3XCr(I I I)

2XCr(I I) + 3XCr(I I I)
(8)

The optimized excess energy parameters, obtained by manual iteration, are given by
the following equations:

Gxs
(Cr(I I),Cr(I I I))F = y2

CrF2
yCrF3 · 4920 + yCrF2 y2

CrF3
· 7600 / J ·mol−1 (9)

Gxs
Cr1+x F2+3x

= yCrF2 yCr2F5 · 23, 850 + yCrF2 y2
Cr2F5

· (−19, 500) + y2
CrF2

yCr2F5 · 3500 / J ·mol−1 (10)

3.3. Liquid Solution

To describe the liquid solution, the modified quasi-chemical model in the quadruplet
approximation was used [36,37]. This quadruplet is defined by two anions and two cations
symmetrically dispatched around an axis. Two interactions are considered, the first nearest
neighbour (FNN) interaction, which describes the interaction cation–anion; and the second
nearest neighbour (SNN) interaction, which describes the interactions between the two
closest ions in the same sublattice. This model is particularly well adapted for the descrip-
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tion of ionic liquids as it allows one to choose the composition of maximum short-range
ordering in a binary system by varying the ratio between the cation–cation coordination
numbers ZA

AB/FF and ZB
AB/FF. Short-range ordering is defined by the quadruplet approxi-

mation and includes the SNN interactions between each cation and each anion. In a simple
representation, where A and B are two cations and F is the anion (fluorine anion, F– in this
work), the following reaction is obtained:

(A − F − A) + (B − F − B) −−→ 2(A − F − B) ∆gAB/F (11)

where ∆gAB/F is the parameter of the Gibbs energy change associated with the SNN
exchange reaction described as

∆gAB/F = ∆g0
AB/F + ∑

i≥1
gi0

AB/Fχi
AB/F + ∑

j≥1
g0j

AB/Fχ
j
BA/F (12)

where ∆g0
AB/F and gij

AB/F are possibly affected by temperature, but independently of
composition, they are optimized to obtain the best possible fit with the experimental data
of a given system. The dependence on composition is given by the term χAB/F defined as

χAB/F =
XAA

XAA + XAB + XBB
(13)

where XAA, XAB and XBB represent the different cation–cation pair fractions. To maintain
electro-neutrality in the system, the anion–anion coordination should be determined. The
following equation is applied after the selection of cation–cation coordination numbers:

qA

ZA
AB/FF

+
qB

ZB
AB/FF

= 2× qF

ZF
AB/FF

(14)

with qi representing the charges of the different ions and ZF
AB/FF is the anion–anion co-

ordination number, directly dependent of the choice of the cation–cation coordination
numbers ZA

AB/FF and ZB
AB/FF. These choices are based on the optimization of the systems

in order to obtain the maximum short-range ordering and highest excess Gibbs energy at a
composition usually close to the lowest eutectic in the phase diagram.. The coordination
numbers selected in this work are listed in Table 3.

Table 3. Cation–cation coordination numbers of the liquid solution.

A B ZA
AB/FF ZB

AB/FF ZF
AB/FF

Li+ Li+ 6 6 3
Na+ Na+ 6 6 3
K+ K+ 6 6 3

Cr2+ Cr3+ 6 6 2.4
Li+ Cr3+ 2 6 2
Na+ Cr3+ 4 6 2.7
K+ Cr3+ 6 6 3

The optimized excess Gibbs energy of the liquid solutions for the LiF – CrF3, NaF – CrF3
and KF – CrF3 systems are given by the following equations:

∆gLiCr/FF = −25, 000 − 5 · T + (4000 − 5 · T)χLiCr/FF + (−2000 − 5 · T)χCrLi/FF + (−2000 − 2 · T)χ2
CrLi/FF / J ·mol−1 (15)

∆gNaCr/FF = −29, 870 − 5.5 · T + (4700 − 16 · T)χNaCr/FF + (4100 + 3.3 · T)χCrNa/FF + 1000χ2
NaCr/FF / J · mol−1 (16)
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∆gKCr/FF = −29, 600− 5 · T + (−6800− 6 · T)χKCr/FF + (15, 600 + 3.25 · T)χCrK/FF + (−9800− 4 · T)χ2
CrK/FF / J ·mol−1 (17)

∆gCr(I I)Cr(I I I)/FF = −2900 + 5 · T + (−5875− 8 · T)χCr(I I)Cr(I I I)/FF + (−9800− 5.5 · T)χCr(I I I)Cr(I I)/FF + (6450− 5.35 · T)χ2
Cr(I I)Cr(I I I)/FF / J ·mol−1 (18)

