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Abstract

A full thermodynamic description of the quaternary NaCl-MgCl,—UCI;-PuCl; system, a Molten Salt Fast Breeder Fuel, is presented.
The binary phase diagrams have been assessed in this study and the data were used to extrapolate the higher order systems. To optimize
the excess parameters of the liquid phase the modified quasi chemical model has been used, while for the solid solution the classical poly-
nomial model has been applied. From the obtained results a possible fuel composition for the Molten Salt Reactor has been evaluated.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The Molten Salt Reactor (MSR) is one of the six con-
cepts of the Generation I'V nuclear reactors. The major dif-
ference compared to the other types of the reactors is the
state of the fuel, which is liquid. The reactor system is
based on the circulation of the molten salt containing the
dissolved fissile material (***U, *°U, 23’(”Pu), circulating
from the reactor core to the heat exchanger and back. A
big advantage of this system is the possibility to perform
the fuel clean-up during operation. It increases the effi-
ciency of the reactor, because most of the fission products
that cause the parasitic neutron capturing and slow down
the nuclear chain reaction, can be eliminated.

Recently, Mourogov and Bokov [1] proposed the fast
breeder molten salt reactor REBUS-3700 based on a U-
Pu cycle, where U and Pu are present in the form of trichlo-
rides dissolved in a matrix of liquid NaCl. In general the
chlorides have higher vapor pressures and lower thermody-
namic stability at high temperatures compared to fluorides,
which are generally considered for molten salt reactor
applications [2], but on the other hand, they are less aggres-
sive against the structure materials and their melting points
are lower. Therefore, more fissile material can be dissolved
in the matrix and that is necessary for fast breeder reactor
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designs. However, the chlorides can only be used in fast
reactors and not in thermal reactors, due to the relatively
high parasitic neutron-capture cross-section of the chlorine
atom.

It is very important to have a thermodynamic descrip-
tion of the fuel, because it is much easier to optimize the
fuel choice and to predict its properties. Since the phase
diagram of the NaCl-UCl;-PuCl; system has not been
reported so far the thermodynamic evaluation is performed
in this study. Moreover MgCl, is added to this ternary sys-
tem in order to see its influence on the melting behavior of
the fuel.

2. Thermodynamic modelling

To describe a T-X phase diagram the Gibbs energy
equations of all phases and the Gibbs equations of mixing,
in case of the presence of solutions, are required. The
Gibbs energy function of the pure compounds can be writ-
ten as in Eq. (1)

T

G(T) = A:H" (298 K) — 8°(298 K)T + / C,(T)dT

298

[ (40

summing the contributions of the enthalpy of formation,
the absolute entropy at reference temperature and the heat
capacity. There are six condensed compounds considered
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in the studied system. The thermodynamic data of their
phases are summarized in Table 1. The data for NaCl were
taken from [3] whereas the data for MgCl, were taken from
[4] to remain consistent with the assessment of the NaCl-
MgCl, system presented by Chartrand and Pelton [5].
The data for PuCl; were obtained from [6] and the data
for the solid phase of UCI; were taken from [7], whereas
the data for the liquid phase of UCI; have been estimated
by comparison to the data for the early lanthanide trichlo-
rides. The properties of the two intermediate compounds
NaMgCl; and Na,MgCl, have been optimized by Char-
trand and Pelton and published in [5].

Since one of the aims of this study was to calculate the
vapor pressure of the fuel choice, the following gaseous
species have been considered: NaCl, MgCl,, UCl,, UCl;,
UCly, UCls, UClg, PuCls and PuCly,. Thermodynamic data
for NaCl and MgCl, were taken from [4] while the data for
all the gaseous species containing actinides are from [8].
Since the vapour pressure is low in the relevant tempera-
ture range the gas phase can be treated as ideal mixture.

