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ABSTRACT 

Currently, a knowledge gap exists in the available data and understanding of 
thermophysical properties relating to fresh fuel salts, especially those containing 
plutonium. This data is necessary for the design and construction of test reactors, 
as well as the licensing of future commercial molten-salt reactors. Thermophysical 
properties such as melting temperature, salt stability, density, and heat capacity 
were determined using synthesized eutectic NaCl-PuCl3 (36 mol% PuCl3) and a 
more sodium rich composition containing 25 mol% PuCl3. These measurements 
document the baseline properties of the salt as a function of temperature for future 
experiments on irradiated fuel salt which will provide a holistic perspective on the 
change of thermophysical properties during reactor operations. It was determined 
that the NaCl-PuCl3 ingot synthesized for this study contained 63.4 mol% NaCl, 
36.3 mol% PuCl3 and was 99.7% pure. Upon heating the NaCl-PuCl3 eutectic was 
stable at temperatures up to 800°C. The onset of melting occurred at 451°C, and 
the enthalpy of fusion was determined to be 140.7 ± 8.4 J/g. Specific heat capacity 
measurements showed a slightly decreasing trend with respect to temperature in 
the liquid phase ranging from 0.67 to 0.57 J/g·K, with an average value of 0.637 ± 
0.03 J/g·K (104 ± 5 J/mol·K) between 500 to 720°C. Three independent trials of 
the molten NaCl-PuCl3 eutectic salt found the density to be ρ(T) = 3.8589 – 
9.5342·10-4 T(°C), validated between 500 to 800°C. In addition to salt synthesis 
and experimentally determining thermodynamic properties, ab initio molecular 
dynamic (AIMD) simulations were used to calculate density and heat capacity 
values. 
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1. INTRODUCTION 
The use of sodium chloride (NaCl) - plutonium trichloride (PuCl3) as a fuel in molten-salt reactors 

(MSR) has been discussed for decades [1-3]. Today, society’s rapid shift toward renewable energies and 
push for carbon neutral energy sources to mitigate climate change have renewed interest in using nuclear 
energy as a low-carbon footprint energy source [4]. Advanced MSRs are one potential type of nuclear 
reactor design being considered today by several countries including the United States, Canada, China, 
South Korea, Norway, and Denmark. Fuel compositions of actinide fluoride and chlorides are typically 
considered; however, a recent study on heavier halides indicates that bromide and iodine fuels may also 
be possible [5]. A limited amount of experimental thermophysical property data is available on the NaCl-
PuCl3 fuel salt system; furthermore, most information available relates to the unary actinide salts or 
mixtures which have been theoretically calculated and remain unverified experimentally. 

Some of the challenges that arise when studying systems containing PuCl3 are the availability of a 
pure PuCl3 feedstock and facilities with characterization equipment that allows the use of transuranic 
materials. Synthesis of high-purity PuCl3 has been demonstrated, at the gram scale, by aqueous, gaseous, 
and electrochemical methods [6-8]. There are several documented chemical reactions for producing 
PuCl3, each using a different precursor. PuCl3 can be synthesized from the reaction of PuO2 or plutonium 
(III) oxalate with PCl5, SCl2, HCl-H2, COCl2, and CCl4. However, these are either not scalable reactions 
or do not yield a PuCl3 product >98% pure [6] except with COCl2 [9]. Aqueous preparation of PuCl3 can 
be complicated by difficulties associated with obtaining a pure solution of Pu(III) and removing all water 
of crystallization; however, 98% pure PuCl3 has been achieved [10]. Therefore, synthesis and purification 
of PuCl3 are typically achieved through high-temperature pyrochemical processing where the PuO2 
feedstock is converted to Pu metal by direct reduction in CaCl2 through the multicycle direct oxide 
reduction process [11]. However, if complete chlorination of Pu is not ensured, it can have unintended 
effects on thermophysical properties, especially melting temperature [12]. 

