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A B S T R A C T   

The present study describes the thermodynamic assessment of three pseudo-binary systems relevant to CsI solubility in molten iodide salts: KI-CsI, NaI-CsI, and NaF- 
CsI. The motivation for this study was to corroborate a single previously reported data set of the NaI-CsI system, resolve inconsistencies reported by two different 
data-sets of the KI-CsI system, and generate new experimental data on the NaF-CsI system. Equilibrium data for all systems were obtained using Differential Scanning 
Calorimetry. Thermodynamic treatments of the three pseudo-binary systems were revised using the CALPHAD method with the thermodynamic software FactSage 
and Thermochimica. Both experimental and computational investigations provide increased confidence in the thermochemical behaviour of CsI in Molten Salt 
Reactor nuclear systems.   

1. Introduction 

Molten salt thermodynamics plays an important role in numerous 
metallurgical and nuclear applications, particularly in the conceptual 
design of Molten Salt nuclear Reactors (MSR). Understanding the ther
modynamics of multi-component mixtures of molten salts is especially 
crucial in the context of reactor safety: the fuel and coolant are often the 
same in many MSR designs [1], and therefore there is no physical bar
rier. This emphasizes the need for accurately quantifying the source 
term (e.g., both of activated corrosion and fission products). 

While significant progress has been made in investigating the ther
mochemistry of fuel and fission products in fluoride salts [2–6] knowl
edge gaps remain largely, due to the numerous chemical species and 
fission products present during operation of MSR. Furthermore, many 
experimental investigations of these salts have not been independently 
corroborated and, in some cases, multiple reports are in disagreement 
with one another. These factors pose challenges to the quality assurance 
of molten salt thermodynamic analyses. Systems involving CsI are of 
particular interest for better understanding iodine and cesium chemistry 
in an MSR, as they are volatile fission products and therefore important 
in the context of reactor safety (e.g. source term) [5,7,8]. The radio
logical impact of iodine makes this element one of the most important 
fission products to take care of in nuclear waste management. As a result 

of its high chemical reactivity, iodine is present in different forms in the 
radioactive effluents. For example, in Light-Water Reactors (LWR), 
iodine is stable as molecular iodine (I2 gas) but it can also be associated 
with organic and aerosol compounds [9,10]. As iodine may also react 
with fission products such as cesium, the interaction of cesium iodide 
with relevant chemical species (such as NaI and KI) and its solubility in 
molten salt coolant species (such as NaF) needs further investigation. 
Given the lack of experimental data and thermodynamic models for CsI 
with the latter species, as well as the need for investigation using modern 
Differential Scanning Calorimetry (DSC) techniques for the development 
of the Joint Research Centre - Molten Salt Database (JRCMSD) [11], this 
work focused on investigating three pseudo-binary systems: NaI-CsI, KI- 
CsI, and NaF-CsI. 

Measurements pertaining to the NaI-CsI system have been previously 
reported by Samuseva and Plyushchev [12], and by Il’yasov and Berman 
[13] using Differential Thermal Analysis (DTA) and visual-polythermal 
methods. According to Sangster and Pelton [14], the melting point of CsI 
reported by Samuseva and Plyushchev [12] is 8 ◦C higher than the 
generally accepted value (640 ◦C against 632 ◦C, respectively) and the 
reported liquidus points show significant dispersion near the eutectic. At 
the same time, the comparison of liquidus curves between Samuseva and 
Plyushchev [12] and Il’yasov and Berman [13] presents poor agree
ment, and the experimental uncertainty varying from 1 ◦C to 80 ◦C. Due 
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to the better agreement among their reported results, Sangster and 
Pelton [14] recommended the results of Il’yasov and Berman [13] as the 
basis for their thermodynamic modelling. It is important to state that the 
study of Samuseva and Plyushchev [12] did not observe any solid sol
ubility between CsI and NaI phases. The thermodynamic model from 
Sangster and Pelton [14] for this system predicts a eutectic point at 428 
◦C and 48.5 mol% of CsI [14]. The calculated liquidus follows the gen
eral trend of the experimental results of Il’yasov and Berman [13], but 
does not fully coincide with the experimental values, resulting in a 
maximum error of the calculated phase diagram of ± 20 ◦C, which gives 
motivation for further investigation. 

Phase boundary data in the KI-CsI system have been reported by 
Samuseva and Plyushchev [15] and Il’yasov et al. [16] using DTA, and 
Sato et al. [17] who used Thermo-Gravimetric Analysis (TGA) and DTA, 
which markedly contrast one another regarding the eutectic tempera
ture and solid solubility between CsI and KI. A literature review of this 
system is summarized in Table 1, where inconsistencies for the eutectic 
point and the presence or not of solid phases are indicated. Different 
methodologies and techniques also show significant differences for the 
average temperature value. According to Sangster and Pelton [14], early 
results obtained by Samuseva and Plyushchev [15] show large dis
crepancies in eutectic point (516 (± 40 ◦C)) to Il’yasov et al. [18] (559 
◦C). Years later, Sato et al. [17] reported a eutectic temperature of 555 
◦C [17] with consistent results of miscibility of KI and CsI, which were 
not observed in previous studies [15,16,18]. It is important to state that 
the liquidus curvatures of all data sets are quite different from one 
another. The only available thermodynamic model of KI-CsI was pro
posed by Sangster and Pelton [14] who considered the general trend of 
results observed by Samuseva and Plyushchev [15]. The latter includes 

experimental data on the solid miscibility of KI and CsI. 
To the best of the authors’ knowledge, there are no existing experi

mental measurements reported in the open literature about the NaF-CsI 
pseudo-binary system. This lack of data is not surprising, as these sys
tems do not share common anion or cation pairs (i.e., it is a reciprocal 
salt). Due to the possible use of fluoride salt species in the molten salt 
coolant system, and the formation of fission products (CsI), the solubility 
between different anion or cation pairs is probable and their interaction 
should be investigated. 

The objective of this study was to fill knowledge gaps on the NaI-CsI, 
KI-CsI, and NaF-CsI systems by conducting DSC measurements, corrob
orating previously reported measurements, and addressing any dis
crepancies of previously reported experimental data. The majority of 
DSC measurements were performed at Ontario Tech University (OTU) 
with a few additional measurements performed at the Joint Research 
Centre (JRC, Karlsruhe) to corroborate some findings. Additionally, 
thermodynamic models were developed for these systems to integrate 
them into a larger thermodynamic database (i.e. JRCMSD). The meth
odology employed in the experimental work is described in §2, the 
development of each thermodynamic model is detailed in §3, the results 
and discussion of both the experimental and model data are presented in 
§4, and conclusions are drawn in §5. 

2. Experimental Methodology 

Experiments performed at OTU utilized the methodology, equip
ment, and procedures described in detail by Lipkina et al. [19]. In the 
subsections, only the notable differences, significant aspects to empha
size, and unique hypotheses adopted in this study will be described. At 
the end of this section, the methodology adopted by JRC is presented. 

Table 2 describes all sample details, such as chemical name, source, 
purity, purification method, equipment, and sample holders. Given the 
hygroscopic nature of most fluorides, and similarly for iodine salts, an 
additional dehydration/purification process was applied to each end- 
member. Samples were prepared, ground, and dehydrated at specific 
temperatures inside an MBRAUN glovebox-controlled environment 
using argon, with O2 and H2O levels at a maximum of 5 ppm, typically 
below 0.5 ppm. OTU samples were dehydrated at 200◦C for 2 h, and at 
JRC, at 300◦C for 4 h. Later, to evaluate the purity, samples were run in 
sealed crucibles, and DSC signals were analyzed. All components 

Table 1 
Literature review of KI-CsI data.  

