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Abstract — A thorough understanding of the corrosion chemistry between molten salt fuel and structural materials
(e.g., steel) is key for the advancement of Molten Salt Reactor technology. In this work, we consider more specifically
the case of a chloride fuel salt mixture and the thermochemistry of a salt mixture such as (NaCl-MgCl>,-PuCl3) in
interaction with (Fe, Cr, Ni). The present work aims at the development of a thermodynamic model of the key
subsystems NaCl-CrCl,, NaCl-CrCls, and FeCl,-CrCl, to predict corrosion products that may form between molten
salt and structural materials. The Modified Quasichemical Model in the quadruplet approximation is used to describe
the Gibbs energy of the liquid phase. A critical review of the existing phase diagram and thermodynamic data on theses
systems is first presented. To alleviate the lack of data, ab initio calculations coupled with a quasi-harmonic approach
are performed to estimate the thermodynamic properties for the intermediate solid compounds Na>CrCl, and Na;
CrClg, which exist in the NaCI-CrCl, and NaCl-CrCl; systems, respectively. These atomistic simulation data together
with selected experimental data are then used as input for the thermodynamic assessment of the three subsystems.

Keywords — Molten salt reactors, CALPHAD approach, NaCI-CrCl,, NaCI-CrCl;, FeCl,-CrCl,.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

In Molten Salt Reactors (MSRs), the fissile material
(here, PuCl;) is dissolved in a molten salt mixture
(NaCl-MgCl,) that acts as the fuel as well as the coolant

*Email: vaishnvi.tiwari@gmail.com
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permits non-commercial re-use, distribution, and reproduction in
any medium, provided the original work is properly cited, and is not
altered, transformed, or built upon in any way. The terms on which
this article has been published allow the posting of the Accepted
Manuscript in a repository by the author(s) or with their consent.

for the primary circuit. This mixture circulates in the entire
reactor core and to intermediate heat exchanger units.

In the fuel, the fission products may exist in liquid or solid
and/or gas states, and the elements can interact chemically with
the internal structural materials. Furthermore, the molten salt in
the primary circuit may be regularly circulated through
a chemical treatment unit for addition of fresh fissile material
and a “cleanup” of the spent fuel (i.e., removal of selected
fission products from the molten salt that would otherwise act
for instance as neutron poisons). Together, these processes
contribute to the evolution of the molten salt fuel composition
over time, which influences reactor operation.

It is thus essential to have a comprehensive knowledge
of the fission product chemistry and of the corrosion pro-
ducts that can dissolve in the molten salt for the evaluation
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of the reactor performance. In such circumstances, compu-
tational thermodynamics using the CALPHAD method!"! is
a reliable tool for modeling and predicting the thermody-
namic properties and phase equilibria for such complex
multicomponent systems.

In this context, the present work focuses on the devel-
opment of thermodynamic models using the CALPHAD
method to describe the interaction between the molten salt
NaCl-MgCl, and the steel components (Fe-Cr-Ni). In fact
it should be noted that there exist thermodynamic
models for the pseudo-binary/pseudo-ternary systems of
NaCl-MgCl,-FeCl,-NiCl, in the works of Robelin et 211.,[2’3 ]
which reproduce well the available experimental results.
However, to date, there are no models on the systems
NaCl-CrCl, and FeCl,-CrCl,.

A recent work of Ard et al! does describe
a thermodynamic model for the system NaCl-CrCl;, which
is based solely on phase diagram data. There are no thermo-
dynamic data on the liquid nor on the intermediate solid
compound. In the present work, a comprehensive thermody-
namic assessment of the NaCl-CrCl,, NaCl-CrCl;, and
FeCl,-CrCl, systems is presented, based on a critical review
of all the available experimental phase diagram and thermo-
dynamic information. To make up for the lack of thermody-
namic data, the calculation of those properties for the
intermediate compounds was moreover performed using den-
sity functional theory (DFT) and a quasi-harmonic model.”
These models will be introduced in the JRCMSTDB database
developed and maintained by Joint Research Centre (JRC).l®!

The paper begins with a detailed literature review on the
data available on the pseudo-binary systems NaCl-CrCl,,
NaCl-CrCl;, and FeCl,-CrCl, and on the thermodynamic
data available for the pure and intermediate compounds (in
Sec. II). Following this literature review, Sec. I1I details the ab
initio calculations for the intermediate compounds. Then, the
CALPHAD approach and the thermodynamic models used
for describing the different phases are presented in Sec. IV,
along with the results on the new thermodynamic assessments
that have been conducted (in Sec. IV.C). Finally, the conclu-
sions are given in Sec. V.

Il. LITERATURE REVIEW ON THE NaCI-CrCl,, NaCI-CrCl;, and
FeCl,-CrCl, SYSTEMS

Il.A. Phase Diagram Data
ILA.1. NaCl-CrCl,

Phase diagram investigations of the NaCl-CrCl, system
have been reported by Seifert and Klatyk!”! and Shiloff.™*]
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Furthermore, Korshunov et al.l’! performed a review of four
different phase diagram investigations for the system.

The temperature measurements by Shiloff®! were per-
formed using the cooling curves on an electronic potenti-
ometer, and the concentrations of the melts were determined
after cooling by standard quantitative methods. Shiloff'™
reports the presence of a single intermediate solid compound
Na3;CrCls that melts incongruently at 7 =731 + 3K.
Additionally, the authors report the presence of a eutectic
reaction: [Liquid = Na;CrCls+CrCly] at 7 = 710 + 3K,
Xcrcl, = 0.463. The melting point of pure CrCl, was reported
as 1093 K. Figure 1 shows the experimental phase diagram
given by Ref. [8].

The investigation by Seifert and Klatyk!” was performed
using differential thermal analysis. The phase diagram pub-
lished in this work reports the existence of an intermediate
solid compound Naz;CrCls and a eutectic equilibrium.
Although this study does not mention its temperature and
composition values, the review work of Korshunov et al.l”]
states that the most reliable experimental data points were
obtained from the work of Seifert and Klatyk.[”! The latter
review reports the temperature and composition values for the
eutectictobe 7 = 710 + 2K, xcrc1, = 0.463 + 0.005 and
T =731 £ 2K, xcrcp, = 0.42 £+ 0.005 for the peritectic,
respectively.

By contrast with the aforementioned three works, the
studies performed by Efimov et al.l'” and Shkol’nikovt'
identify different intermediate compounds. Efimov et al.l'"’
report the existence of solid Na,CrCly that melts incongru-
ently through a peritectic reaction at 7 = 723 K, xcic1, =
0.42 for the liquid composition. The authors also report
a eutectic equilibrium at 7 =715K, xcq, = 0.44.
Moreover, the work by Shkol'nikov!''! identifies the
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Fig. 1. Phase diagram for NaCl-CrCl, reported by
Shiloff™ Reproduced with permission from the
American Chemical Society.
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TABLE 1
Literature Data for the NaCl-CrCl, System*
Seifert and
Equilibrium Reaction Shiloffl*! Klatyk!”! Efimov et al.'”! Shkol’nikov!'!)
Eutectic CrCl, 4 Na,CrCl, = L T=710 + 3K T=710 £+ 2K T=715K T=721K
XcrCl, = 0.463 XcrCl, = 0.463 + XcrCl, = 0.44 XcrCl, = 0.460
0.005
Peritectic Na,CrCly = L + NaCl T =1723K
XcrCl, = 0.42
Peritectic Na3;CrCls = L + NaCl T=731 £+ 3K T=731 £+ 2K
xcfgz =0.40 xch12 =042 +
0.005
Peritectic NayCrClg = L + NaCl T=741 K
Xcrcl, = 0.39

*For the intermediate compound Na,CrCl,, x = 2,3,3,4 and y = 4,5, 5, 6 for Efimov et al,'% Shiloff,[® Seifert and Klatyk,m and

Shkol nikov,!'! respectively.

intermediate compound to be Na,CrClg, which melts incon-
gruently at 7 = 741 K, xccr, = 0.39, while the eutectic
between CrCl, and NayCrClg appears at T = 721K,
Xcrel, = 0.460. A comparison among the different studies is
reported in Table 1. For the present work, the data for the
eutectic equilibrium [CrCl,+Na,CrCly= Liquid] have been
selected from the works of Seifert and Klatyk!” and Shiloff!*!*
whereas the data for the peritectic equilibrium are selected
from the work of Efimov et al.''” The choice of Na,CrCl,
intermediate for this system is made based on evidence from
crystallography studies conducted by the Smith team at TU
Delft (unpublished Master’s Thesis). Recent samples of
NaCl-CrCl, were prepared for differential scanning calori-
metry analysis, which upon post-X-ray diffraction analysis
identified the presence of Na,CrCly as the sole intermediate
compound. Furthermore, Na,CrCly is the only compound
that is listed in large inorganic databases such as Pearson’s
crystal database.!'>'*!