A lesser utilized synthesis route is proposed in this research, where NH4Cl is used as the chlorinating 
agent at elevated temperatures and has been shown to yield a high-purity UCl3 product [13]. The overall 
reaction is represented in Reaction 1. NH4Cl sublimates at 338°C [14] represented by Reaction 2, and its 
decomposition is therefore the source of HCl gas. Reaction of Pu metal with HCl gas is highly 
exothermic, Reaction 3, and because this route of chlorination is a solid-gas reaction, the Pu metal must 
be pulverized to increase the surface area and ensure complete chlorination. Extreme care should be taken 
when handling Pu-metal powders which are pyrophoric and must be handled in an inert atmosphere. 
Because the Pu-Cl reaction is highly exothermic, an inert carrier salt, such as NaCl, can be added to the 
reaction vessel to absorb some of the energy produced during the chlorination. The complete synthesis 
reaction follows Reaction 4, where the intended product was the eutectic NaCl-PuCl3 binary containing 
36 mol% PuCl3 reported by Bjorklund et al. [15], and NaCl is present as both a product and reactant. 
Gibbs free energy calculations were performed by HSC Software [16]. 

 
𝑃𝑃𝑃𝑃 + 3𝑁𝑁𝐻𝐻4𝐶𝐶𝐶𝐶 →  𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶3 +  3𝑁𝑁𝐻𝐻3 +  1.5𝐻𝐻2  ∆𝐺𝐺𝑅𝑅𝑅𝑅,338°𝐶𝐶 =  −505 𝑘𝑘𝑘𝑘   Reaction 1 

𝑁𝑁𝐻𝐻4𝐶𝐶𝐶𝐶(𝑠𝑠) →  𝑁𝑁𝐻𝐻3(𝑔𝑔) +  𝐻𝐻𝐶𝐶𝐶𝐶(𝑔𝑔)  ∆𝐺𝐺𝑅𝑅𝑅𝑅,338°𝐶𝐶 =  −505 𝑘𝑘𝑘𝑘     Reaction 2 

𝑃𝑃𝑃𝑃(𝑠𝑠) + 3𝐻𝐻𝐶𝐶𝐶𝐶(𝑔𝑔) →  𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶3(𝑠𝑠) +  1.5𝐻𝐻2(𝑔𝑔)  ∆𝐺𝐺𝑅𝑅𝑅𝑅,338°𝐶𝐶 =  −527𝑘𝑘𝑘𝑘  Reaction 3 

𝑃𝑃𝑃𝑃 + 𝑁𝑁𝐻𝐻4𝐶𝐶𝐶𝐶 + 𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶 →  𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶3 + 𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶 +  𝑁𝑁𝐻𝐻3 +  𝐻𝐻2      Reaction 4 
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One issue that currently inhibits development and deploying advanced MSRs is a lack of 
understanding of molten-salt behavior and molten-salt thermophysical property changes due to impurities, 
such as those arising from salt fabrication, handling (i.e., oxygen and moisture), and corrosion. Therefore, 
it is necessary to understand the fundamental behaviors such as melting and polymorphic temperatures, 
heat capacity, and density of actinide-bearing salts proposed for use as fuels in MSRs. This type of data 
along with other information such as corrosion kinetics will aid in modeling and simulation.  

Thermophysical properties of NaCl are well known. However, limited data is present in literature on 
the unary PuCl3 salt and even less information is available for mixtures of NaCl and PuCl3. 
Thermophysical properties for NaCl and PuCl3 are provided in Table 1. In this work, eutectic NaCl-PuCl3 
(64 mol% NaCl – 36 mol% PuCl3) was synthesized along with 75 mol% NaCl - 25 mol% PuCl3 salt. 
Both were characterized to provide a better understanding of NaCl-PuCl3 mixtures melting temperature, 
salt stability, density, and heat capacity in the temperature range or an operating MSR. In addition, 
experimental data for density and heat capacity are compared to computational values determined by ab 
initio molecular dynamic (AIMD) simulations to provide further insights on the similarities and contrasts 
existing in both approaches. 