Eutectic [◦C] KI [mol%] Solid Phases Analysis Ref 

516 (± 40 ◦C) 45.0 unclear Exp 
[15] 

494 21.0 unclear Exp [16] 
559 30.0 unclear Exp [18] 

555 (± 1 ◦C) 38.6 no evidence Exp 
[17] 

536 39.0 CsI and KI Model [14]  

Table 2 
Chemical compound’s names, formula, vendor’s source, and purification aspect.  

Chemical Name Formula Source Initial Mole Fraction Purity* Purification Method Final Mole Fraction Purity 

Sodium iodide NaI [20] Sigma–Aldrich 99.999% Dehydration DSCa 

Cesium iodide CsI [21] Sigma–Aldrich 99.999% Dehydration DSCa 

Potassium iodine KI [22] Sigma–Aldrich 99.999% Dehydration DSCa 

Sodium fluoride NaF [23] Sigma–Aldrich 99.99% Dehydration DSCa 

Cesium iodine CsI [21] Thermo Fisher Scientific Inc. 99.999% Dehydration DSCb 

Potassium iodine KI [22] Thermo Fisher Scientific Inc. 99.99% Dehydration DSCb 

Sodium fluoride NaF [23] Carl Roth Gmbh & Co. kg 99.995% Dehydration DSCb  

a Samples used at Ontario Tech University were tested using the DSC-TGA mode of a Netzsch Jupiter 449 F1 Simultaneous Thermal Analyzer (STA), SiC furnace with 
a Type S TGA-DSC sample carrier with a Pt/Rh head (product No. HTP40000A54.010–00). 

b Samples used at the Joint Research Centre were tested using a SETARAM Multi-Detector High-Temperature Calorimeter with an S-type DSC detector. 
* All initial mole fraction purity are based on metal trace basis. 

Table 3 
Comparison between reference melting point, with calculated pressurized environment of sealed crucibles for pure end member components.  

Compound Ref. Melting Point Exp. Melting Point Calculated Pressure 

CsI 632.0 ◦C 627.1 ± 10 ◦C (5 ◦C/min) 3.06 atm 
NaI 661.0 ◦C 657.9 ± 10 ◦C (5 ◦C/min) 3.16 atm 
KI 681.0 ◦C 679.0 ± 10 ◦C (2 ◦C/min) 3.24 atm 

680.2 ± 10 ◦C (5 ◦C/min) 3.24 atm 
NaF 993.0 ◦C 997.4 ± 10 ◦C (5 ◦C/min) 4.33 atm 

* CsI, NaI, KI and NaF presented temperature uncertainty, u(T) = ± 10 ◦C for liquidus at 5 and 2 ◦C/min, for a standard uncertainty with 0.68 level of confidence.  
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presented clear peaks, without oscillations, indicating the absence of 
impurities, and the melting temperatures matched those provided by the 
vendors and referenced in the literature. (see Table 3). 

Although Table 2 represents pure end members, information on 
mixture components for CsI-NaI, KI-CsI, and NaF-CsI systems can be 
found in Tables 9–11, respectively, indicating which measurements 
have been done for each institution. 

2.1. Crucible Design 

As commercially available DSC crucibles do not meet the re
quirements for the measurements conducted in this study mainly due to 
the chemical reaction of salts with crucible walls, a modified version of 
the Netzsch SS316L crucible, originally developed by Piro et al. [24], 
was utilized for all measurements at OTU. This design incorporates the 
use of Netzsch crucible and lid, along with a custom Ni-201 gasket and 
liner that demonstrated no interaction between the crucible and salt 
specimens. Crucibles and lid were sealed using a Netsch sealing press 
(product No. 6.239–2-92.4.00) with an adjustable torque wrench. 

For measurements done by JRC, an in-house design has been used, 
which is described in detail in the study of Beneš et al. [25]. The crucible 
is made of stainless steel, but an inner liner of nickel is used, avoiding 
chemical interaction with the salt sample. 

2.2. DSC Temperature Calibration 

The calibration procedure was carried out using the Netzsch Tem
perature Calibration software [26–29], following the method and rec
ommendations outlined by Piro et al. [24]. For calibration, a 
combination of commercially available Netzsch calibration sets of pure 
metals (In, Sn, Pb, Ag) (part No. 6.223.5–91.3.00) and two calibration 

sets of inorganic compounds (CsCl and K2SO4) were specifically selected 
due to their lack of chemical interaction with Ni-201 and their suitability 
for calibrating the temperature range used in this study (250 ◦C to 1100 
◦C). Two different heating rates were employed: 5 ◦C/min and 2 ◦C/min 
to investigate if lower heating rates would give clearer and easier-to- 
interpret signals when compared to 5 ◦C/min DSC signals. The un
certainties on the instrument calibration are discussed in Section 2.5. 

It is worth noting that, despite the DSC measurements occurring 
under atmospheric pressure, the internal pressure of the sealed crucible 
increases with the temperature rise. A simplified calculation, adhering 
to the ideal gas law and considering the volume of argon gas inside the 
crucible, was performed. It was estimated that the pressure could reach 
up for the following values, taking as an example, the melting point of 
the pure components: 

The maximum temperature tested was 1250◦C, corresponding to 
5.18 atm. Given that no notable variations were observed for the pure 
components, it is extrapolated that the entire temperature range studied 
did not exhibit significant changes with the increased pressure. 

2.3. DSC Measurements at Ontario Tech University 

The DSC temperature program was set to identify possible phase 
transitions, considering the melting and no-boiling temperatures for 
each end-member (NaI, CsI, KI, NaF). For the NaI-CsI system, tempera
tures ranged between 300 ◦C to 800 ◦C. For the KI-CsI system, where 
possible solid phase solutions were expected, the temperature ranged 
between 50 ◦C to 800 ◦C, as illustrated by Fig. 1. For the NaF-CsI system, 
the temperature ranged between 400 ◦C to 1200 ◦C. 

Similar to the temperature calibration analysis, NaI-CsI, KI-CsI, and 
NaF-CsI tests were set to four heating cycles to better analyze DSC sig
nals (Fig. 1). Results from the first cycle were discarded due to the salt 
mixture not being yet in thermodynamic equilibrium. Thus, all onset 
and offset temperatures presented for each sample were determined by 
averaging the remaining heating cycles. Samples whose composition 
was close to the eutectic point were run at a lower heating rate of 2 ◦C/ 
min (instead of 5 ◦C/min) for investigation of possible improved preci
sion. For the KI-CsI system, several mixtures were analyzed at both 
heating rates to study the sensitivity of the on-set and off-set tempera
tures along each heating cycle. 

Sample compositions were varied to investigate their impact on DSC 
signals. In a previous study, a sample composition of 50 mg was 
considered optimal for obtaining clear phase transition and melting 
temperature analysis [19,30]. However, for some samples in the KI-CsI 
system, a sample composition of up to 100 mg was used to investigate 
if an improved signal sensitivity could eliminate possible overlapped 
signals in specific regions. This investigation is detailed in the subse
quent sections for each system. 