ILA.2. NaCl-CrCls

For the NaCl-CrClj; system, four separate phase diagram
investigations were carried out, out of which only three stu-
dies have been considered for the purpose of the thermody-
namic assessment. The fourth study reported by Oki and
Tanikawal'¥ has not been taken into account as their phase
diagram!"* is very different from the other three assessments.

?Note that the authors considered the intermediate phase to be
Na;CrCls; see Table 1.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 197 - DECEMBER 2023

Furthermore, a thermodynamic model of the same system has
been recently presented in the work of Ard et al.¥

The first investigation was reported by Korshunov and
Raskin,""™ which is based on a thermal analysis of the cooling
curves. This study reports the existence of two intermediate
compounds: NaCrCly; and NazCrClg. Furthermore, three
invariant equilibria are reported: two eutectic points (that
occur at T =866K, xcc, =0.212 and T = 843K,
xcrcl, = 0.314, respectively) and a solid-state transition of
the intermediate compound Na3;CrClg at T = 713 K. The
intermediate compound Na;CrClg is also reported to melt
congruently at 7 = 876 K, xcyc1; = 0.25, and the melting
point of pure CrCl; is taken as 7 = 1423 K.

The investigation by Cook Jr.'®) exhibits an incomplete
phase diagram that was obtained by recording heating and
cooling differential curves. Cook Jr. also performed X-ray
diffraction analysis. This published phase diagram reports the
existence of a single intermediate solid compound Na3;CrClg
that melts congruently at 7 =893 =+ 3K, x¢icp, = 0.25.
Cook Jr.["® also reports the solid-state transition of the inter-
mediate compound at 7 = 863 + 3 K. Additional data from
the phase diagram indicate two eutectic points at 7’ = 870 +
3K, XcrCly = 0.22 and T =853 =+ 3K, XcrCly = 0.34,
respectively. The phase diagram shows a steep rise of the
liquidus curve above the composition xccy, > 0.32.

The third study of the system reported by Vasil’kova
et al.l"") is based on a differential thermographic analysis
carried out between 20 and 45 mol %. The phase diagram
published by Vasil’kova et al. confirms the presence of
only one intermediate compound Na3;CrClg that melts at
T = 883 K and undergoes a phase transition at 7 = 835 K.

@ANS
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The authors also confirm the existence of two eutectic
points, one between NaCl-NajCrClg at T = 866K,
Xcrcl, = 0.215 and the other between Na3CrClg-CrCl; at
T = 855 K, XcrCl; = 0.31.

The fourth assessment by Oki and Tanikawal'*! is
based on differential thermal analysis and room tempera-
ture X-ray diffraction. By contrast with the previous
phase diagram studies, the authors report the presence
of two peritectic points and one eutectic, along with the
presence of two intermediate phases Na;CrClg and
NaCrCly. The first peritectic reaction, Na;CrClg = L +
NacCl, is reported to occur at 7' = 848 K, xcrci; = 0.425,
whereas the second peritectic NaCrCly = L + Na3zCrClg
occurs at 7' = 748 K, xcrc1, = 0.40. The eutectic point is
reported at 7 = 723 K, xcrcl, = 0.425.

A comparison among the different studies (for the first
three works) is summarized in Table II. For the assessment
presented in this work, the experimental phase diagram data
from the works of Korshunov and Raskin,[ls] Cook Jr.,[l6] and
Vasil’kova et al.,''”! which are consistent, have been selected.

IlA.3. FeCl,-CrCl, System

For the FeCl,-CrCl, system, a single investigation was
found. The phase diagram published by Soloshenko and
Vil’nyanskiil'® was obtained by the differential-thermal
method, where a mixture of the pure compounds was sealed
and heated to 1173 K and then cooled again, to record the
readings from simple as well as differential thermocouples.
Soloshenko and Vil’nyanskii report the melting point for the
pure end members FeCl,(s) and CrCly(s) as T = 943.15K
and 7 = 1093.15K, respectively. Furthermore, the study
reports no existence of an intermediate solid compound or
a eutectic point. Instead, because of similar ionic radius
r values (rpe+2 = 0.061 nm and rc,» = 0.073 nm, reported

TIWARI et al. - THERMODYNAMIC ASSESSMENT OF NaCl-CrCly, NaCI-CrClz, AND FeCl,-CrCl,

from Ref. [19]), Soloshenko and Vil’nyanskii''®! state the
possibility of the existence of a solid solution over the entire
composition range.

I1.B. Thermodynamic Data on the Compounds

Appropriate selection of the thermodynamic data for
the pure compounds is a necessary condition for an accurate
thermodynamic description of a system. As a result, it is
imperative to compare all the available data present on the
different pure compounds in question before making the
choice for the thermodynamic model. A review of the
existing data on the compounds NaCl, FeCl,, CrCl,,
CrCls, and Na3CrClg is presented hereinafter.

I1.B.1. NaCl

In recent studies by Van Oudenaren et al.,'*” use of the
thermodynamic functions for NaCl(s, /) from the IVTAN
tables by Glushko et al.®'! was recommended. Van
Oudenaren et al.*”! also performed an extensive study to
compare the heat capacity functions for NaCl(/) determined
in four different studies by Dawson et al.,**) Murgulescu
et al.,**! Plato,”*! and Pyashyenko.”®! The authors recom-
mended selecting the average heat capacity value from the
latter works for the purpose of thermodynamic modeling.
The recommendations of van Oudenaren et al.*”) were
followed in the present work.

I.B.2. FeCl,

The thermodynamic data for FeCl,(s, /) listed in the
work of Viitala et al.l**! to optimize the binary systems of
FeCl,-FeCl; and FeCl,-CuCl, are those selected from the
FactPS (pure substance) database, version 7.2. These data

TABLE 11
Comparison of the Experimental Data for the NaCl-CrCl; System from the Selected Works
Equilibrium Reaction Korshunov and Raskin!'™! Cook Jr.'® Vasil’kova et al.l'”}

Eutectic T =843 K T'=853 = 3K T=855K
CI‘C13 +Na3CrC16 =L XCrCly = 0.314 XcrCly = 0.34 XcrCly = 0.31
Congruent melting T =876 K T'=2893 £ 3K T =883 K
Na3CrC16 =L Xcrcly = 0.25 XcrCly = 0.25 XcrCl; = 0.25
Eutectic T =866 K T=870 £ 3K T =866 K
NaCl + Na3CrCl6 =L XcrCly = 0.212 XcrCly = 0.22 XcrCl; = 0.215
Phase transition T=713 K T=863 £+ 3K T=835K
Naz;CrClg(a) = NazCrClg(B) — — —
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are in close agreement with the data mentioned in the
JANAF thermochemical tables.*” In the present work,
the data listed by Viitala et al.*® were used for the
purpose of thermodynamic modeling. These data are
reported in Table XII.

