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1. Introduction 

 

Molten Salt Reactors (MSR) are a subset of nuclear 

fission reactors proposed as early as the 1950s. The 

designation of MSRs as one of the six Generation IV 

reactor concepts has largely rekindled interest in MSR 

technology. This renewed interest can be ascribed to 

the wide range of potential advantages associated with 

MSR operation, such as reduced operation costs, 

higher thermal efficiency, homogeneous fuel 

composition [1], and low radioactive waste production 

[2].  More importantly, the inherent safety of MSR 

reactors is further augmented by its strong negative 

temperature coefficient and its operation at 

atmospheric pressure (which eliminates radioactive 

release due to the presence of large pressure gradients) 

[3].  

The molten salts employed in MSRs are commonly 

categorized based on their anions, namely fluorides 

and chlorides. While studies on fluoride salts have 

historically garnered more attention, chloride salts 

may offer several key advantages over their fluoride 

counterparts, such as lower melting temperatures, 

more diverse methods for fuel-salt separation, 

improved solubility for actinides [4], and lower 

corrosivity [5]. Moreover, in terms of neutronics, the 

higher Z value of chlorine is more beneficial towards 

preserving the fast neutron spectrum during reactor 

operation.  

In 2008, Benes and Konings published their work 

on the comprehensive thermodynamic modeling of 

the 𝑁𝑎𝐶𝑙 - 𝑀𝑔𝐶𝑙2 - 𝑈𝐶𝑙3 - 𝑃𝑢𝐶𝑙3  system [6]. Their 

work is the first known attempt at predicting the phase 

composition of high-order multi-component MSR 

chloride fuel systems using CALPHAD simulations. 

While their work provides salient insight towards the 

optimization of the initial composition of MSR fuel 

salt systems, the nature of nuclear fission dictates a 

continuous change to the fuel composition upon 

operation. Hence, the transient behavior of the fuel 

composition due to the formation of fission isotopes 

opens up an avenue for further investigation.  

In this work, we attempt to probe the effects of 

Group I fission products (𝑅𝑏, 𝐶𝑠)  on the phase 

behavior of the proposed 𝑁𝑎𝐶𝑙-𝑀𝑔𝐶𝑙2-𝑈𝐶𝑙3-𝑃𝑢𝐶𝑙3 

system using similar CALPHAD simulation 

techniques. 

2. Methodology  

 

The thermochemical data of all chloride salts (end-

members) and a majority of the intermediate 

compounds used in this simulation were obtained 

from the ORNL Molten Salt Thermodynamic 

Database (MSTDB) [7]. In the case whereby the 

thermochemical data of intermediate compounds are 

unavailable, 𝐶𝑝  was calculated from the molar-

weighted sums of its constituent salts, whereas the 

values of 𝐻298𝐾   and 𝑆298𝐾  were estimated. All the 

estimated thermodynamic parameters used in this 

simulation are provided in Table 1. 

Binary phase diagrams between all combinations of 

the constituent end-members (except 𝑅𝑏𝐶𝑙 -

𝐶𝑠𝐶𝑙 )  were reconstructed using FactSage 8.1. The 

excess Gibbs’ free energy of non-ideal mixing (𝐺𝑒𝑥) 

solutions was modeled using the Two-Lattice 

Modified Quasichemical Model (MQM), whereas that 

for solid solutions was modeled by applying the 

Redlich-Kister equation in the classical “One-lattice 

Polynomial Model” (QKTO). The vast majority of the 

 𝑯𝟐𝟗𝟖𝑲 
(𝒌𝑱) 

𝑺𝟐𝟗𝟖𝑲 
(𝑱/𝑲) 

𝑪𝒑(𝑻) 