2.1. Liquid solutions

The modified quasi-chemical model proposed by Pelton
and coworkers [9,10] has been used to optimize the excess
Gibbs energy functions of the liquid solution. The param-
eters of this model are the Gibbs energy changes Agag/ci
for the second nearest neighbor pair-exchange reaction:
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where A and B represent the cations and Cl the C1™ anion.
The Agap/c parameter for reaction (2) can be expanded as
a polynomial such as

3)

0 ij i j
Agasjct = Mg/ + Z g/(B/CIXAB/CIX;SA/CIV
(i+/)21

where Agly ¢ and gl s are composition independent
coefficients (although possibly temperature dependent) ob-
tained from the optimization of the experimental data for
binary ACI-BCI solutions. The yap/c; term is a composi-
tion variable and is defined as

. _ ( Xaa ) @)
ta/al = Xaa+Xap+Xps/’

where Xaa, Xap and Xpp represent the cation—cation pair
mole fractions. In this model the definition of cation—cat-
ion coordination numbers Z4, resp. Z4, is required. The
values for Na—Na and Mg-Mg unary pairs were taken
from [5], while the values for the U-U and Pu-Pu unary
pairs were chosen on the basis of the La-La data from
previous work [11]. The values for the binary pairs (e.g.
Na-Pu pair) were chosen in order to achieve the best repro-
duction of the phase diagram. For example the definition
of the Z\%p, = 1/2Z3p, defines the maximum short-range
ordering near the composition Na,PuCls. It is likely that
at this point the excess Gibbs energy function has its min-
imum and thus the studied system has here the lowest melt-
ing point. The cation—cation coordination numbers used in

(A-Cl-A) + (B-CI-B) = 2(A-CI-B)  Ag,p/qi; (2)  this work are listed in Table 2.

Table 1

AcH® (298 K) (kJ mol™!), %298 K) (J K™' mol™") data and CGJ K" mol™") coefficients for the pure components and intermediate compounds
Compound ArH g ¢ Sthos k) a bT cT? dr> Reference
NaCl(g) —181.420 229.793 37.364 0.00071 —163206.1 [4]
NaCl(1)* —394.956 76.076 77.7638 —0.0075312 - - (3]
NaCl(l,)° —390.090 84.506 66.944 - - - (3]
NaCl(s) —411.120 72.132 45.940 0.016318 - - (3]
MgCly(g) —392.460 277.027 62.000 0.00014 - —448180.57 (4]
MgCly(1;)° —601.680 129.236 193.4089 —0.3620139 0.00031999 —3788504 (4]
MgCly(l,) —606.887 117.297 92.048 - - - (4]
MgCly(s)® —641.616 89.629 54.5843 0.0214213 —2.3567E—6 —1112119 [4]
UCLy(g) —155.000 339.1 57.807 0.0003464 2.388E—6 158480 (8]
UCl;(g) —523.000 380.3 84.018 —0.0034732 3.613E—6 —79890 (8]
UCl5(1) —846.433 153.6 150 - - - Estimated
UCls(s) —863.700 163.9 87.78 0.03112 — 458300 (7]
UCly(g) —815.400 409.3 110.634 0.0032375 —3.12E-7 —715600 (8]
UCls(g) —900.000 438.7 128.655 0.01066 —2.661E—6 —710000 (8]
UClq(g) —985.500 438 157.768 9.73E-5 —1.1E-8 —946160 (8]
PuCl;(g) —647.400 368.62 77.103 0.012997 —4.3125E—-6 —188730 (8]
PuCl;(1) —931.116 170.463 144 - - - (6]
PuClj(s) —959.600 161.4 91.412 0.03716 - — 27400 (6]
PuCly(g) —792.000 409 110.43 0.0040818 —9.7616E—-7 —723430 (8]
NaMgCls(s) —1053.136 169.945 90 0.075 - - (5]
Na,MgCly(s) —1463.436 243.996 135 0.1125 - - [5]

# Temperature range 298-1500 K.

® Temperature range 1500-2000 K.

¢ Temperature range 298-660 K.