I1.B.3. CrCl,

For CrCl; (s, /), a comprehensive review of the multi-
ple data sources available in literature was performed to
select ArH?(298K), S2(298K), and the C, functions.

The standard enthalpy of formation of CrCl,(s) was
derived in various studies: EMF measurements by Gee
and Shelton!?®!; heat capacity measurements by Stout and
Chisholm!®”);  solution calorimetry experiments by
Gregory and Burton®; vapor equilibrium studies by
Doerner,”!!  Schukarev et al.,”*! and Jellinek and
Koopt®); critical reviews by Wagmanl®*! and Evans
et al.’%); data present in the SGPS Database!*); and the
IVTAN tables listed by Iorish et al.®”]

The data proposed in the IVTAN tables by lorish
et al.®’”! are based on the average of the two works by
Doerner®!! and Schukarev et al.”*?! on vapor equilibrium
data of CrCly(cr) + Hy = Cr(cr) + 2HCL. The study by
Stout and Chisholm!* included results based on heat

3039

capacity measurements (for the temperature range of
11t0300K) combined with equilibrium data on
CrCly(cr) + Ha(g) = Cr(cr) + 2HCI(g) from the work of
Doerner®™ and Sano.*%*”) Furthermore, a recent study on
CrCl; by Mannei et al.”*!) makes use of the values reported
in the later edition of the National Bureau of Standards
tables by Wagman!*?! and the review by Barin et al.[**!

Based on this comparison, the standard enthalpy of
formation value ( —396.0 = 1.7 kJ-mol™") for CrCl,(s)
was selected herein by taking an average of the experi-
mental measurements of Doerner,”'! Gregory and
Burton,®”  Gee and Shelton,” and Stout and
Chisholm.”®! The experimental data and the final
selected values are given in Table III.

A similar comparison for the standard entropy
8% (298 K) is made herein for CrCl,(s). The data for the
solid phase were obtained by comparing the SGPS datal*®
to the data obtained from calorimetry measurements by
Stout and Chisholm,**! adiabatic heat capacity measure-
ments by Anderson,*” and the IVTAN tables by Iorish
et al.*” These values have a high correspondence to each
other. The value derived by Stout and Chisholm!*”! from the
integration of isothermal calorimetric heat capacity mea-
surements in the temperature range 11to300K is consid-
ered the most accurate as it also takes into account the

TABLE III

Comparison of the Literature Data Available for the Standard Enthalpy of Formation Value for CrCl,(s)

ArH, (298K)

(kJ-mol ") Method References
-396.72 £ 3% EMF measurements Gee and Shelton!*®]
-395.47 £ 1.67° Heat capacity measurements Stout and Chisholm!**!

—398 + 8.5% Solution calorimetry Gregory and Burton*”!

-394 + 3% Third law treatment of vapor equilibrium data | Doerner'*"!

-383+4 Third law treatment of vapor equilibrium data | Schukarev et al.l*?)

-378 £8 Third law treatment of vapor equilibrium data | Schukarev et al.*?)

-399+9 Third law treatment of vapor equilibrium data | Jellinek and Koop!**!

-3954+ 1.5 Critical review Wagman!*¥
—405.8 + 14.6 Based on critical review Evans et al.l>*!
—395.4 Selection of experimental data SGPS[*¢!
-390 £5 Critical review IVTAN tables by Iorish et al.l*”!
-396.0 = 1.7 This work

“The data selected to calculate an average.
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TABLE IV
Comparison of the Literature Data Available for the Standard Entropy Value of CrCl,(s)
59 (298K) Temperature Range
(J-K~"-mol™) Method X Reference
115.31 £ 0.21 Isothermal calorimetry 11 to 300 Stout and Chisholm!**"!
1153 £ 0.4° Critical review!?! — Evans et al.*!
115.3 Selection of experimental data — SGPs®
11530+ 0.3 Critical review — IVTAN tables by Iorish et al.l*”]
114.6 £ 2.9 Adiabatic calorimetry 44 to 296 Andersonl*¥

aThe value selected in this work.

magnetic phase transition of CrCl, at 16.08 £ 0.02 K. This
value (115.3 J - K' - mol™") has been selected for the
present work. Torish et al.*”) also select the value found by
Stout and Chisholm!* and state that the result is in satis-
factory agreement with the results of Anderson*! (obtained
from adiabatic calorimetry measurements in the temperature
range of 44 to 296 K). Furthermore, the value proposed by
Evans et al.*> was also taken from the work of Stout and
Chisholm."?! The comparison of the data and the selected
value is listed in Table IV.

For the heat capacity function of CrCl,(s), the func-
tions of Stout and Chisholm,®! Torish et al.,*”) and the
SGPS database®® were compared. The function for
CrCly(s) by Stout and Chisholm!*”! was obtained by
extrapolating the heat capacity measurements from
11 to 300 K. On the other hand, Iorish et al.*”! derived the
C, function (for the temperature range 298to 1097 K)
based on three heat capacity values: the measurement of
C, from Ref. [29] of 298.15K and two estimated values
from the experimental data by Moore!*’! on the heat
capacity of MnCl, : C, of 500K and C, of 1097K.
From these data points, the equation derived by lorish
et al. in the temperature range 298 to 1097 K B7! is given as

Cp(T)[I-K 'mol™'] = 74.654 + 0.018236T
—7.930 x 10°T% . (1)

Two sources were considered for the enthalpy of fusion and
the melting point of CrCl,(s). The first source is the SGPS

database®! that reports a value of 45kJ - mol~' based on
a selection of experimental data. The IVTAN tables by lorish
et al.*”) report the melting temperature of CrCl, (s) as 1097 K
and suggest the value of enthalpy of melting as 44 +5
kJ - mol~!, which was estimated by taking the entropy of

@ANS

melting of CrCl, to be equal to the experimental entropy of
melting of MnCl,(40.6 J - K~! - mol™").*! For the present
work, the data proposed by lorish et al.*” are selected.

For the C, function of CrCl, (1), Torish et al.*"! propose
an estimated value based on the empirical rule C, ~ 33n
J-K~!'-mol™". Upon comparing the C, functions for the
temperature range 298.15to 1097K from Stout and
Chisholm,! Torish et al.,*”! and the SGPS database,*® it
is observed that the result from Stout and Chisholm!*”]
deviates the most. As a result, the present work selects the
function given in the IVTAN tables from Iorish et al.*”! for
CrCly(s) and the value suggested by Iorish et al.”*” and the
SGPS database!®*” for CrCl, (/). The comparison between
the C, functions is given in Table V, and the final selected
data are mentioned in Table XII.

11.B.4. CrCl;

For CrCls(s, /), the values for the standard enthalpy
of formation ArH\(298K), entropy S%(298K), and the
heat capacity function were obtained in a similar way.

The standard enthalpy of formation of CrCl;(s) was
selected by comparing the data from the vapor pressure
measurements by Doerner,*®! Jellinek and Koop,**! and
Matsuzaki et al.l**; EMF measurements by Gee and
Shelton®®;  solution calorimetry —measurements by
Schukarev et al.'*’); combustion calorimetry data by
Timofeyev and Yuldasheva,'*® the SGPS database,** and
the IVTAN tables by Iorish et al.®”! While Gee and
Shelton!® report three literature values to compare with
their result from EMF measurements, the value reported in
the work of Doerner™®®! was calculated by studying vapor
equilibria over the condensed phase mixture CrCl, + CrCl;
and then applying the second-law method. However, the
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TABLE V
Comparison of the Literature Data Available for the Heat Capacity Functions for CrCl, for Different Ranges of Temperature
Temperature Range

Phase C, T(J-K~'-mol ") (K) Reference

CrCly(s) 71.96 + 0.01632 T —5.02 x 10°T2 300 to 1000 Stout and Chisholm!**!
CrCly(s) 74.65 +0.01824 T —7.930 x 10°T~2 —9.503 x 298.15 to 1097 SGPSP*

10—10 T2

CrCly(s) 74.654 +0.018236 T — 7.930 x 10372 * 298.15 to 1097 IVTAN tables by Iorish
et al.P”!