4. Results and Discussion
4.1. CrF2–CrF3

The calculated phase diagram for the CrF2 – CrF3 system is shown in Figure 1 where it
is compared to the experimental data of Sturm [23]. The general agreement between
the calculated and experimental data is good. The CrF2-rich solid solution extends
up to X(CrF3) = 0.054. The range of stability of the Cr2F5 solid solution extends from
X(CrF3) = 0.382 to X(CrF3) = 0.5. Finally, the CrF3-rich solid solution is stable down to
X(CrF3) = 0.88. The calculated invariant equilibria are listed in Table 4 and compared to the
data provided by Sturm [23].

Table 4. Invariant equilibria in the CrF2 – CrF3 system.

Equilibrium Invariant Reaction
This Study (calc.) Sturm et al. [23]

X(CrF3) T/K X(CrF3) T/K

Eutectic CrF2(cr) + Cr2F5(cr) = L 0.115 1104 0.14 * 1103 ± 5
Peritectic Cr2F5(ss) = CrF3(cr) + L 0.28 1271 0.29 1272 ± 5

* The composition data were extracted from the sketch of the phase diagram provided by Sturm [23].
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Figure 1. Phase diagram of the CrF2 – CrF3 system optimized in this work compared with the
experimental data provided by Sturm [23].

4.2. AF–CrF3 (A = Li, Na, K)

The calculated phase diagrams for the LiF – CrF3, NaF – CrF3 and KF – CrF3 systems
are shown in Figures 2–4, respectively.
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Figure 2. Phase diagram of the LiF – CrF3 system optimized in this work and comparison with the
experimental data provided by de Kozak [15]. Blue squares represent liquidus points and blue circles
represent solidus points.
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Figure 4. Phase diagram of the KF – CrF3 system optimized in this work and comparison with the
data provided by de Kozak [15]. Blue squares represent liquidus points, blue circles represent solidus
points and blue triangles represent phase transition points.

4.2.1. LiF – CrF3

The LiF – CrF3 system shows, according to the data of de Kozak, two eutectic equi-
libria: the first at a composition of X(CrF3) = 0.15 and a temperature of 1003 K; and the
second at a composition of X(CrF3) = 0.35 and a temperature of 1059 K [15]. The calculated
phase diagram (Figure 2) shows good agreement, with a first eutectic point calculated at
X(CrF3) = 0.136 and at a temperature of 1008 K, and a second at X(CrF3) = 0.363 with a tem-
perature of 1062 K (Table 5). The last invariant equilibrium represents congruent melting,
at a temperature of 1129 K at the stoichiometric composition (Li6CrF3) or X(CrF3) = 0.25.
The calculated equilibrium is lower in temperature (1111 K), which is still considered a
reasonable deviation considering the agreement with the other liquidus points around
this composition.

Table 5. Invariant equilibria in the LiF – CrF3 system.

Equilibrium Invariant Reaction
This Study (calc.) De Kozak [15] Yin et al. (calc.) [29]

X(CrF3) T/K X(CrF3) T/K X(CrF3) T/K

Eutectic LiF(cr) + Li3CrF6(cr) = L 0.136 1008 0.15 1003 0.148 1003
Congruent melting Li3CrF6(cr) = L 0.25 1111 0.25 1129 0.25 1125

Eutectic Li3CrF6(cr) + CrF3(cr) = L 0.363 1062 0.35 1059 0.354 1058

4.2.2. NaF – CrF3

Experimentally, an eutectic equilibrium was identified at a composition of X(CrF3) = 0.125
and a temperature of 1166 K [15]. The calculated phase diagram shows an eutectic point
at X(CrF3) = 0.106 and a temperature of 1175 K (Table 6). A gap is observed for the
composition of this eutectic and the temperature in this model. This difference is within the
uncertainties of the experimental work as is evident from the different values for the melting
temperature of pure NaF (1278 K according to de Kozak and 1266 K in this work based on
the most recent data). Congruent melting has been measured at a temperature of 1413 K



Thermo 2021, 1 215

for the Na3CrF6 stoichiometric compound [15]. In this study, the optimized temperature
is lower (1385 K), which results from the fact that the model was designed in order to
obtain the best balance between the different invariant points presented subsequently.
An eutectic equilibrium is computed at X(CrF3) = 0.371 and a temperature of 1145 K, in
good agreement with de Kozak’s value at X(CrF3) = 0.375 and 1145 K. An experimental
validation, however, needs to be performed for a better understanding of this area. In
fact, de Kozak proposed a peritectic equilibrium at X(CrF3) = 0.375 and a close eutectic
point at X(CrF3) = 0.384. In the assessment proposed by Yin et al. [29], two eutectic points
were calculated at X(CrF3) = 0.367 (1142 K) and X(CrF3) = 0.383 (1141 K), respectively. In
this model, comparable equilibria were calculated: the compositions and temperatures
are described in Table 3 and show a good agreement with the values by Yin [29]. A
peritectic point is identified at the stoichiometric composition NaCrF4 and at a temperature
of 1232 K [15].