2.4. DSC measurements at JRC 

Additional samples were prepared at JRC using commercially 
available KI, NaF, and CsI end-members, to create three selected pseudo- 
binary mixtures of KI-CsI (20–80 mol%, 31–69 mol%, and 80–20 mol%) 
and NaF-CsI (90–10 mol%, 70–30 mol%, and 50–50 mol%) 
compositions. 

The calibration method adopted by JRC is similar to that of OTU. 
Additional samples done by JRC followed a very similar procedure for 
all described steps but with heating rates of 5 ◦C/min and 10 ◦C/min, as 
heating rates of 1 and 2.5 ◦C/min resulted in increased background noise 
without showing additional DSC signal features. The reported eutectic 
and liquidus temperatures are the average of 3 to 6 measurements on 
each sample. Tests for the KI-CsI system have been performed in the 
range of 20 ◦C to 850 ◦C and NaF-CsI between 20◦C to 1250 ◦C. The 
uncertainty of measurements done at JRC is ± 5 ◦C for the eutectic 
equilibria and ± 10 ◦C for liquidus temperatures. The increased uncer
tainty of the latter is mainly due to the use of the DSC heat flow signal for 

Fig. 1. 2 ◦C/min and 5 ◦C/min temperature sequence program for KI- 
CsI samples. 

Table 4 
Error analysis of all thermodynamic systems and sources of error, for standard 
uncertainty, with 68% confidence interval  

Error Source CsI-NaI 
[◦C] 

KI-CsI [◦C] NaF-CsI 
[◦C] 

Netzsch DSC Thermocouple ± 0.4 ± 0.4 ± 0.4 
DSC Temperature Reading (5 ◦C/min) ± 0.4 ± 0.5 ± 0.1 
DSC Temperature Reading (2 ◦C/min) ± 0.4 ± 0.5 ± 0.1 

Calibration Curve (5 ◦C/min) ± 1.6 ± 1.6 ± 1.6 
Calibration Curve (2 ◦C/min) ± 2.9 ± 2.9 ± 2.9 

Standard Deviation for Polymorphic - ± 0.7 - 
Standard Deviation for Eutectic ± 1.8 
Standard Deviation for Liquidus ± 4.9 

Extrapolated Eutectic to 0 ◦C/min  ± 4.6  
Extrapolated Liquidus to 0 ◦C/min  ± 8.1   
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determinining equilibria temperatures, which is typically much broader 
than the sharp onset of the eutectic (or melting) DSC features. 

2.5. Experimental error analysis OTU 

The uncertainty associated with the sample composition is deter
mined to be approximately ±0.13 mol%. This uncertainty arises from 
two main sources. Firstly, it stems from the cleaning process of the 
crucible edges just before sealing it. During this step, very small amounts 
of salts are removed, which can have an impact on the overall 

composition measurement. Secondly, there is a possibility that minor 
amounts of salts may accidentally drop onto the anti-static boat while 
pouring salts into the crucible, resulting in a slight variation between the 
composition being measured at that moment and the composition after 
cleaning the anti-static boat. These factors can contribute to the general 
uncertainty associated with the measured sample composition. 

The temperature error associated with this study, presented in 
Table 4, has been calculated as a combination of the cross-error (Eq. 1 
between (i) the standard instrumental uncertainty in temperature 
measurement of the Netzsch DSC thermocouples, (ii) the standard de
viation between all DSC signals associated with all the temperature 
readings for each phase transition (which varies between each ther
modynamic system and the number of heating cycles, ranging from two 
to three), (iii) the error associated with the calibration curve for both 
heating rates and (iv) the standard deviation between differences for the 
eutectic and liquidus readings between 2 ◦C/min to 5 ◦C/min. Regarding 
the latter, only the results for the KI-CsI system are presented in Table 4 
as the elevated number of measurements made such analysis possible. 

u(T) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
ciu(xi)

2

√

(1)  

where u(T) [◦C] is the combined uncertainty for the temperature values 
of each thermodynamic system, combining each known uncertainty 
u(xi) [◦C] in quadrature, and ci represents the sensitivity coefficient and 
is equal to 1 since the uncertainty contributors are used in the same units 
of measurement [◦C]. 

Details about the possible polymorphic, eutectic and liquidus error 
obtained from KI-CsI system are presented in Section 2.5.1. Then, at the 
end of the same section, the final resultant error for each system and 
heating rate is presented. 

Table 5 
Temperature differences between phase transitions (T2 K/min - T5 K/min), between 
heating rates, in the KI-CsI system.  

XKI Possible Polymorphic [◦C] Eutectic [◦C] Liquidus [◦C] 

0.039 - − 2.0 − 7.0 
0.070  0.0 − 5.4 
0.110 − 0.7  − 4.9 
0.150  0.0 0.7 
0.195 − 2.2 − 7.6 − 6.9 
0.270 0.8  − 4.8 
0.309  − 0.7 − 5.0 
0.703  − 0.7 − 5.1 
0.951  − 1.3 − 5.4 

Average ± 0.7 ± 1.8 ± 4.9 

* Internal pressures within the hermetically sealed SS crucibles were not 
monitored but showed no influence on pure component’s melting temperature 
for up to 3.24 atm at 680 ◦C. KI-CsI mixture samples presented temperature 
uncertainty, u(T) = ± 5 ◦C and ± 6 ◦C for eutectic, and ± 10 ◦C and ± 10 ◦C for 
liquidus, for at 5 and 2 ◦C/min, respectively. Mixture uncertainty was evaluated 
to be u(xi− j) = ± 0.13 mol% for the same standard uncertainty. Uncertainty is 
considered a 0.68 level of confidence.  

Fig. 3. Simplified KI-CsI DSC Signals.  
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2.5.1. Sample composition and heating rate influence on DSC signals 
Detailed error analysis for the heating rates was conducted for the KI- 

CsI system, and the results are presented in Table 5. For the same set of 
samples, half of them were run first at 5 ◦C/min and then repeated at 2 
◦C/min, while the other half underwent the inverse order of heating 
rates. This approach eliminates the influence of oxidation behaviour 
from one test to the other. The results are presented as the difference 
between the temperatures obtained at 2 ◦C/min and 5 ◦C/min for 
possible polymorphic (unknown), eutectic, and liquidus phase 
transitions. 

Generally, it was observed that results obtained at 2 ◦C/min heating 
rates were systematically at lower temperatures compared to those at 5 
◦C/min, for the same phase transition across all samples. However, it 
was also observed that the DSC signals were not necessarily clearer or 
easier to interpret at lower heating rates. Nevertheless, results obtained 
from both heating rates followed the same trend. 

For possible polymorphic transitions, it was observed that at XKI =

3.9 mol%, the solid-to-solid phase transition could only be reliably 
observed at 2 ◦C/min, while other samples showed mixed results with 
both positive and negative temperature differences, resulting in an 
average difference of − 0.7 ◦C (where negative results indicate that 2 ◦C/ 
min predicts lower off-seat temperatures than at 5 ◦C/min). For eutectic 
transitions, despite XKI = 19.5 mol% showing the largest difference (-7.6 
◦C), the average temperature difference was − 1.8 ◦C, following the same 
trend as the polymorphic transitions. The most significant and consistent 
difference was observed for the liquidus temperature, where despite XKI 
= 15.0 mol% showing a small positive difference of 0.7 ◦C, the average 
temperature difference for other samples was − 5.6 ◦C, indicating that 2 
◦C/min heating rate resulted in lower temperatures compared to 5 ◦C/ 
min. 