Table 1. Properties of NaCl and PuCl3 in their crystalline form. 
Property NaCl (cr) Ref. PuCl3 (cr) Ref. 
Appearance Clear to 

white 
[17] Green-blue [18] 

Melting Temperature, °C 801 [17] 736 ± 10 
760 
767 ± 2 
760 to 765 
768 

[19] 
[10] 
[15] 
[20] 
[21] 

Boiling Temperature, °C 1413 [17] 1679 
1730 

[19] 
[5] 

Density (solid), 
g/cm3 

2.165 [17] 5.708 [22] 

Specific Heat (J/mol·K) 50.33 [23] 101.2 [5, 22] 
Heat of Fusion, kJ/mol 517 [17] 55.0 ± 5.0 

63.6 
[24] 
[25] 

 

2. METHODS  
All material handling and experimentation were performed in an inert atmosphere glovebox with 

oxygen and moisture levels maintained below 5 and 0.1 ppm, respectively. Physical measurements of all 
masses were measured using a calibrated analytical balance. Balances are calibrated annually by the 
standards and calibration laboratory (S&CL) at the Idaho National Laboratory (INL), and they are 
assigned an uncertainty for their measurement range. Daily checks are performed on these balances using 
National Institute of Standards and Technology (NIST) traceable external calibration weights, also 
calibrated by the S&CL, to confirm the balance functionality and accuracy before use. 

2.1 Salt Synthesis 
Prior to use, sodium chloride (NaCl, 99.99% metals basis) was heated under a 17.5 kPa absolute 

vacuum to 350°C for 3.5 hours in an argon glovebox to ensure it was fully dry before being transferred 
and weighed in the Advanced Fuel Cycle Initiative (AFCI) Glovebox at INL. Ammonium chloride 
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(NH4Cl, 99.99%) was heated to 100°C and held for 8 hours. The particle size of NaCl and NH4Cl was 
reduced using an agate mortar and pestle to less than 50 mesh. Plutonium metal, in rodlet form, was 
selected as the feedstock material because of its purity and ease of size reduction. Visually, the Pu-metal 
rod appeared to be free from surface oxidation (Figure 1A). All labware in contact with materials during 
synthesis and experimentation was cleaned with soapy water, rinsed in deionized water, dried with 
ethanol, rinsed with deionized water, dried in an oven, and then heated to temperature prior to use in a 
furnace. 

Prior to hydriding the Pu-metal rods (Figure 1A), further size reduction was performed using sheers 
to cut segments into small pellets approximately 3–5 mm in diameter as seen in Figure 1B. To increase 
the surface available for reaction, the Pu-metal pellets were exposed to hydrogen gas at elevated 
temperatures. Exposure of Pu metal to hydrogen gas leads to the formation of PuHx where the 
stoichiometry is dependent on temperature and pressure [26]. The reaction for hydriding follows Reaction 
5; this reaction will proceed at a rapid rate, independent of temperature but dependent on the hydrogen 
partial pressure and active surface area [27].  

𝑃𝑃𝑃𝑃 + 𝑅𝑅
2
𝐻𝐻2  ⇌  𝑃𝑃𝑃𝑃𝐻𝐻𝑅𝑅    Reaction 5 

The furnace hydriding furnace was prepared by placing the Pu-metal sample in a tapered quartz 
crucible (4.5 cm inner diameter at base), evacuating the furnace chamber to approximately 3.07 kPa, and 
backfilling with a flowing hydrogen purge gas (H2, 99.99%) at a rate of 20 standard cubic centimeter per 
minute. The furnace was then heated to 250°C and held for 60 minutes with the H2 purge. After the 60 
minutes, the furnace was cooled to room temperature, evacuated, and reheated to 250°C with a H2 purge. 
This heating, cooling, and evacuation cycle was repeated five times in an attempt to dislodge the hydride 
material from the Pu-metal pellets, exposing more metal surface for reaction with H2 gas. The material 
was removed from the furnace and sieved. Material <50 mesh was held to the side while material >50 
mesh went through the hydride process until all material was below 50 mesh (Figure 1C). To de-hydride, 
a final step was performed where the material was heated to 325°C under vacuum and held for several 
hours. No hydrogen analysis was performed on the material to confirm completeness as the presence of 
some PuH2 is not detrimental to the chlorination step due to the high favorable thermodynamic 
chlorination reaction.  

 
Figure 1. Plutonium metal. A. metal rods, B. intermediate particles, C. less than 50 mesh powder.  