(𝑱/𝒌𝒈 ⋅ 𝑲) 
𝑎 𝑏𝑇 𝑐𝑇−2 

𝑹𝒃𝟑𝑼𝑪𝒍𝟔 (𝒔) -2272.103 447.16 232.128 0.06237448 458300 

𝑹𝒃𝟐𝑼𝑪𝒍𝟓 (𝒔) -1803.391 354.95 184.012 0.05195632 458300 

𝑹𝒃𝑼𝑪𝒍𝟒 (𝒔) -1334.314 260.53 135.896 0.04153816 458300 

𝑪𝒔𝟑𝑼𝑪𝒍𝟔 (𝒔) -2341.404 464.45 225.350 0.09740711 458300 

𝑪𝒔𝟐𝑼𝑪𝒍𝟓 (𝒔) -1852.322 366.26 179.493 0.07531141 458300 

𝑪𝒔𝑼𝑪𝒍𝟒 (𝒔) -1361.955 270.08 133.637 0.05321570 458300 

𝑪𝒔𝑼𝟐𝑪𝒍𝟕 (𝒔) -2231.835 430.98 221.417 0.08433570 916600 

Table 1. Estimated thermochemical data for intermediate compounds in 𝑅𝑏𝐶𝑙-𝑈𝐶𝑙3 and 𝐶𝑠𝐶𝑙-𝑈𝐶𝑙3 binary phase 

diagrams. 
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of the binary solution models were obtained from 

optimized models from the available databases and 

literature [6-9]. As optimized mixing energy 

parameters for the 𝑅𝑏𝐶𝑙 - 𝑈𝐶𝑙3  and 𝐶𝑠𝐶𝑙 - 𝑈𝐶𝑙3 

binaries have not been reported, the mixing energies 

of these binaries could only be estimated to match the 

binary phase diagrams presented by F.D. Sutherland et 

al. [10]  

𝑨 𝑩 𝒁𝑨𝑩
𝑨  𝒁𝑨𝑩

𝑩  

𝑹𝒃 𝑈 2 6 

𝑪𝒔 𝑈 3 6 

Δ𝑔𝑅𝑏𝑈/𝐶𝑙 = −44750 + 2000 𝜒𝑅𝑏𝑈 − 13800𝜒𝑈𝑅𝑏 𝐽 𝑚𝑜𝑙−1 

   (𝐸𝑞. 1) 

Δ𝑔𝐶𝑠𝑈/𝐶𝑙 = −32650 − 19400 𝜒𝐶𝑠𝑈 − 14000𝜒𝑈𝐶𝑠

−2000𝜒𝐶𝑠𝑈
2 − 10000𝜒𝑈𝐶𝑠

2

     −205000 𝜒𝐶𝑠𝑈𝜒𝑈𝐶𝑠  𝐽𝑚𝑜𝑙−1 (𝐸𝑞. 2)

 

Moreover, the solid solution mixing parameters for 

the 𝑈𝐶𝑙3 -𝑃𝑢𝐶𝑙3  system were also revised to better 

match the experimental data reported by Morobei et al. 

[7]. 

Δ𝐺𝑠𝑠,(𝑈,𝑃𝑢)𝐶𝑙3

𝑥𝑠 = 𝑋𝑈𝐶𝑙3
𝑋𝑃𝑢𝐶𝑙3

[16250

− 4750(𝑋𝑈𝐶𝑙3
− 𝑋𝑃𝑢𝐶𝑙3

)] 𝐽 𝑚𝑜𝑙−1  

(𝐸𝑞. 3) 
 

A ternary interpolation was performed with 𝑁𝑎𝐶𝑙, 
𝑀𝑔𝐶𝑙2 and (𝑈, 𝑃𝑢)𝐶𝑙3 as the end-members. In the 

optimized models, it can be noted that the 𝑁𝑎𝐶𝑙-𝑈𝐶𝑙3, 

𝑁𝑎𝐶𝑙 - 𝑃𝑢𝐶𝑙3  and 𝑁𝑎𝐶𝑙 - 𝑀𝑔𝐶𝑙2  interactions are 

described by negative mixing potentials, whereas the 

𝑀𝑔𝐶𝑙2 -𝑈𝐶𝑙3  and 𝑀𝑔𝐶𝑙2 -𝑃𝑢𝐶𝑙3  are characterized 

by positive mixing potentials. Hence, to augment the 

accuracy of this predictive model, the ternary 

interpolation was conducted using the Kohler 

interpolation technique along the 𝑁𝑎𝐶𝑙 -𝑀𝑔𝐶𝑙2  and 

𝑁𝑎𝐶𝑙 - (𝑈, 𝑃𝑢)𝐶𝑙3  axis, and the asymmetric Toop 

interpolation technique with 𝑀𝑔𝐶𝑙2  as the 

asymmetric component along the 𝑀𝑔𝐶𝑙2-(𝑈, 𝑃𝑢)𝐶𝑙3 

axes.  