In terms of the composition difference analysis, increasing the sam
ple composition from 50 mg to 100 mg was intended to minimize 
possible DSC interpretation errors. However, when comparing DSC 
signals of samples with similar molar fractions (e.g. 55.5, 59.8, and 70.3 
mol% of KI), which are similar to 60 mol% of KI (Fig. 3 mol% of KI, 
which are similar to 86.0 mol% of KI (Fig. 3), it was not possible to 
conclude that using a sample composition higher than 50 mg was 
advantageous. 

For the KI-CsI system, thermodynamic equilibrium was achieved 
after the second out of four heating cycles, only for near the eutectic 

point composition and for an abundance of caution, in total were 
adopted as transition temperatures varied between the second to the 
third heating cycle, and no difference was observed on the fourth cycle. 
The same behaviour was observed for both heating cycle rates and this 
could be a specific issue related to this system, as it was not observed in 
the NaI-CsI and NaF-CsI system. However, the authors recommend using 
four heating cycles for, a heating rate of 5 ◦C/min, and a sample 
composition of 50 mg for future studies as it is possible to obtain good 
DSC signals without too much noise. Heating rates of 2 ◦C/min should 
only be used for auxiliary interpretation of 5 ◦C/min DSC signals, 
knowing the possibility that liquidus temperatures may be lower than 5 
◦C/min readings. 

The influence of kinetics and thermal lag from 2 and 5 ◦C/min was 
partially investigated using available data for the KI-CsI system, 
extrapolating them to 0 ◦C/min. The calculated extrapolated data are 
presented in Table 6, where the maximum temperature difference be
tween 2 and 5 ◦C/min was calculated for 0 ◦C/min, and its average was 
calculated for the eutectic and liquidus data. These results showed 
significantly lower temperatures for both transitions and were treated as 
a direct source of error in Table 4 to minimize impacts due to this 
phenomenon. 

All thermodynamic systems errors (eutectic and liquidus) have been 
averaged by a simple average of the errors from all systems per heating 
cycle and final errors are presented in the last column of Table 7. The 
resulting error of measurements at JRC is ± 5 ◦C for eutectic and ± 10 ◦C 
for liquidus, for both 5 and 10 ◦C/min. Standard uncertainty was 
adopted, with 68% confidence interval for JRC’s data. 

The resultant error of the measurements conducted at Ontario Tech 
University is ± 0.13% for sample composition. For temperature error, 
after crossing all main sources of errors related in Table 4, the final 
resultant temperature uncertainty is ± 5 ◦C and 6 ◦C for eutectic and ±
10 ◦C for liquidus, for both 5 and 2 ◦C/min, respectively. This error is 
adopted for all thermodynamic systems investigated and is presented in 
Table 7. 

3. Thermodynamic model development 

All thermodynamic models were developed for molten salt and solid 
solutions if applicable, in addition to stoichiometric compounds, 
consistent with the JRCMSD, which includes CsI and NaF. For KI and NaI 
end-members, the studies of Barin et al. [31] were adopted. CsF was 
included in the JRCMSD to account for its necessity in setting NaF-CsI 
parameters. The stoichiometric compounds are described in Section 
3.1, the model development process is detailed in Section 3.2, the 
molten salt solution is described in Section 3.3, and the solid solution in 
Section 3.4. 

The general Gibbs energy (Gsol) expression for solution phases 
considered here is: 

Gsol = G◦ +Gid +Gex, (2)  

where G◦ is the weighted sum of the reference Gibbs energy of its spe
cies, Gid = − TSid is the ideal Gibbs energy of mixing term, and Gex is an 
excess term to account for non-ideal mixing. 

Table 6 
KI-CsI eutectic and liquidus data extrapolation to 0 ◦C/min. Standard uncer
tainty was adopted, with 68% confidence interval.  

XKI 0 ◦C/ 
min 

2 ◦C/ 
min 

5 ◦C/ 
min 

Eutectic ΔTMax 

[◦C] 
Liquidus ΔTMax 

[◦C] 

0.039 616.8 621.4 628.4  − 11.6 
0.070 612.9 616.6 622.0  − 9.1 
0.110 602.8 606.0 610.9  − 8.1 
0.150 553.6 553.6 553.6 0.0  
0.150 608.6 608.1 607.4  1.2 
0.195 548.5 553.6 561.2 − 12.7  
0.195 584.7 589.3 596.2  − 11.5 
0.270 556.6 559.8 564.6 − 7.9  
0.309 553.4 553.9 554.6 − 1.2  
0.309 558.7 562.3 567.3  − 8.6 
0.703 558.2 558.7 559.5 − 1.3  
0.703 610.0 613.5 618.6  − 8.6 
0.951 667.9 671.2 676.6  − 8.7 

Average    − 4.6 − 8.1 

*Internal pressures within the hermetically sealed SS crucibles were not moni
tored but showed no influence on pure component’s melting temperature for up 
to 3.24 atm at 680 ◦C. KI-CsI mixture samples presented temperature uncer
tainty, u(T) = ± 5 ◦C and ± 6 ◦C for eutectic, and ± 10 ◦C and ± 10 ◦C for 
liquidus, for at 5 and 2 ◦C/min, respectively, for 0.68 level of confidence. 
Mixture uncertainty was evaluated to be u(xi− j) = ± 0.13 mol% for the same 
standard uncertainty.  

Table 7 
Final resultant error per system and heating cycle performed at Ontario Tech 
University. Standard uncertainty was adopted, with 68% confidence interval.  

Resultant Error NaI-CsI [◦C] KI-CsI [◦C] NaF-CsI [◦C] Final [◦C] 

Eutectic (5 ◦C/min) ±1.7 ± 5.2 ±1.7 ±5 
Eutectic (2 ◦C/min) ±3.0 ± 5.8 ±3.0 ± 6 
Liquidus (5 ◦C/min) - ± 9.6 - ± 10 
Liquidus (2 ◦C/min) - ± 9.9 - ±10  
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3.1. Pure compounds 

The Gibbs energy of pure compounds is represented by 

G(T) = Δf H◦(298.15K)+

∫ T

298.15
Cp(T)dt − T⋅

(

S◦(298.15K)

+

∫ T

298.15

Cp(T)
T

dT
)

(3)  

in which T is the absolute temperature, S0 (298.15K) is the standard 
absolute entropy, ΔfH0 

(298.15K) is the standard enthalpy of formation, 
and Cp(T) is the heat capacity at constant pressure as a function of the 
temperature, represented by 

Cp(T) = a+ bT + cT2 + dT − 2 (4)  

where the variables a − d are empirical coefficients [3,31–34]. All 
functions can be found in Table 8. 

3.2. Model development process for liquid and solid solutions 

Interaction parameters for the molten salt solutions and solid solu
tions were calculated using multiple methods, including Optima [35] 
and OptiSage 7.1 (available in FactSage 8.0). The final parameters were 
determined based on a combination of the experimental values obtained 
in this study and other available results in the open literature with 
different weighting factors depending on the intended interpretation by 
the authors for each thermodynamic system. 