4 Temperature range 660-2500 K.

¢ An extra term in the C, function: 399.1777°7.
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Table 2

Cation—cation coordination numbers of the liquid

A B Zhs B,
Na Na 6 6
Mg Mg 6 6
U 18] 6 6
Pu Pu 6 6
Na Mg 3 6
Na U 3 6
Na Pu 3 6
Mg 18] 4 3
Mg Pu 4 6
U Pu 6 6

The optimized excess Gibbs energy parameters for the
binary subsystems are listed below keeping the same nota-
tion as proposed by Chartrand and Pelton [12]:

Agnantg/cicr = —10395.8 + 660.57xmg — 464157 01gna
J molfl7 (5)
Agnau/cict = —5564.7 — 460247y, — 30962y, Jmol ',
(6)
Agyapuscic = —8158.8 — 31381 napy — 5857.6)puna  Jmol ',
(7)

Agpgujcict = 585.8 + 3347 2y, + 1882.81y, I mol ™,

(8)
Agpgpujcicr = 1966.5 + 418 .4xp,py,  Tmol ™", (9)
Agupycic = —836.8 — 6276, Jmol ™' (10)

All the excess Gibbs energy parameters from Eqgs. (5)—
(10) were obtained in this study. Only the data from Eq.
(5) were taken from [5].

2.2. Solid solutions

The only solid solubility that has been reported in the
NaCl-MgCl,—~UCIl3-PuCl; system is the continuous solu-
tion in the UCI;-PuCl; binary. The classical polynomial
model has been used to optimize the excess parameters of
this solution. The obtained results are

Ast(U,Pu)Cl = 7000x%c13xPuCl3 J 11’101_1 . (1 1)

2.3. Ternary assessments

The ternary systems have been extrapolated based on
the results from the binary assessments applying the Koh-
ler-Toop asymmetric formalism [13]. The end member
compounds were divided into two groups of asymmetry.
It is most likely that the asymmetric component in the ter-
nary system is the one with a different chemical behavior
from the other two. Therefore the first group consists of
NaCl and MgCl, that form ionic liquids compared to
UCI; and PuCl; that rather form molecular species in the
liquids. Thus in case of a ternary phase diagram that

contains two actinide trichlorides the asymmetric compo-
nent is either the alkali or the alkali earth halide. On the
contrary, in case of a ternary that consists of both NaCl
and MgCl, the asymmetric component is the actinide
trichloride.

No ternary interaction parameters were introduced in
this study.

3. Results
3.1. Binary systems

The NaCl-MgCl, system has been optimized and
described by Chartrand and Pelton [5]. It consists of one
eutectic at 7= 732 K and contains two intermediate phases
(Na,MgCly and NaMgCls) which decompose peritectically
at T=748 K and 7= 739 K, respectively.

The optimization of the NaCl-UCI; system was based
on the experimental data by Taube [14]. It is a simple eutec-
tic system with 77=793 K and Xyc, = 0.329. This is in
excellent agreement with Taube [14] who derived the same
temperature and Xy, = 0.320.

NaCl-PuCl; is another simple eutectic system. Bjorkl-
und et al. [15] have measured this binary and their data
were used in our thermodynamic assessment. They
reported the eutectic at 7=726 K and Xpyq, = 0.360
whereas we obtained 7= 725 K and Xpyc, = 0.383. Thus
a very good agreement between our values and the values
from [15] was achieved.

The thermodynamic assessment of the MgCl,~UCI;
system was based on the experimental results by Desyatnik
et al. [16]. It is again a simple eutectic system with the
experimentally obtained eutectic at 7=943K and
Xuc, = 0.35. Our optimized phase diagram reproduces
the same temperature and Xyci, = 0.359.

MgCl,—PuCl; is a simple eutectic system that has been
experimentally described by Johnson et al. [17]. They
reported the eutectic point at 7=923 K and Xpyc, =
0.380. The same values were obtained from our modelling.