Subsequently, a pseudo-binary plot of the 𝑁𝑎𝐶𝑙 -
𝑀𝑔𝐶𝑙2 phase diagram was constructed by fixing the 

composition of (𝑈, 𝑃𝑢)𝐶𝑙3  at the nominal value of 

1.0 𝑚𝑜𝑙% . The two compositions which 

demonstrated the lowest liquidus transition 

temperatures were selected as the optimum MSR fuel 

candidates. Using the FactSage 8.1 Equilibrium 

module, the effect of the target fission products 

(𝑅𝑏𝐶𝑙, 𝐶𝑠𝐶𝑙)  on the candidate MSR fuel 

compositions was calculated through considerations 

of induced enthalpy change, liquidus temperature 

change, and the activities of intermediate compounds 

below liquidus temperature.  

 

3. Results and Discussion 

 

The 𝑅𝑏𝐶𝑙 - 𝑈𝐶𝑙3  and 𝐶𝑠𝐶𝑙 - 𝑈𝐶𝑙3  binary phase 

diagrams constructed using the MQM approximation 

are shown in Figure 1. It can be inferred that the fitted 

Δ𝐺𝑥𝑠  parameters were able to reproduce the phase 

diagrams obtained from [10] with reasonable accuracy. 

To attest, most of the transition points from the 

original phase diagrams could be replicated to within 

relatively small margins of error: 𝜒𝑈𝐶𝑙3
±  0.02 and 

𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 ± 10 𝐾. The few anomalous points in our 

simulated phase diagrams which exceed the stipulated 

margins of error are summarized in Table 3. 

Since experimentally verified values for the 

thermodynamic data of intermediate compounds are 

not available, an alternative to evaluating the validity 

of our simulation parameters is to compare the mixing 

enthalpies with that of similar binaries. Figure 2(a) 

compares the mixing enthalpies of 𝑈𝐶𝑙3 with other 

Group I chlorides, whereas Figure 2(b) compares the 

mixing enthalpies of our simulated binaries with two 

analogous systems: 𝑅𝑏𝐶𝑙 -𝑃𝑢𝐶𝑙3  and 𝐶𝑠𝐶𝑙 -𝑃𝑢𝐶𝑙3 . 

It can be observed from Figure 2(a) that the magnitude  

Table 2. Cation-cation coordination numbers used for 

MQM modeling of binary liquid solutions. 

Figure 1. Reconstructed binary phase diagrams of the 

(a) 𝑅𝑏𝐶𝑙-𝑈𝐶𝑙3 and (b) 𝐶𝑠𝐶𝑙-𝑈𝐶𝑙3 using the Modified 

Quasichemical Model on FactSage 8.1 
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of mixing enthalpies increases going down Group I. In 

addition, we can also observe that the optimized 

potential wells generally skew slightly to the left. In 

light of these trends, it becomes evident that the 

binaries modeled in this work match the descriptions 

very well. On the other hand, while the 

thermodynamic modeling of the 𝐾𝐶𝑙 -𝑈𝐶𝑙3  system 

performed by Rose and Thomas [11] reproduces good 

binary phase diagrams, further analysis suggests that 

the mixing enthalpies derived from their modeling is 

excessively large (in magnitude) and deviates from the 

expected trends. However, comparisons with 

analogous binaries in Figure 2(b) indicate that the 

estimated potentials in this study may also be slightly 

more negative than the actual potentials. 

Experimentally verified thermochemical data of 

intermediate compounds in the estimated binaries 

would be needed to address this discrepancy. 

 

The activities of the end-members in the liquid state 

are another key parameter to assess the validity of 

MQM potentials used in thermodynamic modeling. 

Figure 3 depicts the calculated activities of the liquid-

state end-member pairs in (a) 𝑅𝑏𝐶𝑙-𝑈𝐶𝑙3 and 𝐶𝑠𝐶𝑙-
𝑈𝐶𝑙3  at 1200K. Assessment of other analogous 

binaries (𝐿𝑖𝐶𝑙-𝑈𝐶𝑙3 and 𝑁𝑎𝐶𝑙-𝑈𝐶𝑙3) demonstrates a 

trend of decreasing activities near the intersection 

point between the activities of  𝑀//𝐶𝑙 
(𝑀: 𝐺𝑟𝑜𝑢𝑝 𝐼 𝑒𝑙𝑒𝑚𝑒𝑛𝑡)  and 𝑈//𝐶𝑙  going down the 

group. Moreover, the intersection points of these 

binaries are observed to be around 𝜒𝑈𝐶𝑙3
~0.40 and 

 𝐶𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 
𝑃ℎ𝑎𝑠𝑒 𝐷𝑖𝑎𝑔𝑟𝑎𝑚 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑅𝑒𝑝𝑜𝑟𝑡𝑒𝑑 