The Pu-powder was chlorinated using NH4Cl which is an exothermic reaction; to absorb some of the 
energy, sodium chloride was added to the mixture as a “heat sink.” In addition, the eutectic NaCl-PuCl3 
was the desired product so adding NaCl to the reaction container eliminated a further blending step. 

Two batches of Pu metal were size reduced using the hydride, de-hydride process, approximately 
150.0g each. Two batches of NaCl-PuCl3 eutectic salt were synthesized, approximately 250g in mass 
each. First, the NaCl and NH4Cl were mixed, with NH4Cl added in 2% excess. Excess chlorine gas 
causing the formation of PuCl4 was not of concern as PuCl4 has been shown, by calculations, to not exist 
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in the solid state but to exist in the gaseous state in an atmosphere of chlorine over PuCl3 [28]. Though 
PuCl4 has not been isolated in the solid or gaseous state, its presence has been inferred due to increased 
volatility of PuCl3 in a stream of chlorine at 400°C relative to H-HCl stream. However, it is thought that 
gaseous PuCl4 decomposes back to PuCl3 and chlorine gas when condensed. This is in contrast to UCl3 
which has been shown to form volatile UCl4 when in the presence of excess chlorine [29]. 

Pu-metal powder was added to the NaCl-NH4Cl mixture in a glass jar (Figure 2A) and then lightly 
mixed into a homogenous blend as seen in Figure 2B. Finally, the homogenous mixture was poured into a 
glassy carbon crucible (Sigradur, GAT 32, 320 ml) shown in Figure 2C and placed into a modified 
benchtop furnace (Kerr, Auto Electro-Melt Furnace, Maxi 3 kg). A glassy carbon cover (Sidradur GAD 3) 
was placed on the crucible. Steel wool was placed on top of the crucible lid to react with any chlorine gas 
should it escape the reaction vessel. This was all contained within the furnace which included an insulated 
lid. The synthesis reaction vessel and furnace were located within the argon atmosphere AFCI glovebox. 
During synthesis, ammonia and HCl gas detectors (Dräger diffusion tubes) were placed on top of the 
furnace and at various location in the glovebox. 

 

 
Figure 2. Homogenization of chemicals for synthesis of eutectic NaCl-PuCl3 salt. A. Unmixed NaCl, 
NH4Cl, and Pu-metal powders; B. Mixed chemicals in glass vial; C. Mixed material in glassy carbon 
crucible, reaction vessel. 

Because the Pu-chlorination reaction is exothermic and has the potential to instantaneously release a 
large amount of energy, the synthesis reaction was performed over approximately a 60-hour period. Time 
zero began at room temperature, and the furnace was heated to 450°C with a heating rate of 10°C/hour. 
The critical temperature for the reaction was thought to be 338°C, the sublimation temperature of NH4Cl. 
However, NH3 gas was detected when the furnace reached 175°C, suggesting the chlorination reaction 
initiated at lower temperatures than expected. Once the furnace reached 450°C, the material was heated at 
5°C/min to 800°C and then cooled to room temperature. Once cool, the NaCl-PuCl3 ingot was easily 
removed from the glassy carbon crucible. No discoloration was seen on the steel wool, the crucible lid, or 
the walls of the crucible that would indicate volatility of the NaCl-PuCl3 product. 

2.2 Elemental and Isotopic Analysis 
Both the Pu-metal powder and the resulting NaCl-PuCl3 salt samples were dissolved in a solution 

containing several strong inorganic acids to ensure the sample and any metal impurities would be 
dissolved. Before trace analysis of impurities could be carried out by inductively coupled optical 
emissions spectrometry (ICP OES), a portion of the parent solution was chemically separated to remove 
the plutonium from the matrix. Plutonium has a rich emission spectrum which can interfere with 
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determining other analytes of interest, particularly if they are present in only trace quantities. The 
separations were carried out using auto-gas-pressurized extraction chromatography (auto-GPEC). Once 
the sample is loaded into the auto-GPEC, a valve switches/rotates, opening to a pressurized-gas line, and 
the sample is then pushed through the chromatographic column, and the eluent is collected on the other 
side. To remove the plutonium, a uranium and tetra valent actinides (UTEVA, Eichrom) 100–150 µm 
resin was employed as the stationary phase. The removal of the plutonium is required before the ICP-OES 
analysis because emission from plutonium can interfere with determining other elements of interest, 
specifically iron. Isotopic analysis was performed on the quadrupole – inductively coupled plasma - mass 
spectrometer (Q-ICP-MS) which does not require separation prior to analysis, and therefore, a portion of 
the parent solution was simply diluted to prepare it for analysis. 