Table 6. Invariant equilibria in the NaF – CrF3 system.

Equilibrium Invariant Reaction
This Study (calc.) De Kozak [15] Yin et al. (calc.) [29]

X(CrF3) T/K X(CrF3) T/K X(CrF3) T/K

Eutectic NaF(cr) + Na3CrF6(cr) = L 0.106 1175 0.123 1166 0.114 1162
Congruent melting Na3CrF6(cr) = L 0.25 1385 0.25 1413 0.25 1416

Eutectic Na5Cr3F14(cr) + Na3CrF6 = L 0.371 1145 - - 0.367 1142
Congruent melting Na5Cr3F14(cr) = L 0.375 1145 - - 0.375 1142

Eutectic Na5Cr3F14(cr) + NaCrF4 = L 0.381 1144 - - 0.383 1141
Peritectic NaCrF4(cr) = L + CrF3(cr) 0.5 1232 0.5 1234 0.5 1239

The reactions in italics have been calculated and have not been experimentally confirmed.

4.2.3. KF – CrF3

For the KF CrF3 system, the situation is similar to the two previous cases. A first
eutectic equilibrium is computed at a composition of X(CrF3) = 0.041 and a temperature
of 1108 K, which is in good agreement with the experimental value of X(CrF3) = 0.048
(1115 K) [15] (Table 7). A congruent melting point is calculated at 1553 K for the K3CrF6
intermediate compound, which is in very good agreement with the data of de Kozak
(1553 K). A peritectic transition is identified at X(CrF3) = 0.333 and a temperature of 1130 K,
with a good agreement with the experimental data, i.e., X(CrF3) = 0.333 (1133 K). The second
eutectic is modelled at a composition of X(CrF3) = 0.432 and a temperature of 1112 K, with
a relatively close agreement with the experimental data (X(CrF3) = 0.45 (1112 K)). Then,
a peritectic equilibrium is calculated at X(CrF3) = 0.50 (1191 K) and another peritectic
transition at X(CrF3) = 0.714 (1390 K), in good agreement with the data provided by de
Kozak, X(CrF3) = 0.50 (1200 K) and X(CrF3) = 0.714 (1390 K), respectively.

Table 7. Invariant equilibria in the KF – CrF3 system.

Equilibrium Invariant Reaction
This Study (calc.) De Kozak [15] Yin et al. (calc.) [29]

X(CrF3) T/K X(CrF3) T/K X(CrF3) T/K

Eutectic KF(cr) + K3CrF6(cr) = L 0.041 1108 0.048 1115 0.045 1113
Congruent melting K3CrF6(cr) = L 0.25 1553 0.25 1553 0.25 1548

Peritectic K2CrF5(cr) = K3CrF6(cr) + L 0.333 1130 0.333 1133 0.333 1135
Eutectic K2CrF5(cr) + KCrF4(cr) = L 0.432 1112 0.45 1112 0.426 1107

Peritectic KCrF4(cr) –– K2Cr5F17(cr) + L 0.50 1191 0.50 1200 0.50 1195
Peritectic K2Cr5F17(cr) = L + CrF3(cr) 0.714 1390 0.714 1390 0.714 1388

4.3. Excess Properties

The mixing enthalpy of the liquid solution is a very useful quantity to assess the
reliability and consistency of the models developed for complex systems such as AF CrF3.
The expectation is that the mixing enthalpy becomes more negative when the ionic radius



Thermo 2021, 1 216

of the alkali fluoride increases along the LiF, NaF and KF series [38]. Unfortunately, no
experimental data were reported for these system to compare with the calculated results
obtained in this work. The only comparison available for these systems is that optimized by
Yin et al. [28,29] using their associate model. Their calculated data for the mixing enthalpy
were slightly higher at 1500 K than the results provided in this work, but confirm the same
trend along the series of alkali ions.