𝑅𝑏𝐶𝑙 − 𝑈𝐶𝑙3 𝑆𝑜𝑙𝑖𝑑𝑢𝑠 ( 0.33 ≤ 𝜒 ≤ 0.50, 541 °𝐶) 𝑆𝑜𝑙𝑖𝑑𝑢𝑠 ( 0.33 ≤ 𝜒 ≤ 0.50, 515 °𝐶) 

   

𝐶𝑠𝐶𝑙 − 𝑈𝐶𝑙3 
𝐸𝑢𝑡𝑒𝑐𝑡𝑖𝑐 𝑝𝑜𝑖𝑛𝑡 (0.07, 560°𝐶) 

𝑆𝑜𝑙𝑖𝑑𝑢𝑠 (0.25 ≤ 𝜒 ≤ 0.50, 549°𝐶) 
𝑁𝑜𝑛𝑒 

𝐸𝑢𝑡𝑒𝑐𝑡𝑖𝑐 𝑝𝑜𝑖𝑛𝑡 (0.12, 560°𝐶) 
𝑆𝑜𝑙𝑖𝑑𝑢𝑠 (0.25 ≤ 𝜒 ≤ 0.50, 530°𝐶) 

𝑃𝑒𝑟𝑖𝑡𝑒𝑐𝑡𝑖𝑐 (0.50 ≤ 𝜒 ≤ 1.00, 550°𝐶) 

   

Table 3. Anomalous points from simulated phase diagrams 

Figure 2. (a) Comparison of mixing enthalpies between 

 𝑈𝐶𝑙3  and other Group I chlorides at 1200 K. 

(b) Comparison of mixing enthalpies between 𝑅𝑏𝐶𝑙-𝑈𝐶𝑙3, 

𝐶𝑠𝐶𝑙-𝑈𝐶𝑙3, 𝑅𝑏𝐶𝑙-𝑃𝑢𝐶𝑙3, 𝐶𝑠𝐶𝑙-𝑃𝑢𝐶𝑙3 at 1200 K. 
Figure 3. Calculated activities of liquid end-member 

pairs in (a) 𝑅𝑏𝐶𝑙-𝑈𝐶𝑙3 and 𝐶𝑠𝐶𝑙-𝑈𝐶𝑙3 at 1200K. 
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generally shift to the left going down the group. In that 

regard, it can be inferred that the calculated activities 

using our model matches the general trend of 𝑀𝐶𝑙-
𝑈𝐶𝑙3 mixing, thereby further justifying the feasibility 

of our model. 

 

The 𝑈𝐶𝑙3 -𝑃𝑢𝐶𝑙3  binary phase diagram (Fig. 4) 

was also reconstructed after modifying the excess 

Gibbs’ free energy for solid solution mixing (Eq.3). 

By modifying these parameters, we were able to 

reproduce the eutectic point (0.74, 1002𝐾) close to 

that reported by Morobei et al. (0.74, 994𝐾) [12]. 

 

Figure 5 displays the constructed ternary phase 

diagram with 𝑁𝑎𝐶𝑙, 𝑀𝑔𝐶𝑙2, and (𝑈, 𝑃𝑢)𝐶𝑙3 as the 

end-members. The calculated ternary phase diagram 

in this work is largely similar to that reported by Benes 

and Konings [6], except the smaller area occupied by 

the intermediate compounds 𝑁𝑎𝑀𝑔𝐶𝑙3  and 

𝑁𝑎2𝑀𝑔𝐶𝑙4. This is because the stoichiometry of the 

(𝑈, 𝑃𝑢)𝐶𝑙3  used in this study was set to 

𝑈0.25𝑃𝑢0.75𝐶𝑙3 to reflect the eutectic composition of 

𝑈𝐶𝑙3 -𝑃𝑢𝐶𝑙3   while the composition used in their 

study is believed to be 𝑈0.5𝑃𝑢0.5𝐶𝑙3. Hereinafter, the 

𝑈0.25𝑃𝑢0.75𝐶𝑙3  composition will be the only 

composition used in further calculations and will be 

referred to as fissile content. 