3.3. Liquid solutions 

The Modified Quasichemical Model in the Quadruplet Approxima
tion (MQMQA) [36–40] has been used in this work to be consistent with 
the JRCMSD. A description of the model including derivations of the 
chemical potential expression is given by Poschmann et al. [41]. The 
purpose of the MQMQA is to account for the effects of Short-Range 
Order (SRO) of both First-Nearest-Neighbors (FNN) and Second- 
Nearest-Neighbors (SNN) in liquid solutions by considering SNN qua
druplets [39]. This model allows for the incorporation of short-range 
ordering, including interactions between first-nearest neighbours and 
second-nearest neighbours, in a two-sublattice phase for the NaI-CsI and 
KI-CsI systems. In these systems, the second sublattice consists of only a 
single anion, iodine, while the first sublattice contains sodium or po
tassium as cations. On the other hand, in the NaF-CsI system, the second 
sublattice contains two anions, fluorine and iodine, in addition to the 
two cations, Na and Cs. 

In single-anion systems, the excess parameter for the Gibbs energy is 
represented as ΔgAB/I for the SNN pair exchange reaction on a quasi- 
lattice. For the KI-CsI and NaI-CsI systems, iodine is the only anion in 
the mixture. Therefore, no excess Gibbs energy is associated with the 
anion-anion interaction. A and B represent two of the cations (K, Cs or 

Na). In this way, the formation of the second nearest neighbour pair A-I- 
B is represented by Eq. 5. 
(

A − I − A
)
+
(

B − I − B
)
= 2

(
A − I − B

)
ΔgAB/I (5)  

where ΔgAB/I is the Gibbs energy change related to the pair formation. 
This is an empirical parameter model and is represented in polynomial 
form as written by Eq. 6: 

ΔgAB/I = ΔgAB/I
◦ +

∑

i>1
gi0

AB/Ix
i
AB/I +

∑

j>1
g0j

AB/Ix
j
BA/I

[

J

/

mol

]

(6)  

where Δg0
AB/I and gij

AB/I are composition-independent coefficients while 
the dependence on composition is given by the xAB/I terms, defined as a 
function of the cation-cation pair mole fractions xAA,xBB, and xAB. The 
resulting parameters were optimized in this work and are given below: 

ΔgKCs/I = − 1143.48 + xKCs/I

(
5182.539 − 5.48T

)
+ xCsK/I

(
7909.40

− 14.32T
) [

J
/

mol
]

(7)  

ΔgNaCs/I = − 2347.56 + xNaCs/I

(
− 1493.54 + 4.03T

)
+ xCsNa/I

(
5182.539

− 5.48T
) [

J
/

mol
]

(8)  

In this work, the reciprocal salt system (NaF-CsI) presents a second anion 
(fluorine) on sublattice II. A more detailed description of the thermo
dynamic model involving reciprocal salts, including generic quadruplets 
AB/I2, A2/IF and AB/IF for these systems, can be found in Capelli et al. 
[5]. The excess Gibbs energy for the NaF-CsI (Cs;Na//I,F) salt can be 
expressed by Eq. 9 and 10: 

ΔgCsNa/IF = − 1979.63 − 12438.66⋅xCsI

[
J
/

mol
]

(9)  

ΔgCsNa/IF = 1000 − 20000⋅xCsI + 20000⋅xNaF

[
J
/

mol
]

(10)  

3.4. Solid solution 

The excess Gibbs energy function of the solid solutions is only formed 
in the KI-CsI binary system and is presented as a substitutional solution 
model, which is based on the assumption that the constituents mix 
randomly on a single lattice [42]. The Kohler-Toop interpolation 
method was adopted, which is an asymmetrical model that is used when 
one species of the subsystem belongs to a group different from the others 
[43]. Detailed information can be found in Bajpai et al. [44]. Thus, the 
excess Gibbs energy is represented by Eq. 11. 

Δg(K,Cs)I = 14064.62⋅xKI + 7708.66⋅xCsI

[
J
/

mol
]

(11) 

Table 8 
The Δf H◦ (kJ/mol), S◦ (J/K mol) and Cp (J/K mol) data of pure compounds used in this study.  

Comp. Δf H◦ S◦ Cp = a + bT + cT2 + dT− 2 Temp Range Ref  

kJ/mol J/molK a b c d [K]  
CsI(s) − 348.10 122.20 43.815 2.184E-02 2.496E-06 2.002E + 05 298–6000 [32,34] 
CsI(l) − 331.91 131.89 74.268 - - - 298–2500 [32,34] 
KI(s1) − 327.90 106.40 38.836 2.820E-02 - 4.929E + 05 298–2000 [31] 
KI(s2) − 312.90 106.40 38.926 2.820E-02 - 4.929E + 05 298–2000 [31] 
KI(l) − 297.86 114.08 72.383 - - - 298–2000 [31] 

NaI(s) − 287.86 98.32 48.877 1.205E-02 - - 298–1577 [31] 
NaI(l) − 269.69 113.04 64.852 - - - 298–1577 [31] 
NaF(s) − 576.65 51.21 47.630 1.479E-02 - − 4.643E + 05 298–2500 [33] 
NaF(l) − 557.73 52.75 72.989 - - - 298–6000 [33] 
CsF(s) − 554.67 93.60 24.291 6.461E-02 - 5.900E + 05 298–6000 [3,34] 
CsF(l) − 534.71 108.19 70.560 - - - 298–6000 [3,34]  
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4. Results and Discussion 

Results of single components measurements are described in §4.1, 
whereas the NaI-CsI, KI-CsI and NaF-CsI systems are presented in §4.2, 
§4.3 and §4.4, respectively. A detailed error analysis was presented in 
§2.5. 

4.1. Single Component Measurements 

Prior to any mixtures being analyzed, the purity of individual com
ponents in each system was confirmed by DSC melting point measure
ments, which were compared to accepted values reported in the 
literature. The obtained melting point measurements in this work are in 
good agreement with literature values and the safety data sheet pro
vided by Sigma–Aldrich (99.99% trace metals basis), with NaI (657.9 ◦C 
against 661 ◦C [20]), CsI (631.5 ◦C against 626.0 ◦C [21,45]), KI (679.0 
◦C against 682.0 ◦C [22]), and NaF (997.4 ◦C against 993.0 ◦C [23]). The 
general error for pure components at Ontario Tech University is ± 6 ◦C, 
and ± 5◦C for measurements performed at JRC. More details about the 
error analysis can be found in §2.5. 

4.2. The NaI-CsI system 

Sangster [14] highlighted large uncertainties in different regions of 
the CsI-NaI phase diagram (i.e., 80 ◦C) and good agreement in others (i. 
e., 1 ◦C) [12,13]. The study of Il’yasov and Bergman [13] was therefore 
taken as a guide for developing a thermodynamic model as the 
maximum described inaccuracy was ± 20 ◦C. 

Due to the reported uncertainty associated with the liquidus and 
eutectic point from previous studies, five mixture samples for the NaI- 
CsI system were measured in this work. As shown in Table 9, only one 
point close to the eutectic point was measured at a heating rate of 2 ◦C/ 
min to achieve better precision, whereas other compositions were added 
at 5 ◦C/min. 

The CsI melting point in this work was found to be lower at 631.5 ◦C 
compared to the value reported by Il’yasov and Bergman [13], which 
was 639.5 ◦C, but is closer agreement to standard values in the literature 
(632.0 ± 2 ◦C [45]). The only noticeable difference was at the eutectic 
line, which was found to be 4.7 ◦C higher at 432.5 ◦C in this work, 
compared to 427.8 ◦C reported in Il’yasov and Bergman [13]. The re
sults of all phase transitions are summarized in Table 9, and the ther
modynamic model with the experimental comparison between available 
results is illustrated in Fig. 2. The phase diagram of this and subsequent 
thermodynamic systems was generated by Thermochimica [41,46] 
using a new module for creating diagrams. 