Mixing enthalpies calculated in this work show minima around the compositions
X(CrF3) = 0.25 for LiF CrF3 and X(CrF3) = 0.40 for NaF CrF3 at respective energy val-
ues ∆mix H0

m(LiF CrF3) = −14.9 kJ · mol−1 and ∆mix H0
m(NaF CrF3) = −27.5 kJ · mol−1

(Figure 5a). The minimum is reached around the stoichiometric composition X(CrF3) = 0.50
for the KF CrF3 system and an energy value of ∆mix H0

m(KF CrF3) = −35.4 kJ ·mol−1. The
location of the extrema (corresponding to maximum short-range ordering in the liquid
solution) is directly related to the choice of cation–cation coordination numbers. The mix-
ing entropy of the LiF – CrF3 system shows a regular profile, while that calculated in the
NaF and KF-based systems both show an inflection around the X(CrF3) = 0.30–0.35 and
0.50–0.55 compositions, respectively (Figure 5b). This evolution indicates a stronger short-
range ordering that is favoured in certain concentration regions. The same observation
was made for the LiF – ThF4 system by Capelli et al. [39] and related to the local structure
properties of the melt.

(a) Mixing Enthalpies (b) Mixing Entropies

Li+

Na+

K+

Li+
Na+

K+

–––– LiF-CrF3
–––– NaF-CrF3
–––– KF-CrF3
– – – LiF-CrF3 by Yin
– – – NaF-CrF3 by Yin
– – – KF-CrF3 by Yin

–––– LiF-CrF3
–––– NaF-CrF3
–––– KF-CrF3

Figure 5. (a) Mixing enthalpies and (b) mixing entropies of the LiF – CrF3, NaF – CrF3 and KF – CrF3 systems calculated
from the present models at T = 1500 K. Mixing enthalpies represented with dashed lines (a) are the values presented by Yin
at T = 1500 K [29].

Following a similar interpretation, a high concentration of free F– ions is expected
in the NaF (and KF, respectively-rich regions), and a high concentration of bridged F–

ions is expected in the CrF3-rich region. The bridging of F– ions and the formation of
clusters/chains of Cr cations leads to the ordering of the system, and thus to a decrease in
entropy. Such a network formation has been observed in several fluoride systems such as
AF – ThF4 and AF – UF4 [39,40]. Considering the three-dimensional polyhedral form of the
CrF3 compound, comparable to ThF4 and UF4, it is likely to occur in these liquids as well.

Finally, Figures 6a,b show the calculated Gibbs energies of mixing and pair fractions ,
respectively, using the optimized models. The respective locations of the A–Cr–F–F pair
fractions maxima (X(CrF3) = 0.25, 0.40 and 0.5 for the LiF, NaF and KF systems), are again
directly correlated to the choice of the coordination numbers. The maxima, moreover, show
a round shape with the corresponding fractions varying between 0.6 and 0.8, indicating a
moderately basic system, as was also the case for the AF – NiF2 systems [41]. A strongly
basic system with quasi-perfect second-nearest neighbour ordering leads to a SNN fraction
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close to one at the composition of maximum SRO, and to a sharp minimum in the calculated
Gibbs energy of mixing [41].

(a) Gibbs energy of mixing (b) Pair fractions

Li+

Na+

K+

Li+
Na+

K+

–––– LiF-CrF3
–––– NaF-CrF3
–––– KF-CrF3

Figure 6. (a) Gibbs energies of mixing and (b) bond fractions of the LiF – CrF3, NaF – CrF3 and KF – CrF3 systems calculated
from the present thermodynamic models at T=1500 K. Dashed lines starting at the left y axis: A–A–F–F, solid lines A–Cr–F–F,
dashed lines starting at the right y axis: Cr–Cr–F–F pair fractions.

5. Conclusions

In this work, new thermodynamic assessments of the AF CrF3 (A = Li, Na, K) phase
diagrams were presented using the CALPHAD method in combination with the modified
quasi-chemical model in the quadruplet approximation. The models were based on the only
experimental data reported in the literature by de Kozak [15] and show good agreement.
Based on the same method, the CrF2 – CrF3 binary system was modelled based on the
experimental data of Sturm [23]. Knowledge of the phase diagrams of all four systems
helps improving the understanding of the role of products (CrF2, CrF3), which can be
formed as a result of the corrosion of the Hastelloy used as structural material in molten salt
reactors, on the properties of the liquid fuel salt. The AF CrF3 systems are characterized
by strongly negative Gibbs energies of mixing, decreasing from Li to K, and the calculated
bond fractions suggest a moderately basic behaviour.
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