Crystallographic X-ray diffraction (XRD) data were acquired on a Panalytical Empyrean X-ray 
diffractometer (Malvern-Panalytical Ltd United Kingdom) operating with a Bragg-Brentano geometry 
monochromatic Cu-Kα beam radiation (λ=1.540593 Å). The salt sample(s) were analyzed by adjusting the 
voltage and current values to 40-kV and 45-mA, respectively, and rotating the sample(s) on the 
diffractometer reflection sample holder spinner at a rotational speed of 15 rpm. Scanning was conducted 
from 10° to 70° 2θ with a 0.026-degree step size interval. A NIST LaB6 standard (SRM 660c) was used 
to determine instrument parameters and verify instrument alignment. The background was fitted with a 
Sonneveld & Visser polynomial [30] with a zero bending factor and eight granularity to fit the 
background. Rietveld fits to the data were conducted using a computer software program (HighScore 
Plus; Malvern-Panalytical) and using International Centre for Diffraction Database (ICDD) PDF4+. 
Refinements for plutonium trichloride were conducted in hexagonal space group P63/m (No.176) using 
ICDD reference 00-006-0222 and for sodium chloride in cubic space group Fm-3m (No.225) using ICDD 
reference 00-002-818. 

2.3 Melting Temperature, Salt Stability, and Enthalpy 
Transition temperatures and enthalpies of transition were determined employing a simultaneous 

thermal analyzer (STA), Netzsch 449 F1, with differential scanning calorimeter (DSC)/thermogravimetric 
analyzer (TGA) type-S sample carrier, located inside an inert argon glovebox having oxygen and 
moisture levels below 5 ppm and 0.1 ppm, respectively. Inert, glassy carbon crucibles (diameter 6 mm, 50 
μl) and lids, rated to 2400°C, were used to contain the salt samples and calibration standards. Crucible 
lids contained a small hole in the center to prevent a buildup of pressure in the crucible and allow the 
escape of off gasses (if they were to occur). 

Calibration of the STA for temperature and heat flow was performed using five high-purity standards 
for each of the three heating rates: 20, 10, 2°C/min. The transition temperatures and enthalpy of the 
standards were calculated by averaging the onset and peak area for three heating cycles [31]. Enthalpies 
of transition were determined by integrating the full area under each transition peak from the transition 
start to the transition finish. The temperature and sensitivity calibrations were accurate in the range of 164 
to 962°C by verification using a zinc standard (Table 2) where the experimental melting temperature was 
within ±3°C and < ±1°C with a heating rate of 20 and 2°C/min, respectively. The enthalpy of zinc at 
different heating rates was accurate to ±3%. 
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Table 2. Experimental STA results of zinc run using the temperature and heat flow calibration files at 
multiple heating rates. 

Heating 
Rate 

Cycle 1 Cycle 2 Cycle 3 Average Deviation Error 

°C/min °C °C °C °C °C % 
20 417.0 416.9 416.9 416.9 2.6 -0.61 
10 418.4 418.2 418.2 418.3 1.2 -0.29 
2 419.1 419.0 419.0 419.0 0.5 -0.11        

°C/min J/g J/g J/g J/g J/g % 
20 105.5 105.4 104.9 105.3 2.2 -2.08 
10 108.3 108.0 107.8 108.0 -0.5 0.50 
2 104.8 104.4 103.9 104.4 3.1 -2.91 

 
The reported eutectic and melting point temperatures were determined using the average of the onset 

temperature or ending peak temperature for melting, derived from the heating segment of three separate 
heating and cooling cycles. The reported onset and melting temperatures were determined using linear 
regression to remove the effects of thermal lag from the samples. All temperatures are reported with an 
accuracy of < ± 5°C [32]. 