 

By fixing the fissile content at the nominal value 

of 1.0 𝑚𝑜𝑙% , the pseudo-binary plot of the 𝑁𝑎𝐶𝑙 -
𝑀𝑔𝐶𝑙2  system (Fig.6) was constructed to help 

visualize the optimum fuel compositions that 

demonstrate the lowest liquidus transition 

temperatures. Two candidate compositions were 

derived (Table 5) and will henceforth be dubbed as 

MSR*A and MSR*B. 

Table 5. Chemical compositions of the two fuel candidates 

which demonstrate the lowest liquidus transition 

temperature   

Composition 𝜒𝑁𝑎𝐶𝑙 𝜒𝑀𝑔𝐶𝑙2
 𝜒𝑈0.25𝑃𝑢0.75𝐶𝑙3

 𝑇𝑙𝑖𝑞  (°𝐶) 

MSR*A 48.3 50.7 1.00 493 

MSR*B 64.9 34.1 1.00 506 

 

A simple model was adopted to account for the 

formation of the target fission isotope chlorides. In 

this model, it is assumed that the fissile isotopes 

undergo a simple fission process resulting in the 

formation of two species: (1) 𝑅𝑏𝐶𝑙 𝑜𝑟 𝐶𝑠𝐶𝑙 and (2) 

a corresponding species that is immiscible. The 

effective reaction can thus be described as follows: 

 
𝑈0.25𝑃𝑢0.75𝐶𝑙3 → (1 − 𝛼) 𝑈0.25𝑃𝑢0.75𝐶𝑙3 + 𝛼 𝑅𝑏𝐶𝑙/𝐶𝑠𝐶𝑙

                                                                                             (𝐸𝑞. 4)
 

The isothermal change in enthalpy as a function of 𝛼 

at 600 °𝐶 was plotted in Figure 7(a). It can be seen 

that the enthalpy was projected to increase linearly as 

a function of 𝛼  for both MSR*A and MSR*B, with 

𝑅𝑏𝐶𝑙 having a slightly greater effect than 𝐶𝑠𝐶𝑙. This 

is expected as the enthalpy of 𝑅𝑏𝐶𝑙 is less negative 

compared to 𝐶𝑠𝐶𝑙  at the stipulated temperature. 

Table 4. Phases present in the middle section of the 

pseudo-binary phase diagram (Fig.6) 

 