CrCly (1) 100? 1097 to 3000 SGPS,*®! IVTAN tables

by Torish et al.B’”)

%The functions selected in this work.

measurements of Schukarev et al.*”! suggested that the
latter value was too high, and thus, the authors proposed
a different value by performing enthalpy of solution mea-
surements of wvarious metal chlorochromates and of
chromium(IV) oxide in hydrogen peroxide. The value
recommended in the IVTAN tables by Iorish et al.B” is
based on the result of direct calorimetric measurements by
Timofeyev and Yuldasheva.!*®! Furthermore, Iorish et al.*”]
reject the values reported by Gee and Shelton,'*®! Jellinek
and Koop,**! Matsuzaki et al.,l*! and Schukarev et al.1*”!

by arguing that errors arise from the choice of inaccurate
thermodynamic functions, thus making the results unclear.
For the present work, the values reported in the IVTAN
tables by lorish et al. are selected. The comparison of the
different data and the selected value is given in Table VI.
Similar values for the standard entropy S (298 K) of
CrCls(s) have been reported in several sources. In their work,
Hansen and Griffel*” reported the value of 122.9 J- K~! .
mol ™' obtained from adiabatic calorimetric measurements
between 15 to 300 K, taking into account the Néel point (for

TABLE VI
Comparison of the Literature Data Available for the Standard Enthalpy of Formation Value for CrCl;(s)
ArHY(298K)
(kJ-mol ™" Method References
=553 +5 EMF measurements Gee and Shelton!*®]
—560 + 10 Third law treatment of vapor equilibrium data | Jellinek and Koop!*!
—556.5 Critical review Wagman et al.P¥!
—551.95 £ 20 Based on critical review Evans et al.*!
—570 Selection of experimental data SGPS!*!
—544.4 + 1.4° Critical review IVTAN tables by Iorish et al.*”]
—541.76 Second law treatment of vapor equilibrium data | Doerner!®®!
=516 £ 11 Third law treatment of vapor equilibrium data | Matsuzaki et al.[*]
—509.7 + 8.36 Enthalpy of solution measurements Schukarev et al.l*”!
—5444 + 1.4 Combustion calorimetry Timofeyev and Yuldasheval*®

®The value selected for this work.
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TABLE VII
Comparison of the Literature Data Available for the Standard Entropy Value for CrCls(s)
Temperature
Range
S%(298K)(J- K~ -mol ™) (XK) Method Reference
123.0 £ 0.4 — Based on data by Hansen and Griffel*” | Evans et al.*>]
122.9 — Selection of experimental data SGPSP®!
124.7 + 0.4° — Critical review IVTAN tables by Iorish et al.*”}
122.9 15 to 300 Adiabatic calorimetry Hansen and Griffel*”)
1229 + 1.8 — Unavailable data Zelenina et al.>%

*The selected value for present work.

the antiferromagnetic-paramagnetic phase transition) at
16.8K. Zelenina et al.®™ report a value of 122.9 + 1.8 J -
K~! - mol~! that is based on published data by Titova et al.,
which is unfortunately unavailable. The work of Evans
et al.** selected the value of 123.0 + 0.4 J-K~'-mol™!
whereas in the IVTAN tables, Iorish et al.®” argued that the
result from Hansen and Griffel*! needs to be increased by
1.7t0124.7+0.4 J-K~' - mol~! when taking into account
the heat capacity measurements of Kostryukova®'! and
Kostryukova and Lukyanoval® from 2t020K. Based on
this comparison (presented in Table VII), the value proposed
by lorish et al.*”! is used for the present work.

As for the heat capacity functions for CrCls(s), several
sources (given in the IVTAN tables by Iorish et al.,*” the
SGPS database,*°! and the works of Zelenina et al.”” and

Hansen and Griffel*®) were compared. The data published
by Zelenina et al.°%! were obtained from another source,
which unfortunately is not available. The function for
CrCls(s) over the temperature range 298 to 1200 K given
by Iorish et al.*"Vis derived in a similar way as for CrCl, (s),
i.e., by using data points for three C, values: a measurement
of C, (298.15K) =91.8 J- K~! - mol™! from the work of
Hansen and Griffel ! and two estimates according to avail-
able data on the heat capacity of transition metal halides of
C, (500K) = 100 =+ 1 J-K'-mol™' and C,
(1200K) =120 + 3 J-K~'-mol~'. For the liquid phase,
Torish et al.°”! estimated a value of 130 J-K~!'-mol™!
according to the empirical rule C, ~ 33n J- K~!-mol™.

In this work, the functions from the SGPS database
and the IVTAN tables of lorish et al. were selected for

TABLE VIII
Comparison of the Literature Data Available for the Heat Capacity Functions for CrCl; for Different Ranges of Temperature
Temperature Range
Phase C, T(J-K'-mol™") (K) Method Reference
CrCls(s) 84.92 + 0.03207 T 298.15 to 1100 Review SGPSP¥!
- 2381 x 10°T2
+2.632 x 1071072 2
CrCls(s) 88.166 + 0.026754 T 298.15 to 1200 Fitting of heat capacity | IVTAN tables by Iorish et al.’”)
—-3.860 x 10°T2 data
CrCl;(1) 130° 1100 to 2500 Review SGPsP®!
1200 to 2000 Estimated IVTAN tables by Iorish et al.?”!
CrCls(s) 86.075 + 0.03162 T 600 to 1200 Source not available Published in Zelenina et al.l>"
-941.92 77!

aThe functions selected for this work.
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the solid and liquid phases, respectively. The compar-
ison between the different C, functions is listed in
Table VIII.

For the enthalpy of fusion and the melting tempera-
ture of CrCl;(s), the SGPS database and IVTAN tables of
Iorish et al. were compared with the solubility measure-
ments by Kerridge and Sturton.*! The IVTAN tables by
Torish et al.BP”) estimated the melting temperature of
CrCl3(s) at 1200K with an enthalpy of fusion of
48 + 5 kJ-mol™! (calculated from the experimental
value of the entropy of melting of MnCl, from. Ref.
[45]). On the other hand, the experimental work of
Kerridge and Sturton'>*! reports the enthalpy of fusion
of CrCls as 57.0kJ - mol~! by measuring the solubility of
CrCl; in ZnCl, up to 870K. This value is rejected by
Iorish et al. because it is considered to be inaccurate and
overestimated after recalculation of the melting point of
CrCl;. The value reported in the SGPS database is 60kJ -
mol ™! for a melting temperature of 1100K. Such a low
melting temperature and selected value for the transition
enthalpy are not compatible with the phase diagram data
(see Sec. IV.C). In this work, the enthalpy of fusion was
taken from the experimental work of Kerridge and
Sturton*) while the melting temperature was taken
equal to 1425 K, which matches the available phase
diagram equilibrium data. It is clear that the measurement
of those data would be very helpful to improve the
description in the future.

I1.B.5. NasCrCls

There exist few data on the thermodynamic functions of
Na;CrClg in the literature. The work of Schukarev et al.l*”!
states two values for the standard enthalpy of formation of
Na;CrCls. The first value of —1739.2 kJ-mol™' was
obtained by Vasil’kova et al.® from measured heats of
dissolution of the intermediate solid and reference substance
CrO; in alkali solution containing hydrogen peroxide.
The second value of —1742.2 kJ - mol ™! (from the work of
Schukarev et al.l>!) was obtained from the heats of dissolu-
tion of Na3; CrClg, CrCls, and NaCl measured in hydrochloric
acid solution.