1200
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900
800 L L . .
0 2 4 .6 .8 1
UCl, X (PuCl) PuCl,

Fig. 1. Calculated phase diagram of the UCIl;-PuCl; system. o results by
Morobei et al. [18].
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Table 3
Experimental and calculated eutectic equilibria of the NaCl-UCl;, NaCl-
PuCl;, MgCl,-UCl; and MgCl,-PuCl; systems

SyStem Teulectic(exp-) X(B)eutectic Teutectic (calc.) X( B)euleclic
A-B (K) (exp.) (K) (calc.)
NaCl-UCl; 793 0.32 793 0.329
NaCl-PuCl; 726 0.36 725 0.383
MgCL-UCl; 943 0.35 943 0.359
MgClL-PuCl; 923 0.38 923 0.380

UCI;-PuCl; system is characterized by the continuous
solid solution with the minimum point calculated at
T=996 K and Xpyc, = 0.746. This phase diagram has
been measured by Morobei et al. [18] reporting the lowest
melting point at 7= 996 K and Xpyc;, = 0.800. The calcu-
lated phase diagram is shown in Fig. 1 and quite good
agreement to the experimental data is evident. Only on
the UCl; rich side some deviation appears. This disagree-
ment can be suppressed by introducing additional excess
Gibbs energy terms, but this would lead to an unrealistic
extrapolation.

Because the simple eutectic systems were published ear-
lier and are very well reproduced it is not necessary to show
their figures in this work. Only the invariant equilibria cal-
culated in this study and the corresponding experimental
results are summarized in Table 3.

3.2. Ternary systems

The NaCl-MgCl,-UCl; ternary system is characterized
by one quasi-peritectic, two eutectic invariant equilibria
and one saddle point (situated between two eutectics).
Their corresponding temperatures, composition coordi-
nates and the present solid phases are reported in Table
4, whereas the phase diagram is shown in Fig. 2. To our
knowledge this phase diagram has not been described
experimentally.

The NaCl-MgCl,—PuCl; phase diagram has a very sim-
ilar shape as the NaCl-MgCl,—-UClI; diagram. It consists of
three invariant points; two quasi-peritectics and one eutec-
tic. The data for the invariant points are summarized in
Table 4 and the modelled phase diagram is shown in Fig. 3.

There are no invariant equilibria in the NaCl-UCl;-
PuCl; system. The melting minimum was found close to
the NaCl-PuCl; binary eutectic, at 7T=722K and

Table 4
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NacCil

MgCl, uci,
Fig. 2. Calculated liquidus surface of the NaCl-MgCl,-UCIl; system.
Isotherms are labelled in K with interval of 25 K. The dot between E; and
E, corresponds to the saddle point. Primary phase fields: (A) NaCl; (B)
Na,MgCly; (C) NaMgCls; (D) MgCly; (E) UCl,.

NacCi

MgCl, PucCl,

Fig. 3. Calculated liquidus surface of the NaCl-MgCl,—PuCl; system.
Isotherms are labelled in K with interval of 25 K. Primary phase fields: (A)
NacCl; (B) Na,MgCly; (C) NaMgCls; (D) MgCly; (E) PuCls.

XNaCl = 0594, XUC13 =0.045 and XPuCl3 =0.360. No
experimental data are known for this system. The calcu-
lated phase diagram is plotted in Fig. 4.

Calculated invariant points of the ternaries from the NaCl-MgCl,—UCI;-PuCl; system

System (A-B-C) Xa X Xc T (K) Equilibrium Solid phases present

NaCl-MgCl,-UCl; 0.637 0.251 0.112 719 Eutectic NaCl + Na,MgCl, + (U, Pu)Cl;
0.578 0.356 0.066 720 Eutectic NaMgCl; + Na,MgCly + (U, Pu)Cl;
0.520 0.433 0.047 731 Quasi-peritectic MgCl, + NaMgCl; + (U, Pu)Cly
0.607 0.089 0.304 721 Saddle point

NaCl-MgCl,-PuCl; 0.632 0.171 0.196 697 Eutectic NaCl + PuCl; + Na,MgCl,
0.582 0.295 0.124 706 Quasi-peritectic Na,MgCly + NaMgCl; + PuCl;
0.521 0.389 0.090 722 Quasi-peritectic MgCl, + PuCl; + NaMgCly

NaCl-UCl;-PuCly 0.594 0.045 0.360 722 Minimum

MgCl,-UCl3-PuCly 0.482 0.148 0.371 913 Minimum
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Fig. 4. Calculated liquidus surface of the NaCl-UCIl;-PuCl; system.
Isotherms are labelled in K with interval of 25 K. The dot at the grooves
corresponds to the melting minimum. Primary phase fields: (A) NaCl; (B)
(U, Pu)Cls.