Region Phases Present 

A&B 𝑀𝑔𝐶𝑙2 + 𝑁𝑎𝑀𝑔𝐶𝑙3 +  𝑆𝑆(𝑈, 𝑃𝑢)#1 + 𝐿𝑖𝑞𝑢𝑖𝑑 

C 𝑁𝑎𝑀𝑔𝐶𝑙3 +  𝑆𝑆(𝑈, 𝑃𝑢)#1 + 𝑆𝑆(𝑈, 𝑃𝑢)#2 + 𝐿𝑖𝑞𝑢𝑖𝑑 

D 𝑁𝑎𝑀𝑔𝐶𝑙3 + 𝑁𝑎2𝑀𝑔𝐶𝑙4 +  𝑆𝑆(𝑈, 𝑃𝑢)#1 + 𝑆𝑆(𝑈, 𝑃𝑢)#2 

E 𝑁𝑎𝑀𝑔𝐶𝑙3 +  𝑆𝑆(𝑈, 𝑃𝑢)#1 + 𝐿𝑖𝑞𝑢𝑖𝑑 

F 𝑁𝑎𝑀𝑔𝐶𝑙3 + 𝑁𝑎2𝑀𝑔𝐶𝑙4 +  𝑆𝑆(𝑈, 𝑃𝑢)#1 + 𝐿𝑖𝑞𝑢𝑖𝑑 

G 𝑁𝑎2𝑀𝑔𝐶𝑙4 +  𝑆𝑆(𝑈, 𝑃𝑢)#1 + 𝐿𝑖𝑞𝑢𝑖𝑑 

H 𝑁𝑎2𝑀𝑔𝐶𝑙4 +  𝑆𝑆(𝑈, 𝑃𝑢)#1 + 𝑆𝑆(𝑈, 𝑃𝑢)#2 + 𝐿𝑖𝑞𝑢𝑖𝑑 

I 𝑁𝑎𝐶𝑙 + 𝑁𝑎2𝑀𝑔𝐶𝑙4 +  𝑆𝑆(𝑈, 𝑃𝑢)#1 + 𝐿𝑖𝑞𝑢𝑖𝑑 

Figure 5. Calculated liquidus surface projections of the 

𝑵𝒂𝑪𝒍 -𝑴𝒈𝑪𝒍𝟐 -𝑼𝟎.𝟐𝟓𝑷𝒖𝟎.𝟕𝟓𝑪𝒍𝟑  system with isotherms at 

intervals of 25K. 

Figure 4. Reconstructed 𝑈𝐶𝑙3 - 𝑃𝑢𝐶𝑙3  binary phase 

diagram with modified solid solution mixing parameters 
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From the plots of liquidus transition temperature 

(𝑇𝑙𝑖𝑞) against fission isotope content in Figure 7(b), 

we observe opposing trends for MSR*A and MSR*B. 

𝑇𝑙𝑖𝑞  decreases with fission isotope content for MSR*A  

whereas 𝑇𝑙𝑖𝑞   increases with fission isotope content 

for MSR*B. A possible explanation for this 

discrepancy may be due to the difference in 𝑁𝑎𝐶𝑙 
content between the two compositions. In this context, 

pure 𝑁𝑎𝐶𝑙  has a higher melting point compared to 

pure 𝑀𝑔𝐶𝑙2  and is known to form solid solutions 

with 𝑅𝑏𝐶𝑙. It is proposed that a higher mole fraction 

of 𝑁𝑎𝐶𝑙  in MSR*B provides more “free” 𝑁𝑎𝐶𝑙 
molecules to react with fission isotopes, hence leading 

to an overall increase in 𝑇𝑙𝑖𝑞 . However, considering 

the realistic concentrations of specific fission isotopes 

throughout the life cycle of normal MSR operation, it 

can be deduced that the induced change in 𝑇𝑙𝑖𝑞  due to 

fission isotopes is relatively small. Nonetheless, if all 

merits are to be taken into account, it becomes evident 

that MSR*A would be the more ideal fuel composition 

as lower melting temperatures for MSR fuel are 

typically associated with lower operating costs, higher 

heat transfer efficiency, and larger margins of safety. 

 

To probe the effect of fission products on the fuel 

chemistry, the activities of several representative 

intermediate compounds were plotted as functions of 

𝜒𝑁𝑎𝐶𝑙   in Figures 8(a) and (b). The concentration of 

fission product species was set at 0.1 mol%. It was 

found that the activities of the intermediate 

compounds were the highest at both ends of the 

Figure 6. Pseudo-binary 𝑵𝒂𝑪𝒍-𝑴𝒈𝑪𝒍𝟐 phase diagram plot assuming 1.0 mol% 𝑼𝟎.𝟐𝟓𝑷𝒖𝟎.𝟕𝟓𝑪𝒍𝟑 

Figure 7 (a) Calculated enthalpy change of MSR Fuel w.r.t fission isotope content at 𝟔𝟎𝟎 °𝑪   (b) Calculated change in 

liquidus transition temperature w.r.t fission isotope content. 
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spectrum. One possible explanation may be attributed 

to the configurational entropy for solution mixing 

being exponentially larger in the middle of the 

spectrum. Consequently, fission products can be 

uniformly distributed within the mixture and the 

formation of stoichiometric intermediate compounds 

is rendered essentially negligible. In contrast, the 

number of mixing configurations becomes 

considerably smaller at the ends of the spectrum. In 

this case, the effective concentration of the less 

dominant species becomes comparable to that of the 

fission isotopes and can thus “actively” react to form 

stoichiometric intermediate compounds, therefore 

accounting for the increased activities of intermediate 

compounds at the opposite ends of the spectrum.  

 

Another interesting feature that can be inferred 

from Figures 8(a) and (b) is the “valley” in the region 

0.500 < 𝜒𝑁𝑎𝐶𝑙 < 0.667, whereby the activities of all 

intermediate compounds correspond to a minimum. 