4.3. The KI-CsI system 

A total of seventeen DSC measurements were performed on the KI- 
CsI system by OTU. Table 10 summarizes additional details such as 
sample masses, ranging from 50 mg to 100 mg. Samples near the 
eutectic points used a heating rate of 2 ◦C/min to better analyze phase- 
transition signals, while others used 5 ◦C/min. Due to the complexity of 
this system and the potential for different interpretations, three addi
tional samples were performed by JRC to corroborate measurements. 
DSC measurements of the KI-CsI system were conducted in a virtually 
identical manner to those of the NaI-CsI system. The DSC signals of 
several samples of the KI-CsI system are illustrated in Fig. 3. 

The liquidus of the KI-CsI system was previously reported by 
Samuseva and Plyushchev [15] (± 40 ◦C) and Sato et al. [17] (± 1 ◦C). 
However, liquidus temperatures from Samuseva and Plyushchev [15] 
are significantly distinct from results observed by OTU, JRC and Sato 
[17], illustrated in Fig. 4. 

The study by Samuseva and Plyushchev [15] measured the eutectic 
point as 536 ◦C at 39.0 mol% of KI, but with a significant uncertainty 
ranging between ± 40 to 65 ◦C [15]. In contrast, the study by Sato et al. 
[17] identified the eutectic point at 555 ◦C ± 1 ◦C at 38.6 mol% of KI, 
which is in clear agreement with the measured eutectic point obtained in 
the present study (555 ◦C ± 1.7 ◦C at 39.0 mol% of KI). The samples 
developed in this study aimed to identify if possible polymorphic phases 
and solvus transition are consistent and easy to detect solely using DSC. 

A possible polymorphic transitions or a displaced eutectic phase 
transition were difficult to interpret from points XKI = 11.0, 19.5, 27.0, 
and 48.5 mol%. Among these, only the sample with XKI = 19.5 mol% 
clearly showed an onset temperature at 540 ◦C, eutectic and liquidus 
temperature. In addition, this possible polymorphic transition was not 
consistently observed in the adjacent samples, with XKI 15.0 and 23.4 
mol%. In the study of Sato [17], no possible polymorphic transitions 
were observed. However, Samuseva and Plyushchev [15] showed 
several points around 525 ◦C, but with large inconsistencies to one 
another. For the development of the thermodynamic model of this sys
tem, this possible polymorphic transition was not assumed due to the 
absence of convincing experimental data. Results obtained using a 
heating rate of 2 ◦C/min was adopted, whenever available, otherwise 5 
◦C/min signals were used (Table 10). 

Previous studies [15,16,47] investigated the evidence of solid solu
bility in the KI-CsI system but no clear evidence was found. Sangster 

Table 9 
NaI-CsI Samples and phase transitions results. a Sample mass of 50 mg.  

XNaI Heating 
Rate 

Phase 
Transition 

T [◦C] Phase 
Transition 

T [◦C] 

0.000a 5 ◦C/min -  Liquidus 627.1 
0.213a 5 ◦C/min Eutectic 431.6 Liquidus 569.8 
0.399a 5 ◦C/min Eutectic 432.0 Liquidus 480.4 
0.528a 2 ◦C/min Eutectic 431.8 Liquidus 462.1 
0.602a 5 ◦C/min Eutectic 432.0 Liquidus 506.8 
0.799a 5 ◦C/min Eutectic 432.4 Liquidus 594.8 
1.000a 5 ◦C/min -  Liquidus 657.9 

* Internal pressures within the hermetically sealed SS crucibles were not 
monitored but showed no influence on pure component’s melting temperature 
for up to 3.65 atm at 800 ◦C. NaI-CsI presented temperature uncertainty, u(T) =
± 5 ◦C and ± 6 ◦C for eutectic, and ± 10 ◦C and ± 10 ◦C for liquidus, for at 5 and 
2 ◦C/min, respectively, for 0.68 level of confidence. Mixture uncertainty was 
evaluated to be u(xi− j) = ± 0.13 mol% for the same standard uncertainty.  

Fig. 2. NaI-CsI phase diagram proposed by the present work. Experimental 
data points used for comparison from Il’yasov and Bergman [13] are available 
in the Appendix. NaI + CsI solid phase has not been validated by XRD mea
surements, but follows interpretation from Il’yasov and Bergman [13]. 
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Table 10 
KI-CsI Samples and phase transitions. a Sample mass of 50 mg, b Sample mass of 100 mg, * Measurements made from JRC. c Polymorphic was not detectable through 
DSC signals and was not validated by XRD. Heating rate units in ◦C/min.  

XKI Heating Rate Transition T [◦C] Transition T [◦C] Transition T [◦C] 

0.039 a 2 Solvus 316.3 Solidus 608.1 Liquidus 621.4 
0.039 a 5 Solvus 310.0 Solidus 610.1 Liquidus 628.4 
0.070 b 2   Solidus 600.0 Liquidus 616.6 
0.070 b 5   Solidus 599.9 Liquidus 622.0 
0.110 b 2 Polymorphic c 539.7   Liquidus 606.0 
0.110 b 5 Polymorphic c 540.4   Liquidus 610.9 
0.150 b 2   Eutectic 553.6 Liquidus 608.1 
0.150 b 5   Eutectic 553.6 Liquidus 607.4 
0.195 b 2 Polymorphic c 538.2 Eutectic 553.6 Liquidus 589.3 
0.195 b 5 Polymorphic c 540.2 Eutectic 561.2 Liquidus 596.2 
0.234 b 2   Eutectic 553.5 Liquidus 579.2 
0.270 b 2 Polymorphic c 539.1   Liquidus 559.8 
0.270 b 5 Polymorphic c 538.3   Liquidus 564.6 
0.309 b 2   Eutectic 553.9 Liquidus 562.3 
0.309 b 5   Eutectic 554.6 Liquidus 567.3 
0.347 a 2   Eutectic 555.8 Liquidus 561.5 
0.442 b 2   Eutectic 554.9 Liquidus 564.7 
0.485 b 2 Polymorphic c 539.8   Liquidus 568.1 
0.555 b 5   Eutectic 557.7 Liquidus 581.7 
0.598 a 5   Eutectic 559.0 Liquidus 588.8 
0.703 b 2   Eutectic 558.7 Liquidus 613.5 
0.703 b 5   Eutectic 559.5 Liquidus 618.6 
0.800 a 2   Solidus 576.4 Liquidus 638.2 
0.861 a 2   Solidus 623.7 Liquidus 648.1 
0.951 a 2   Solidus 656.8 Liquidus 671.2 
0.951 a 5   Solidus 658.1 Liquidus 676.6 
1.000 a 2     Liquidus 679.0 
1.000 a 5     Liquidus 680.2 
1.000 b 5     Liquidus 684.2 
0.200 a* 5   Eutectic 557.7 Liquidus 591.1 
0.200 a* 10   Eutectic 557.7 Liquidus 591.1 
0.310 a* 5   Eutectic 559.0   
0.310 a* 10   Eutectic 559.0   
0.800 a* 5   Eutectic 572.3 Liquidus 639.6 
0.800 a* 10   Eutectic 572.3 Liquidus 639.6 

* Internal pressures within the hermetically sealed SS crucibles were not monitored but showed no influence on pure component’s melting temperature for up to 3.21 
atm at 680.2 ◦C. KI-CsI presented temperature uncertainty u(T) = ± 5 ◦C and ± 6 ◦C for eutectic, solvus and solidus, and ± 10 ◦C and ± 10 ◦C for liquidus, for at 5 and 2 
◦C/min, respectively. Mixture uncertainty was evaluated to be u(xi− j) = ± 0.13 mol% for the same standard uncertainty. Standard uncertainty (u) was calculated for a 
0.68 level of confidence.  