MgCl,

7 700

ucl,

Fig. 5. Calculated liquidus surface of the MgCl,-UCl;—PuCl; system.
Isotherms are labelled in K with interval of 25 K. The dot at the grooves
corresponds to the melting minimum. Primary phase fields: (A) MgCl,; (B)
(U, Pu)Cls.

The last ternary system to be presented in this study is
the MgCl,-UCIl3-PuCl; system. Similar to NaCl-UCl3;—
PuCl; it is characterized by a melting minimum only, which
was calculated at 7= 913 K and Xy, = 0.482, Xycy, =
0.148 and Xpyc, = 0.370. This system has been stud-
ied experimentally by Morobei et al. [18] who reported
the melting minimum at 7=908 K and Xy, = 0.45,
Xua, = 0.27 and Xpyc, = 0.28. The experimental tempera-
ture is in excellent agreement with our modelled value, but
the calculated composition was found to be richer in PuCls.
In order to improve the agreement for the composition we
tried to extrapolate this system using the Kohler symmetric
approximation, placing MgCl, in the same group of

asymmetry as UCIl; and PuCl;, but the phase diagram
changed very little, shifting the lowest melting point even
closer to the PuCl; side. Another idea would be to use some
additional ternary excess Gibbs energy terms, but since the
temperature agreement was very good and the details of the
results were not reported by Morobei et al. [18], this idea
was rejected and the phase diagram was kept as it is shown
in Fig. 5.

4. Discussion

As it was stated in the introduction, the main purpose of
modelling the NaCl-MgCl,—UCI;-PuCl; system was its
potential use as a fuel of the Molten Salt Breeder Reactor.
In the REBUS-3700 concept [1] NaCl serves as a matrix of
the fuel, whereas PuCl; is the fissile material and >**UCl, is
the fertile material. As a breeder design it produces more
fissile material than it consumes. The mechanism is based
on the neutron capture by U resulting in **Pu. For
the REBUS-3700 concept the proposed fresh fuel composi-
tion is 55 mol% NaCl, 38 mol% UCI; and 7 mol% PuCls.
The concentration of the actinide trichlorides has been cho-
sen in order to sustain the efficient chain reaction on the
one hand and to keep the positive breeding ratio on the
other hand. Another important fact that influences the fis-
sile material concentration is the total amount of chlorine,
which is a neutron absorber, and the strategy of the fuel
clean-up. In case of REBUS-3700 it was proposed to have
a continuous fuel clean-up with a rate of 35 1/day [1].

In this study the concentrations of PuCl; (7 mol%) and
UCI; (38 mol%) [1] have been taken as a composition crite-
rion to be fulfilled when optimizing the fuel choice based
on our model. Another criterion to be kept is the melting
temperature of the fuel, which should be equal or lower
than 873 K. This criterion is also taken from the
REBUS-3700 concept [1], where the inlet core temperature
was fixed at 923 K applying a safety margin of 50 K.

The NaCl-UCl;-PuCl; ternary phase diagram has been
modelled in the first approach of our work. As it was
described in the previous section, the lowest melting tem-
perature of this system was determined at 7=721.5K,
low enough for a nuclear fuel. Nevertheless the composi-
tion corresponding to this melting temperature was at
XNaCl = 0594, XUC13 = 0045, XPuCl3 = 0360, for which
the concentration of UCl; is too low and, on the contrary,
the concentration of PuCl; too high. Since the melting tem-
perature found in our model was very low compared to our
criterion (7 = 873 K) there is sufficient margin for the melt-
ing temperature to optimize the composition. Therefore,
the isothermal plot at 7= 873 K for the NaCl-UCIl5-PuCl;
system has been evaluated. It is reported in Fig. 6 where the
dotted lines represent the constant concentrations of UCI;
and PuCl; at 38 mol% and 7 mol%, respectively. The inter-
section of these two lines corresponds exactly to the fuel
proposal by REBUS-3700 and it can be seen in Fig. 6 that
this point lays directly on the border of the liquid sur-
face. Since T'= 873 K is not the core inlet, but the lower
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NaCl