It should be noted that apart from the missing data on
Na3;CrClg, there is a complete lack of thermodynamic
information on the intermediate solid Na,CrCly. These
data can be obtained from the ab initio calculations.
Section III presents a brief description of the ab initio
method and reports the results obtained for the thermo-
dynamic functions of the intermediate compounds
Na,CrCly and Na3CrCly.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 197 - DECEMBER 2023

3043

[1l. AB INITIO CALCULATIONS

Since the thermodynamic functions of Na,CrCly
were not found in the literature and existing data for
Na3;CrClg are scarce, an ab initio study was under-
taken to fill in the data gap for these compounds.
The method consists of a free energy calculation at
the quasi-harmonic approximation (QHA) level with
the assistance of ab initio calculations. The advantage
of this approach is that it requires only the parameters
associated with the symmetry group, the lattice para-
meters of the unit cell, and the atom position coordi-
nates to perform the calculations. An ab initio
calculation code for the electronic structure of solids
is used. The complete method by Fléche is presented
in Ref. [5]. In this paper, only the main steps of the
calculations are reported.

The following three approximations are used to
derive the free energy of the crystal containing N cells
with n atoms per cell:

1. The adiabatic approximation to calculate the total
energy of the crystal E(V) versus the volume. E(V) is the
total energy of the static lattice in which each atom occupies
its mean position.

2. The harmonic approximation to calculate the
3n vibrational frequencies v;(g) (j = 1, 3n) for N values
of wave vector ¢ in the first Brillouin zone. These
3n frequencies’ dispersion branches are divided into
three acoustic branches and (3n — 3) optical branches.
In order to make ab initio computations tractable, these
vibrational frequencies are calculated at the I point only
(4§ =0). For g#0, we use the Debye model to determine
the acoustic vibrational frequencies and the Einstein
model for the optical vibrational frequencies. From E(V)
and the frequencies v;(§) (j = 1, 3n), it is then possible to
construct the partition function of the crystal and deduce
its free energy at temperature 7" from the statistical ther-
modynamic laws:

F(T,v)=E(V)
%xD +3in(1 —e ™) — D(xp)
+ NkpT 3n - ,
- — Y
+,; (Z+m(1 - )

(2)

where x; = hv;(0)/kgTD(xp) = Debye function with
xp = Op/T, with ®@p = Debye temperature, and kp and
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h = Boltzmann and Planck constants, respectively. For an ideal isotropic crystal, ®p is given in Ref. [5]:

1/3 12 /1
o, 1 (9N (B (1=
kg \4nV p l+o

1/2 oN 372\ /3
2—-20
) (1 - 2(71 — 200) ) , (3)

where B = bulk modulus, p = density, and ¢° = Poisson ratio (close to the value 0.33).

3. To account for the thermal expansion while maintaining the simplicity of the harmonic model, a QHA is used
assuming that the vibrational frequencies change with the volume of the unit cell:

dv dv

8

pV=— <M>TV — _VdE—(V) +NkBTl e (2)50 + 3D(xD)> +Y(,pj32=n;‘(%+ egl)l ) (4)

where v, and y,, = acoustic and optic Gruneisen parameters, respectively. For an ideal isotropic crystal and under

several assumptions, these Gruneisen parameters are given in Ref. [5]:

2 1 d
P

3 2 4dr

1 d  (dE(V)

B(V)

dZE(V)> _B) 1

dr? 2 6 (5)

GBI -2 1

Yop :EVWZH( dv2/3 ) -

where B'(V) is the derivative of the bulk modulus with
respect to pressure.

The volume V is calculated iteratively with Eq. (4)
for a given pressure p (here, 1 atm) and temperature 7,
knowing E(V) and the vibrational frequencies at the I’
point, as well as the Poisson ratio ¢° for the crystal to
zero static pressure. All the thermodynamic functions are
calculated from F(T,V) and pV (see the work by Fléche!™!
for reference):

1. Entropy S = —(dF/dT),,.

Internal energy U = F + T8.

Enthalpy H = U + pV.

Bulk modulus B = —V(dp/dT);.

Thermal expansion o,B = (dp/dT),.

Heat capacity at constant volume Cy = (dU /dT),,.

A o

Heat capacity at constant

sure C, = Cy + TVBa,>.

pres-

The calculations [E(V) and the vibrational frequencies
at the I' point] were performed using the CASTEP
code,*®! which solves the electronic Schrédinger equa-
tion for a compound with a periodic lattice within the
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(3B(V) - 2Pstatic(V)) 6 ’ (6)

electronic DFT using a plane-wave pseudopotential
method. The exchange/correlation energy used is the
Perdew et al. form [Perdew-Burke-Ernzerhof for solids
(PBEsol)] of the generalized gradient
approximation.®”) The first Brillouin zone is approxi-
mated with finite sampling of k-points using the
Monkhorst-Pack scheme.”® The tightly bound core
electrons are represented by ultrasoft pseudopotentials
(generated on the fly) as proposed by the CASTEP
server code.

Furthermore, when the electron spins of the ions
are unpaired, the calculations are carried out using
polarized spins. Na, (Cr?>*, with four unpaired elec-
trons) Cly and Naz (Cr’*, with three unpaired electrons)
Clg are considered to be ferromagnetic compounds. The
results obtained after geometry optimization with the
CASTEP code at zero static pressure are given in
Table 1X.

The formation enthalpies and standard entropies
are obtained using the formation reactions of
Na,CrCly, Na3;CrClg from the binary compounds
NaCl, CrCl, and CrCls; whose thermodynamic and
crystallographic data are known:

2NaCl + CrCl, = Na,CrCly (7)

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 197 - DECEMBER 2023



THERMODYNAMIC ASSESSMENT OF NaClI-CrCl,, NaCl-CrCls, AND FeCl,-CrCl, - TIWARI et al. 3045
Aer(;)z (NazchI4) = 2AfH,(,)l (NaCl) + AfH’(’)l (CI‘CIQ) + Hr?t (Nazchh) (8)
—2H®(NaCl) — H?(CrCl,)
3NaCl + CrCl; = Na3;CrClg 9)
Afl_lz(r]: (Na3CrCl6) = 3Aer(r)z (NaCl) + Aer(B: (CI‘C13) + Hr?? (Na3CrCl6) (10)
—3H? (NaCl) — H?(CrCl3) '

The formation entropies at 298.15K for the intermediate compounds are calculated from the standard formation
reaction:

AS;(NayCrCly) = S (Nap,CrCly) — 259 (Na) — 259 (Cl,) — S (Cr) (11)

AS;(Na3CrClg) = S° (Na;CrClg) — 350 (Na) — 35° (Cl,) — S (Cr). (12)

The values for AsH? (NaCl), AyH®(CrCl,), andAsH® (CrCl;) are the values selected for the present work (see Sec. 11);
S% (Na), S? (Cl,), andS? (Cr) are tabulated at 298.15K in Ref. [61]; H(NaCl), H? (CrCl,), H°(CrCls), H? (NayCrCly),
H?(Na;CrClg), S° (NayCrCly), and SY (Na;CrClg) are calculated versus the temperature with the method presented here

in Table X.

For the two intermediate solids, the C, functions
obtained from the ab initio approach with the QHA model
were compared with those obtained by the applying the
Neumann-Kopp rule to the C, functions of the pure end
members. The functions obtained from the two approaches
and the C,, values at 298 K are listed in Table XI.

The C, functions calculated with the QHA strongly
depend on the bulk modulus and its derivative with the
pressure. For the present systems under consideration
(i.e., NaCl, CrCl,, and CrCl;), these parameters are very
dependent on the soft character of the solids. As a result,
for these compounds the C, functions tend to diverge at
low temperatures (see Figs. 2 and 3), thus limiting our
confidence in the QHA model. Consequently, the func-
tions obtained from the Neumann-Kopp approximation
have been selected for the present work.

Based on these calculations and the comparison among
all the data from different sources, the selected values of
ArH?(298K), S°(298K), and C, for the pure solids and
liquids (i.e., the end members) as well as the intermediate
solid compounds are listed in Table XII. These data were
used in the thermodynamic assessment of the systems in
Sec. IV.C.