Fig. 4. KI-CsI phase diagram proposed. Plotted for a temperature range be
tween 500 to 700 ◦C. Experimental points used for comparison from Samuseva 
and Plyushchev [15] and Sato et al. [17] are available in the Appendix. CsI, CsI 
+ KI and KI solid phases have not been validated by XRD measurements, but 
follow interpretation from Samuseva and Plyushchev [15]. 

Fig. 5. KI-CsI phase diagram proposed. Plotted for a temperature range be
tween 100 to 700 ◦C. Experimental points used for comparison from Samuseva 
and Plyushchev [15] and Sato et al. [17] are available in the Appendix. CsI, CsI 
+ KI and KI solid phases have not been validated by XRD measurements, but 
follow interpretation from Samuseva and Plyushchev [15]. 
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[14] did consider the possible solid solubility data from Samuseva’s [15] 
experimental data despite the question of the nature of the solid state of 
this system remaining unresolved. Sato et al. [17] could also not identify 
the solid solution phase KI using TG-DTA measurements. To obey the 
Gibbs phase rule, and be consistent with the current proposed solvus line 
on the rich KI side, at 80% mol of KI, at approximately 575 ◦C, the study 
preferred to maintain the previous interpretation of Sangster [14] 
regarding the solid solution phase KI. 

In this work, the solubility of solid solution phases was assumed to be 
between 7.0 mol% and 65.0 mol% of KI, as reported in Sangster’s model 
[14] and Samuseva’s experimental results [15]. In contrast, the latter 
work of Sato et al. [17] observed different signals, where complete 
immiscibility was found. Fig. 4 provides a comparison of both sets of 
results in addition to this work. 

A clear signal of solid solubility was identified at 3.9 mol% of KI, at 
313.9 ◦C, indicating limited solid solubility of KI into CsI. However, it is 
unknown why the solvus between CsI + KI to CsI and KI was not detected 
at 7% and 70% of KI, respectively, which limited confidence regarding 
the solvus transition observed at 3.9 mol% of KI. Nevertheless, solvus 
from CsI + KI to pure CsI and pure KI have been assumed based on 
previous interpretations of Samuseva and Plyushchev [15]. On the other 
hand, OTU’s (80.0 and 86.0 mol% of KI) and JRC’s (80.0 mol% of KI) 

samples were not able to observe an indication of an extended solid 
solution phase rich in KI. However, higher onset temperatures were 
observed at 638.2 ◦C (OTU) and 639.6 ◦C (JRC) for 80 mol% of KI. This 
artifact coupled with the Gibbs phase rule, raises the necessity of an 
extended solid solution phase rich in KI. For this reason, the KI solvus 
line was adopted in this study (Figs. 4 and 5), but further experiments 
using different techniques (i.e., X-ray Diffraction (XRD)) may be needed 
in future studies to confirm this solid solution phase. 

The proposed thermodynamic model for this system is somewhat 
similar to the one proposed by Samuseva [15], with adjustments made 
based on the current results. However, the eutectic temperature from 
Sato et al. [17] was maintained in the model due to several samples 
supporting this interpretation. The possible polymorphic phase 
observed at approximately 540 ◦C in this work was completely neglected 
in the model due to the lack of consistency in the experimental results. 

4.4. The NaF-CsI System 

No available data was found for the NaF-CsI system in the literature. 
In the present study, the eutectic point was measured to be ≈93 mol% 
CsI at 614 ◦C. It was not possible to observe liquidus temperatures for 
90.0 and 85.8 mol% CsI mixtures using a heating rate of 5 ◦C/min, only 
at 2 ◦C/min. Three additional measurements were performed at JRC to 

Table 11 
NaF-CsI Samples and phase transitions. a Sample mass of 50 mg. * performed by JRC. Heating rate unit in ◦C/min.  

XCsI Heating Rate Phase Transition Transition [◦C] Phase Transition Transition [◦C] 

1.000 a 5   Liquidus 627.1 
0.955 a 2 Eutectic 611.9 Liquidus 618.7 
0.955 a 5 Eutectic 611.9 Liquidus 624.0 
0.900 a 2 Eutectic 611.9 Liquidus 660.7 
0.900 a 5 Eutectic 611.6 Liquidus N/A 
0.858 a 2 Eutectic 613.6 Liquidus 805.0 
0.858 a 5 Eutectic 612.2 Liquidus N/A 
0.800 a 5 Eutectic 614.3 Liquidus 871.6 
0.600 a 5 Eutectic 614.7 Monotectic 946.9 
0.400 a 5 Eutectic 614.7 Monotectic 963.3 
0.200 a 5 Eutectic 614.5 Monotectic 955.0 
0.000 a 5   Liquidus 997.4 
0.500 a* 5 Eutectic 611.6 Monotectic 959.5 
0.300 a* 5 Eutectic 611.4 Monotectic 975.6 
0.100 a* 5 Eutectic 606.6 Monotectic 978.1 

* Internal pressures within the hermetically sealed SS crucibles were not monitored but showed no influence on pure component’s melting temperature for up to 5.33 
atm at 1250 ◦C. NaF-CsI presented temperature uncertainty of ± 5 ◦C and ± 6 ◦C for eutectic, and ± 10 ◦C and ± 10 ◦C for liquidus and monotectic, for at 5 and 2 ◦C/ 
min, respectively. Mixture uncertainty was evaluated to be ± 0.13 mol%. Standard uncertainty (u) was calculated for a 0.68 level of confidence.  

Fig. 6. NaF-CsI phase diagram with experimental data-points from this work. 
NaF + CsI solid phase has not been validated by XRD measurements and it was 
assumed based on DSC measurements. Liquid 1 + Liquid 2 miscibility gap has 
not been validated. 

Fig. 7. NaF-CsI phase diagram with experimental data points from this work 
with detail for gaseous phase. NaF + CsI, Liquid 1 + Liquid 2 and gaseous- 
containig regions have not been validated. 
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investigate a possible miscibility gap between 10 to 50 mol% CsI. This 
was made because a slight noise was observed at 1050 ◦C by OTU’s 
samples. Additional samples made by JRC (10, 30 and 50 mol% CsI) 
were heated up to 1200 ◦C, respecting the temperature limitation to 
avoid salt boiling, but no signals of a miscibility gap were found for these 
samples. Results obtained by both OTU and JRC are summarized in 
Table 11. 

While DSC signals did not indicate miscibility gaps for this system, 
they have been identified in different thermodynamic studies involving 
reciprocal salts, such as in the LiF-CsI and ThF4-CsI systems explored by 
Capelli et al. [5]. A comprehensive analysis revealed that omitting a 
miscibility gap from the model made it difficult to align the model with 
experimental data. To accommodate the observed temperature plateau 
between 10% CsI to 60% CsI, recognizing a miscibility gap proved to 
yield a suitable fit to the current experimental data. The proposed phase 
diagram is presented in Fig. 6. 