Captivatingly, this region corresponds exactly to the 

region whereby the activities of 𝑁𝑎𝑀𝑔𝐶𝑙3 , 

𝑁𝑎2𝑀𝑔𝐶𝑙4 , and both solid solutions of (𝑈, 𝑃𝑢)𝐶𝑙3 

plateau at the absolute maximum (Figure 8(c)). This 

further corroborates our previous explanation that the 

consumption of all the available cations in the middle 

of the spectrum, to form more dominant 

stoichiometric intermediate compounds, limits the 

formation of intermediate compounds with the fission 

isotopes species.  

 

Figures 8(c) and (d) project the activities of various 

intermediate compounds in the MSR*A composition 

with respect to temperature. A precipitous decline in 

the activities of all the intermediate compounds can be 

observed inside the temperature range 420 -470°𝐶 . 

Given the normal MSR operating conditions 𝑇 ≥
600 °𝐶, we can infer that the introduction of Group I 

fission isotopes Rb and Cs does not bear any 

significant effects on the fuel chemistry of MSR*A—

and in extension, the spectrum of compositions 

between MSR*A and MSR*B. 

 

4. Conclusions 

In this work, we reconstructed 14 binary phase 

diagrams between combinations of the chloride salts: 

𝑁𝑎𝐶𝑙, 𝑀𝑔𝐶𝑙2, 𝑈𝐶𝑙3, 𝑃𝑢𝐶𝑙3, 𝑅𝑏𝐶𝑙, 𝑎𝑛𝑑 𝐶𝑠𝐶𝑙 , using 

the Modified Quasichemical Model (MQM). While 

the parameters used in the modeling of the 𝑅𝑏𝐶𝑙 -
𝑈𝐶𝑙3  and 𝐶𝑠𝐶𝑙 -𝑈𝐶𝑙3  binaries were estimated, the 

remaining phase diagrams were all constructed using 

optimized parameters. The validity of our estimates 

was assessed through comparisons of the calculated 

solution mixing enthalpies and activities of liquid 

species with that of analogous binary systems. While 

our estimated binaries agree well with the general 

trend of 𝑀𝐶𝑙 - 𝐴𝑛𝐶𝑙3 (𝑀: 𝐺𝑟𝑜𝑢𝑝 𝐼 , 𝐴𝑛: 𝐴𝑐𝑡𝑖𝑛𝑖𝑑𝑒) 

binary mixtures, the magnitude of the mixing 

potentials are adjudged to be slightly large. 

Experimentally verified data is needed to optimize the 

mixing parameters. 

 

The results above were then used to model the 

effects of Group I fission products (𝐶𝑠, 𝑅𝑏)  on the 

phase behavior of the candidate MSR fuel 𝑁𝑎𝐶𝑙 -

Figure 8. Activities of various intermediate compounds in MSR*A with (a) 𝟎. 𝟏 𝒎𝒐𝒍% 𝑹𝒃𝑪𝒍 𝒂𝒕 𝟒𝟒𝟎 °𝑪 , 

(b) 𝟎. 𝟏 𝒎𝒐𝒍% 𝑪𝒔𝑪𝒍 𝒂𝒕 𝟒𝟓𝟎°𝑪, (c) 𝒏𝒐 𝒇𝒊𝒔𝒔𝒊𝒐𝒏 𝒊𝒔𝒐𝒕𝒐𝒑𝒆𝒔 𝒂𝒕 𝟒𝟓𝟎°𝑪 w.r.t to NaCl content, (d) 𝟎. 𝟏 𝒎𝒐𝒍% 𝑹𝒃𝑪𝒍 and (e) 

𝟎. 𝟏 𝒎𝒐𝒍% 𝑪𝒔𝑪𝒍 w.r.t temperature. 
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𝑀𝑔𝐶𝑙2-𝑈𝐶𝑙3-𝑃𝑢𝐶𝑙3. Given the fixed fissile content of 

1.0 mol% 𝑈0.25𝑃𝑢0.75𝐶𝑙3, we projected no significant 

alteration to the fuel chemistry under normal operating 

conditions. In fact, we found that the intermediate 

compounds induced by fission isotopes only form at 

relatively low temperatures and primarily on opposite 

ends of the 𝑁𝑎𝐶𝑙-𝑀𝑔𝐶𝑙2 spectrum. We believe that 

this work provides new insight into the modeling of 

the effect of fission isotopes on the performance of 

MSR fuels. 
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