IV. THERMODYNAMIC MODELING USING THE CALPHAD
METHOD

The Gibbs energy of a phase 6 is described in the
CALPHAD model with the following general expression:
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Gy =G+ G LGP (13)
where

Gl(gsrf ) = reference Gibbs energy, equal to the sum of
the Gibbs energy of the pure end members

G}(gc_fg) = contribution from the assumption of an
ideal mixing of the species, corresponding
to all the possible configurations in which
they can exist

G,(gE) = excess Gibbs energy.

The model parameters representing the excess Gibbs energy
contribution are fitted based on the available experimental
data obtained from phase diagram investigations, enthalpy
of mixing, calorimetry, solubility limit studies, etc., and/or
results of ab initio calculations in order to best reproduce the
thermodynamic properties of the system.

For the present work, the solid solutions have been
modeled using the Substitutional Regular Solution Model
whereas the liquid phases have been modeled using the
Modified Quasi-chemical Model in  Quadruplet
Approximation (MQMQA).

IV.A. Substitutional Regular Solution Model to Describe
Solid Phases

In this model, the species (4,B) are assumed to
randomly mix on a single sublattice.*”! The contribution
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[59]

Ab Initio Calculations of the Na,CrCly and NazCrClg Parameters Using the CASTEP Codel®!
Compared to the Reference Experimental Data from Pearson’s Crystal Data
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*Bulk modulus and its derivative with respect to pressure at zero pressure are obtained with a fit of the Vinet equation of state.[*"’

terms G](g"f ) and G}(gcfg) for the Gibbs energy of the phase

are expressed as

G\") = x,G,*(T) + X3G5’(T) (14)

G](\Z‘-’f@ = RT(XyInXy + XpinXp) (15)

where X; = site fraction in the sublattice (in this case, X is
equal to the mole fraction x; of the component for i = A,
B) and G? = molar Gibbs free energy of the end member.
It should be noted that in the present work, the term for
the end members refers to the individual base salts. The
third contributing term G}(gﬂ can be expressed as a simple
polynomial of the following form:

Gy =24, XX}, (16)

where the interaction parameter qz 5 may depend on tem-
perature T.

IV.B. Modified Quasi-Chemical Model for the Molten
Salt

The ionic liquids (molten salts) tend to exhibit large
deviations from ideal mixing due to the presence of very
strong short range ordering (SRO) at the first nearest
neighbors (FNNs) and second nearest neighbors
(SNNs), i.e., interactions between cation-anion (FNNs)
and cation-cation (or anion-anion) (SNN) pairs, respec-
tively. These structural interactions have a significant
impact on the energetics of the system, which also
depend on changing temperature and composition.

MQMQA is used to describe this phasel®®*! as it
allows one to select the composition of maximum SRO
by specifying the ratio between the cation-cation coor-
dination numbers Z4; and ZZ,. In MQMQA, the molten
system is composed of ionic liquids with the same (or
different) anion and different cations (e.g., A-X, B-Y,
where A, B represent cations and X, Y represent
anions). Within the context of the present work, binary
systems with a common anion (i.e., X = Cl") are con-
sidered. The MQMQA model, developed in Refs. [65]
through [68], assumes that the cations A,B and the
anion X are distributed on two sublattices. The FNN
and SNN pairs (of the types A-X-A, B-X-B, and
A-X-B) can then be represented as quadruplets, which
becomes the basic unit for the model. The pair
exchange reaction between the SNNs is expressed by
Fig. 4.
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TABLE X
Entropy and Enthalpy of Formation Calculated for Na,CrCly and Na3CrClg
HY This S0 This C, This ArHY This AS? This
AHS S0 C, Work (DFT) | Work (DFT) | Work (DFT) | Work (DFT) | Work (DFT)
(kJ-mol ") (GK 'mol™ | (K 'mol™) | (ki'mol™") (K 'mol™ | (K 'mol™) | (kI'mol™) (K 'mol ™)
1 atm Group 298.15 K 298.15 K 298.15 K 298.15 K 298.15 K 298.15 K 298.15 K 298.15 K
Na 51.21
Cr 23.54
Cl, 222.96
NaCl F4/M-32/M —411.26 72.15 50.49 -167315.84 74.76 53.12
225
CrCl, P21/N21/ -396 115.3 71.17 —318 933.69 106.84 74.11
N2/M
58
CrCls R-3 —-544.4 124.7 91.80 -360 477.89 126.33 97.10
148
Na,CrCly P121/C1 —653 560 259.16 185.06 -1218.51 -312.72
14
Na3CrClg P-312/C —862 418.51 354.52 258.14 -1778.17 —491.53
163

The term Ag(45/x) denotes the excess Gibbs energy asso-
ciated with the pair exchange reaction. Physically, it depicts
whether the formation of A-B-X quadruplet pairs is favorable
[when Ag(4p/x) < 0] or not. In the MQMQA model, the term
Agup/x) 18 an adjustable model parameter, which can be
expressed in the form of a simple polynomial®®’ expressed as

Agup/x = AgOAB/X + ZizlgiOAB/XXilB/X
+ EjZlgOJAB/X)/BA/X ]

(17)

where the terms Ag’ /x and g5 /y are composition
independent coefficients that may depend on tempera-
ture. To take into account the composition depen-
dence, the term jy,z/, 1s introduced, which is
defined in terms of the cation-cation pair fractions
X as

X4
X4B/x = ( (18)

Xaa + Xpp + Xup)

TABLE XI

C,, Functions Obtained for the Intermediate Compounds Na;CrCly and Na3CrCls : Comparison Between the Ab Initio Approach and
the Neumann-Kopp Approximation

CP(]:l)abfiili{io CP(29§1K)ab:linilio ] ) CP(Z?IS K)IX Aa
Compound (JK "'mol™) (JK "'mol™) Co(T) y x."(JK "'mol ) (JK 'mol ™)
Na,CrCly 167.6704 + 0.0896 T 185.06 170.0972 + 0.0296 T 172.14
—1.3582 x 107772 +2.4293 x 107372
—720858.48 T2 — 794 765.992 T2
Na;CrClg 241.0484 + 0.1070 T 258.14 228.08474 + 0.04917 T 243.27
-1.2604 x 107572 +3.64400632 x 107572
—1219397.9 72 — 240 748.9 T2

# N.K. = Neumann-Kopp.
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250 T T T T T T T T T T T T T T

245 + Ab-initio calculations o

240 Neumann-Kopp B 4

Cp(J/mol-K)

N I A I I P B A I | N
250 300 350 400 450 500 S50 600 650 700 750 800 850 900 950 1000

TX)

Fig. 2. Comparison of the C,, functions obtained from the ab initio calculations and the Neumann-Kopp rule for the intermediate
solid Na,CrCly.