NaCl + Liquid

A
\
\

ucl, Pucl,

Fig. 6. Isothermal cut of the NaCl-UCl;-PuCl; system at 7= 873 K.
Dotted lines represent the constant concentrations of UCl; and PuCl; at
38 mol% and 7 mol%, respectively.

temperature margin, this composition is acceptable as a
fuel for the MSR.

We studied in a further analysis the effect of MgCl, on
the NaCl-UCIl;-PuCl; system to see its influence on the
melting behavior. The main aim of this study was to see if
the melting temperature of the fuel decreases with the sub-
stitution of NaCl by MgCl,. The same procedure as
described in the previous paragraph has been applied. First
the lowest melting point, the quaternary eutectic was calcu-
lated which was found at 7= 696.5 K and Xy,c; = 0.629,
XMgClz = 0-1653XUC13 =0.011 Ell’ld)(puCl3 = 0.195. The tem-
perature is low enough to fulfill our criteria, but again, as in
case of the NaCl-UCI5-PuCl; system, the concentration of
UCl; is very low, while the concentration of PuCls is rather
high. Next, the pseudoternary phase diagram with a con-
stant amount of PuCl; of 7 mol% has been calculated for
T =873 K. This phase diagram is plotted in Fig. 7, where
the dotted line represents the concentration of UCl; equal
to 38 mol% (in order to fulfill our criteria the fuel composi-
tion must be on this line). As it is obvious from the figure
this line intersects the liquid field at the NaCl-UCl; pseud-
obinary side (point A in Fig. 7), which means that the con-
centration of MgCl, is zero and the composition (point A)
corresponds  to  Xnacp = 0.550, Xy, =0.380 and
Xpuci, = 0.070, the same composition as found in previous
paragraph. This observation shows that the addition of
MgCl, to the NaCl-UCIl;-PuCls system, where UCl; and
PuCl; are kept at 38 mol% and 7 mol%, respectively,
increases its melting temperature. Thus it is not a good can-
didate to be used as a component of the matrix for a fast
breeder fuel based on the REBUS-3700 concept.

The vapor pressure of the composition Xy, = 0.550,
Xua, = 0.380, Xpyc, =0.070 at 7'=1003 K (the outlet
temperature of REBUS-3700 reactor) has been calculated
to be p =2.25Pa, thus very low and acceptable for the
MSR assembly.

NaCl

NaCl + Liquid

MgCl2 + Liquid

,/ (U,Pu)Cls # Liquid

7

7/
(U,Pu)Cls + MgCJ + Liquid
7/
7/

MgCl, ucl,

Fig. 7. Isothermal cut of the NaCl-MgCl,-UCIl; system with constant
amount of PuCl; equal to 7 mol% at T'= 873 K. Dotted line represents the
concentration of UCI; equal to 38 mol%.

5. Conclusions

A thermodynamic assessment of the NaCl-MgCl,—
UCI3-PuCl; system has been made. Our results confirm
the fuel proposal (Xnaci = 0.550, Xyci, = 0.380, Xpyci, =
0.070) for the Molten Salt Fast Breeder Reactor based on
REBUS-3700 concept [1].

Another interesting conclusion is the fact that the addi-
tion of MgCl, does not lower the melting temperature of
the fast breeder nuclear fuel that contains 38 mol% of
UCl; and 7 mol% of PuCl;. Further investigations on the
effect of other compounds such as KCI or LiCl on the exist-
ing NaCl-UCIl;-PuCl; system would be of interest for
future study.
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