The proposed miscibility gap is postulated to extend to higher tem
peratures than what was measured in this campaign. To depict its po
tential influence on the boiling point, this model is extrapolated to 1800 
◦C in Fig. 7. Experimental measurements of these phase transitions is 
needed to validate the phase diagram at higher temperatures, which is 
beyond the max use temperature of the current procedure of approxi
mately 1200 ◦C. Future experiments are recommended to corroborate 
the suggested miscibility gap by utilizing techniques such as quenching 
samples and subsequent analysis using scanning electron microscopy 
and energy-dispersive X-ray spectroscopy. Future DSC experiments at 
higher temperatures should consider the possibility of preferential 
volatilization affecting composition. 

5. Conclusions 

This study has contributed to the further understanding of the NaI- 
CsI, KI-CsI, and NaF-CsI pseudo-binary systems by, providing new 
experimental data:  

• The liquidus obtained for the NaI-CsI system was in good agreement 
with previous studies, which used TG-DTA analysis, but this time, the 
eutectic was able to be observed using DSC technique. An excellent 
fit between experimental results and the thermodynamic model is 
provided.  

• For the KI-CsI system, divergent results from previous studies were 
clarified, some knowledge gaps were filled on CsI solid solution and 
the eutectic point and confidence were gained in the system as a 
whole. However, there are still uncertainties with this system, 
especially for the possible solid solubility where KI is rich (>70% mol 
of KI-CsI), where CsI is rich (<9% mol of KI-CsI) and possible poly
morphic phase transitions between 520–540 ◦C. A thermodynamic 
model is provided taking into consideration contributions from 
previous work, but differences were solved using the present 
experimental data.  

• The NaF-CsI system was experimentally investigated for the first 
time, and consistent experimental results between OTU and JRC’s 
samples were obtained. The thermodynamic modelling of reciprocal 
salts was challenging and further investigation is needed for this type 
of system.  

• For all systems, the use of 50 mg samples at 5 ◦C/min obtained good 
DSC signals. However, it was noticed that for most of the 2 ◦C/min 
measurements of the KI-CsI system, liquidus temperatures presented 
noticeably lower results, but within final error uncertainty. The 
usage of 2 ◦C/min heating rate should be used with the auxiliary 
intention of better interpreting 5 ◦C/min signals. At the same time, 
no significant improvement was observed when increasing sample 
composition masses. 

All pseudo-binary systems were developed to directly support the 
development of the JRCMSD and contribute to the understanding of the 
solubility behaviour of CsI, NaI, KI, and NaF in molten salt systems. 

6. Recommended Future Work 

The authors would like to suggest future work for the following 
systems, as not all knowledge gaps could be filled using exclusively DSC. 

KI-CsI: Heating 4–96, 70–30, and 90–10 mol% KI-CsI samples to 500 
◦C, quenching the sample, and post-analysis using XRD, Scanning elec
tron microscopy (SEM) and/or Energy Dispersive X-ray spectroscopy 
(EDS) to differentiate crystal structures. This would help better under
stand the solvus phase transition. Heating 20–80, 40–60, 60–40 mol% 
KI-CsI samples to 550◦C and repeat the same process, to identify if a 
possible polymorphic phase transition exists. 

CsI-NaF: Heating 20–80 and 40–60 mol% CsI-NaF for up to 1200 ◦C, 
quenching the sample, and post-analyzing it using SEM/EDS analysis to 

Table 12 
NaI-CsI data*, obtained from the study of Il’yasov and Bergman [13].  

XNaI Temp [◦C] XNaI Temp [◦C] 

0.000 640.0 0.600 505.3 
0.300 538.6 0.700 555.6 
0.400 482.8 0.800 604.6 
0.470 457.1 0.900 637.3 
0.490 428.0 1.000 660.0 
0.500 439.4   

*Temperature uncertainty of ± 20 ◦C [13] treated with standard uncertainty (u) 
of 0.68 level of confidence. There is no available data regarding mixture 
composition and internal pressure uncertainties.  

Table 13 
KI-CsI data*, obtained from Sato et al. [17].  

XKI Temp 
[◦C] 

XKI Temp 
[◦C] 

XKI Temp 
[◦C] 

XKI Temp 
[◦C] 

0.000 630.3 0.360 561.4 0.401 554.9 0.650 554.8 
0.050 627.8 0.360 560.7 0.418 554.6 0.650 602.7 
0.100 556.1 0.362 554.9 0.420 560.9 0.700 555.8 
0.100 615.2 0.370 553.7 0.420 560.4 0.700 612.7 
0.150 556.0 0.370 556.2 0.425 554.9 0.750 556.0 
0.150 605.0 0.370 557.9 0.430 555.2 0.750 624.8 
0.200 556.0 0.376 555.3 0.430 561.2 0.800 554.8 
0.200 593.2 0.380 554.9 0.450 555.7 0.800 636.4 
0.250 555.9 0.380 558.7 0.450 563.9 0.850 554.2 
0.250 584.7 0.380 557.9 0.480 555.2 0.900 553.5 
0.300 554.7 0.380 558.6 0.480 570.7 0.900 657.7 
0.300 574.3 0.386 555.4 0.500 556.2 0.950 556.1 
0.320 555.4 0.390 554.0 0.500 573.1 0.950 668.0 
0.320 563.6 0.390 556.0 0.550 555.8 1.000 679.0 
0.350 555.4 0.400 554.8 0.550 583.6   
0.350 561.1 0.400 558.4 0.600 556.0   
0.358 554.7 0.400 558.8 0.600 593.6   

*Temperature uncertainty of ± 1 ◦C and composition uncertainty of 0.1 mol% 
[17] treated with standard uncertainty (u) of 0.68 level of confidence. There is 
no available data regarding internal pressure uncertainty.  

Table 14 
KI-CsI data*, obtained from Samuseva and Plyushchev [15].  

XKI Temp 
[◦C] 

XKI Temp 
[◦C] 

XKI Temp 
[◦C] 

XKI Temp 
[◦C] 

0.000 640.1 0.302 577.2 0.503 570.9 0.799 584.9 
0.100 550.3 0.303 531.1 0.601 543.0 0.800 666.2 
0.102 625.6 0.401 522.4 0.601 610.7 0.901 673.2 
0.203 522.0 0.403 550.7 0.700 640.9 0.902 627.4 
0.203 588.6 0.503 536.0 0.701 565.9 1.000 680.4 

*Temperature uncertainty of ± 40 ◦C [15] treated with standard uncertainty (u) 
of 0.68 level of confidence. There is no available data regarding mixture 
composition and internal pressure uncertainties.  
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investigate the miscibility gap between Liquid 1 and Liquid 2. The same 
could be done for 5–95, 80–20 and 90–10 mol% CsI-NaF to analyze if 
only Liquid 1 is present. 
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Appendix A 

Additional data from the NaI-CsI system were obtained from the 
study of Il’yasov and Bergman [13], described in Table 12. 

Additional data from the KI-CsI system were obtained from the study 
of Sato et al. [17], described in Table 13. From the same system, addi
tional data from Samuseva and Plyushchev [15] was used for compari
son, represented in Table 14. 
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[33] O. Beneš, M. Beilmann, R. Konings, Thermodynamic assessment of the LiF-NaF- 
ThF4-UF4 system, Journal of Nuclear materials 405 (2) (2010) 186–198. 
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