It should be noted that in cases where liquids exhibit  of the liquid.!”®! These factors are not explicitly required
very strong SRO, it is recommended to define the  jp the configurational entropy terms, but they must be
cation-cation coordination numbers (denoted as Zj,, accurately determined for each quadruplet in order to
Z5, and Z4,, Z%) that are dependent on the composition  have accurate representation of the molten salt SRO

360 T T T T T T T T T T T T T

350 + Ab-initio calculations —

Neumann-Kopp

300

Cp(J/mol-K)

290 +

280

1
250 300 350 400 450 5S00 S50 600 650 700 750 800 850 900 950 1000

TX)

Fig. 3. Comparison of the C, functions obtained from the ab initio calculations and the Neumann-Kopp rule for the intermediate
solid Na3CrCl6.
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TABLE XII

Selected Thermodynamic Data for Compounds*

Temperature Range ArHO (298 K) S°(298K)
Compound (K" (kI'mol ™) (IK "mol™) Cy(T) (IK 'mol™) Reference
NaCl(s) 298 to 1074 —411.26 72.15 477216 + 0.0057 T | IVTAN tables by
—882.996 T2 Glushko et al.?!!
+1.2147 x
10372
NaCl(/) 298 to 2000 —390.85 83.30 63.0 Van Oudenaren
et al.?%
CrCly(s) 298 to 1097 -396 1153 74.654 + 0.0182 T | Stout and
—7.930 x 10372 Chrisholm,!
Evans et al.?
CrCly (1) 298 to 3000 —364.02 132.8 100 SGPS,*I IVTAN
tables by lorish
et al.l’”!
CrCls(s) 298 to 1425 —544.4 124.7 84.92 +0.03207 T | SGPS,**) IVTAN
238 100 72 tables by lorish
+2.632 x et al.}”!
10710T2
CrCls (1) 298 to 2500 —507.694 129.0 130 SGPS,P® IVTAN
tables by lorish
et al.’”]
FeCly(s) 298 to 950 —341.83 117.95 82.8034 + 6.8044 x | Viitala et al.[*®!
10737
~107 285 T2
-20752 7!
FeCl, (/) 298 to 2000 -311.33 139.89 102.173 Viitala et al.l*®]
Na,CrCly(s) 298 to 1074 —1222.9(03) 261.59 170.0972 + 0.0296 | This work
T
+2.4293 x 107572
— 794 765.992
T—Z
o — NazCrClg (s) 298 to 1425 -1794.2 351.02 228.0847 + 0.0492 | This work
T
+3.6440 x 107572
— 240 748.9 T2
B — NazCrClg (s) 298 to 1425 -1786.2 360.29 228.0847 + 0.0492 | This work
T
+3.6440 x 107372
— 240 748.9 T2

*The values optimized during system modeling are in italics.

across the composition range. However, for the present
systems, constant values have been used for the cation-
cation coordination numbers, which are presented in

Sec. IV.C.
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IV.C. Results of the Thermodynamic Assessments

This section describes the thermodynamic models
developed for the pseudo-binary systems NaCl-CrCly,
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X

E—— SNN™., ¢ FNN

(A-X-A)+(B-X-B)=2(A—X—B) ; Aghn ix

AB/XX

Fig. 4. Pair exchange reaction between the SNN pairs in common anion systems.

NaCl-CrCl;, and FeCl,-CrCl, and discusses the com-
parison between the calculated and available literature
data.

IV.C.1. NaCl-CrCl, System

For the NaCl-CrCl, system, the SNN coordination
numbers were set to the following values:

Cr(ll
ZIT\\II:&(H) = ZNa(Cr)(H) =6 (19)
ZISLCr(II) =4. (20)

The latter value of the coordination number was selected
to reflect the eutectic composition in the phase diagram,
where the maximum SRO is expected (composition of
lowest Gibbs energy of mixing).” The excess Gibbs
energy Agnacr(n/ci [J- mol '] associated with the quad-
ruplet exchange reaction was optimized and expressed as

Agnacrnyjcr = — (7390 + 3.717)

— (2900 —2.5T )XNaCr(H) /Cl

— (3050 — 2-75T)XCr(11)Na/c1- (21)
In addition to the optimization of Agnacr(r)/ci» the ther-
modynamic functions associated with the enthalpy of
formation AsH? (298 K), entropy S5 (298 K), and specific
heat capacity C, functions for the intermediate solid are
required for a complete assessment. As mentioned in
Sec. II, the present work recognizes Na,CrCly as the
sole intermediate compound. For the thermodynamic
model, the thermodynamic functions for the enthalpy of
formation and the entropy were optimized® on the basis of
the data selected in Sec. II whereas the C,, functions were

®To the authors’ knowledge, no structural studies of the
NaCl-CrCl, system have been reported in the literature.

@ANS

calculated with the help of the additive Neumann-Kopp
rule. These functions and their comparison with the
values obtained from the ab initio calculations are
reported in Table XIII. The thermodynamic functions
(except the C, function; see the discussion in Sec. III)
initially obtained from the ab initio calculations are in
good agreement (with differences of 0.36% and 0.94%
for enthalpy of formation and entropy, respectively) with
the optimized values that have been used for the present
assessment.

The calculated phase diagram for the system is
depicted in Fig. 5.

A comparison between the calculated and the experi-
mental data for the invariant reactions is reported in Table
XIV. A major difference is with respect to the choice of
the composition of the intermediate solid compound. The
works of Seifert and Klatyk!”! and Shiloff®® report
Na3;CrCls as an intermediate compound whereas for the
present work, Na,CrCly; has been considered.
Nonetheless, there is still good agreement between the
experimental and the calculated eutectic points, with
a difference of approximately 3% for composition and
less than 0.2% for temperature. The calculated melting
temperature of 735K found for the intermediate com-
pound Na,CrCly is also in good agreement with the
melting temperatures found for Na;CrCls of 731 £ 2K
and 731 + 3K in the work of Seifert and Klatyk!”! and
Shiloff,™® respectively.

°The determination of the uncertainties on both the optimized
thermodynamic parameters and the thermodynamic and phase
diagram calculated data requires the use of a Bayesian
approach, as recently applied for the modeling of the U-Te
system by Gueneau et al.”!! This is an important subject that
is not yet addressed much within the Calphad community. This
kind of analysis of interest for the molten salt systems will be
used in the future; hence, at this stage, no uncertainties have
been assigned to the values of the assessed thermodynamic
parameters AsH?(298K), entropy S°(298K) in Table XIII.
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TABLE XIII

Optimized Thermodynamic Functions for the Intermediate Compound Na,CrCly Used for the
Present Work and Their Comparison with the Values Obtained from the Ab Initio Calculations

Thermodynamic AfHO,,,(298 K) S?n(298 K) Cp(298 K)
Functions (kJ-mol ™) (JK 'mol™) Cy(T) JK 'mol ™) (JK 'mol™)
Optimized functions —1222.90 261.59 170.0972 + 0.0296 T 172.14
+2.4293 x 107372 — 794 765.992 T2
Ab initio calculations —1218.51 259.16 167.6704 + 0.0896 T 185.06
—1.3582 x 107°T% — 720 858.48 T2

1500 T T T T

* Seifert Shiloff

# Calculated Peritectic: Na,CrCl, = Liquid + NaCl

A Calculated Eutectic: Liquid = Na,CrCls + CrCl,
1300 + i
1100 L\\

Liquid
* \\
\K\\
) L
= o NaCl + Liquid \\ CrCl; + Liquid
K
700 | . : R e s
500 NaCl + CrCl,Na; CrCl; + CrClyNa; =
300 1 I 1 L
0 0.2 04 06 08 1

x_CrClL

Fig. 5. Calculated phase diagram xccj, versus T[K] for NaCl-CrCl, system. Comparison with the experimental phase diagram

data of Seifert and Klatyk!”! and Shiloff."™

TABLE XIV

Comparison Between the Experimental and the Calculated Eutectic and Peritectic Points for the NaCl-CrCl, System

Equilibrium Reaction Calculated Value Shilofft™ Seifert and Klatyk!”!
Eutectic xcrcl, = 0.4759 xcrcl, = 0.463 xcren = 0.463 £ 0.005
CrCly + Na,CrClL, = L T =709 K T'=710 £ 3K T'=710 £ 2K

Peritectic
Na,CrCly = L 4+ NaCl

Xcrcl, = 0.4007
T=1735K

Peritectic
Na;CrCls = L + NaCl

Xcrc, = 0407 =731 £ 3K

Xcrcl, = 0.42 + 0.005
T=731 £ 2K
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TABLE XV

Optimized Thermodynamic Functions for the Intermediate Compound Na3CrClg Used for the Present Work and Their Comparison
with the Values Obtained from Literature Review and Ab Initio Calculations

Thermodynamic ArH®,,(298 K) S%(298 K) C,(T) C,(298 K)
Functions (kJmol ") (JK 'mol ™) (K 'mol ™) (K 'mol ™)
Optimized functions —1794.2 351.02 228.08474 + 0.04917 T 243.27
+3.64400632 x 107372
— 240 748.9 T2
Ab initio calculations -1778.17 354.52 241.0484 + 0.1070 T 258.14
-1.2604 x 107°T? —
12193979 T2
Schukarev et al.*”! -1739.2

IV.C.2. NaCl-CrCl; System

The SNN coordination numbers in the NaCIl-CrCly
system were set to the following values, again selected to
match the expected composition of maximum SRO:

ZIT\\II:Cr(III) =3 (22)
cr(un)

ZNaCr(lll) =6 <23)

ZI%Cr(m) =24. (24)

The excess Gibbs energy associated with the quadruplet
exchange reaction Agnacr(m) /1 [J - mol~!] was optimized
and expressed as

Agnacramyycr = (—17000) — (1400 + 1.557 ) xnacr(m)/ci
+(2000)xcr(myNa/ct

(25)

In the present work, the thermodynamic functions asso-
ciated with the enthalpy of formation A #H°(298) and
entropy S°(298) for the intermediate solid Na;CrClg

9 Studies on the structural properties of the NaCl-CrCl; salt system are
scarce in the literature. Li et al.’? performed X-ray and neutron scatter-
ing experiments as well as ab initio simulations. They have revealed the
formation of CrClg(3—) octahedral (around 65%) along with
CrCls(2—) species (around 20% to 30%) networks of CrCle(3—)
octahedral. However, it is not the scope of this paper to take the
structural information into account for the thermodynamic modeling,
as done recently on the LiF-UF4 (731 or NaCl-UCl; 2% systems.

@ANS

obtained from the ab initio calculations were further
optimized. For the heat capacity C, function of the inter-
mediate solid, the additive Neumann-Kopp rule was
applied. The optimized functions and C, functions used
in the present work, along with their comparison with the
ab initio calculations and the data obtained from literature
review, are reported in Table XV. These data obtained
from the ab initio approach (except the C, functions; see
Sec. III) are in good agreement (with a difference of
0.90% and 0.98% for enthalpy of formation and entropy,
respectively) with the optimized value used for the pre-
sent assessment as well as the value reported in the work
of Schukarev et al..*”! (relative error percent 3.16%).

Additionally, the solid-state transition for Na;CrClg
was also taken into account. This was achieved by defin-
ing a second solid phase, and an enthalpy value asso-
ciated with this transition was set to

AH yansition = 8000 [J - mol™'] (26)

Ttransiti()n =863.15K . (27)

The work of Seifert et al.l”* reports the value for the phase
transition of K3CrClg as AHyyqpsision = 7000 [J - mol™']. The
choice of the value of the enthalpy of phase transition was
made by considering the fact that Na;CrClg and K;CrClg
have the same crystal structure. Figure 6 gives the calcu-
lated phase diagram for the system.

The comparison between the experimental and the cal-
culated equilibrium points shows good agreement. The cal-
culated eutectic point for NaCl+ NazCrCls (at
T =873.49K, xcrci3 = 0.2107) and CrCl; 4+ NazCrClg (at
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1500 T r T T T T
% Raskin @ Vasilkova @ Cook
Calculated Eutectic NaCl + Na,CrCl, =L
& Calculated Eutectic CrCl, + Na,CrCl; =L
1300 + Congruent Melting Temperature of Na,CrCl, .
Liquid
1100 -
g CrCl, + Liquid
g
900 -
et e
¥ -4 * ¥
700 L -
CINa + CrClsNa; CrCl; + CrClsNa
500 -
300 1 R L 1 . I
0 02 04 06 08 1

x_CrCl,

Fig. 6. Calculated phase diagram xc,cy, versus 7[K] for NaCl-CrCl; system. Comparison with the experimental phase diagram
data of Korshunov and Raskin,!'™ Cook Jr.,!'%! and Vasil’kova et al.l'”}

T = 853.11 K, xcrc3 = 0.3254) and the temperature for  activities, etc., to improve the developed thermodynamic
congruent melting of the intermediate solid at 7 = 881.5K  model.

are in good agreement with the experimental values of Refs.

[15], [16], and [17]. A detailed comparison is presented in

Table XVI. However, similarly to the NaCl-CrCl, system, the  [V.C.3. FeCl,-CrCl, System

NaCl-CrClj system also requires more experimental thermo-

dynamic data related to enthalpy of formation for the inter- For the FeCl,-CrCl, system, the SNN coordination num-
mediate compound, the enthalpy of mixing of the liquid,  bers for the liquid phase were set to the following values:

TABLE XVI
Comparison Between the Experimental and the Calculated Eutectic and Fusion Points for the NaCl-CrCl; System
Korshunov and
Equilibrium Reaction Calculated Value Raskin!'™ Cook Jr.['] Vasil’kova et al.['”)

Eutectic T=2853.11K T =843 K T=853K T=855K
CI‘C13 + Na3CI'C15 =L XCrCl; = 0.3254 XCrCl; = 0.314 XCrCl; = 0.34 XcrCl; = 0.31
Congruent melting T=2881.5K T =876 K T=893 K T =883 K
Na3CrC16 =L XCrCly = 0.25 XCrCly = 0.25 XcrCly = 0.25 XcrCly; = 0.25
Eutectic T=287349 K T =866 K T=870K T =866 K
NaCl + Na;CI'C16 =L XcrCl; = 0.2107 XCrCl; = 0.212 XCrCl; = 0.22 XCrCl; = 0.215
Phase transition T =2863.15K T=713 K T =863 K T=835K
Naz;CrClg(a) = NazCrClg(B) — — — —
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Fig. 7. Calculated phase diagram xpeci, versus T[K] for FeCl,-CrCl, system. Comparison with the experimental phase diagram

data of Soloshenko and Vil’nyanskii.[lé]
F Cr(II
ZF:Cr(H) = ZF;((lr()II) =6 (28)
Cl
ZFeCr(H) =3. (29)

The excess Gibbs energy associated with the quadruplet
exchange reaction Agrecr(my/ci [J - mol~!] was optimized
and expressed as

Agrecr(my/cl = —4950 [T -mol '] . (30)
For the solid solution (Fe,Cr)Cl,, the optimized excess
Gibbs energy g [J - mol™'] is modeled as

gE = 550xFec12xCrCl2 [J . 1’110171] , (31)

where xpeci, and xcrcy, represent the mole fraction of
the pure end members. Figure 7 gives the calculated
phase diagram for the system. The diagram shows
good agreement with the liquidus curve points that

have been estimated from the experimental phase dia-
gram of Soloshenko and Vil’nyanskii.''®! However,

@ANS

thermodynamic data such as activities for the liquid
and solid solutions would help improve the present
model.

V. CONCLUSION

In the frame of the development of the JRCMSR data-
base for MSRs, this paper presents the thermodynamic assess-
ments of the pseudo-binary systems NaCl-CrCl,,
NaCl-CrCl3, and FeCl,-CrCl, to investigate the corrosion
products forming due to interactions between the molten salt
and the steel. Ab initio calculations have been performed to
determine the missing thermodynamic properties of the two
intermediate compounds Na,CrCl, and NazCrClg. The
Gibbs energy functions for the compounds and the liquid
have been further optimized to reproduce the existing phase
diagram data. MQMQA has been used to describe the liquid
phase while the solid solution phases have been modeled
using the Substitutional Solution model, wherever required.
Good agreement is obtained with the available data on the
three systems.
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However, it should be noted that these systems
lack experimental measurements to improve the
description. Measurements of the enthalpy of formation
for the intermediate compounds, the enthalpy of mix-
ing, and activities in the liquid would be very useful.
Following this work, other pseudo-binary systems con-
taining MgCl,, FeCl,, NiCl, with CrCl, and CrCl; will
be assessed.
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