The stability of the salts was studied by monitoring the mass change as a function of temperature. A 
correction file was generated, prior to sample analysis, using two empty crucibles (i.e., sample and 
reference) with identical heating conditions under which the sample was run to account for artificial 
changes in mass due to buoyancy effects. Once the correction was generated, the sample was loaded into 
the same sample crucible used in the correction file. 

2.4 Heat Capacity 
Specific heat capacity measurements were conducted using a Netzsch 404 F1 DSC with a type-S 

sample carrier and rhodium furnace. Prior to heat capacity measurements, the DSC was calibrated for 
temperature and heat flow as described previously for the STA. A heating rate of 5°C/min was used for 
all calibration standards and during specific heat capacity measurements. The accuracy of the temperature 
and sensitivity calibration was verified using one or more standards and performed according to ASTM 
E967-18 [31]. Verification of the calibration curves showed that the DSC was calibrated to have deviation 
in experimental melting temperature from theoretical values of < ±1°C, and the heat flow was calibrated 
to be < 2% for aluminum. 

Heat capacity was determined using the Cp ratio method where the measurement consisted of several 
experimental runs including baseline (empty crucible, no sample), standard + baseline (sapphire with same 
crucibles as baseline), and sample + baseline (same crucible as baseline and standard). When determining 
heat capacity, a new sensitivity calibration file may be generated from the sapphire standard. However, the 
sensitivity calibration generated using the high-purity standards may also be used depending on which one 
provides the most accurate heat capacity for sapphire within the temperature range of interest. Specific heat 
as a function of temperature at constant pressure was calculated by Equation 1 and requires three 
measurements be taken under the same experimental conditions. 

 

𝐶𝐶𝑝𝑝 = 𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

∙ 𝐷𝐷𝐷𝐷𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−𝐷𝐷𝐷𝐷𝐶𝐶𝐵𝐵𝑆𝑆𝐵𝐵𝑆𝑆𝑆𝑆𝐵𝐵𝑆𝑆𝑆𝑆
𝐷𝐷𝐷𝐷𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−𝐷𝐷𝐷𝐷𝐶𝐶𝐵𝐵𝑆𝑆𝐵𝐵𝑆𝑆𝑆𝑆𝐵𝐵𝑆𝑆𝑆𝑆

∙ 𝐶𝐶𝑝𝑝𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 Equation 1 
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Measurement of heat capacity involved nine separate measurements using the same sample and 
reference crucible. First, three baseline correction measurements were performed. The first was discarded, 
and the second and third baseline correction were used to verify reproducibility. Next, three 
measurements were run using a NIST sapphire standard with the selected baseline. The first sapphire run 
was used to generate a sapphire heat flow calibration, replacing the heat flow calibration generated using 
the standards. The second and third sapphire runs were used to verify that the measured specific heat 
capacity of sapphire matched the values for theoretical sapphire heat capacity. Finally, the salt sample 
was loaded into the crucible and run three times using the same baseline as the sapphire sample. The 
average heat capacity of the three sample measurements is reported as the heat capacity for that sample. 
Specific heat capacity determination was performed in accordance with American Standard Test Method 
(ASTM) standard procedure [33]. 

2.5 Density 
For the NaCl-PuCl3 eutectic density determination, 35.250g of salt was added to a glassy carbon 

crucible previously cleaned with deionized water and isopropyl alcohol and baked in a furnace at 800°C 
for 2 hours. The glassy carbon crucible containing the salt sample was then placed in a benchtop furnace 
(Kerr, Auto Electro-Melt Furnace, Maxi 3 kg) modified for density experiments. Figure 3 shows the 
Archimedes densitometer setup within the glovebox including the furnace, stand, and bottom hanging 
balance and is described in greater detail by Duemmler et al. [34]. A Ni bobber was tied onto the wire and 
its volume calculated in 10 mL of both deionized water and ethanol, which have well defined densities 
near room temperature. The average of these calculations gave a volume of 1.0408 ± 0.0006 cm3. The 
mass of the bobber and wire was then measured in argon using the hang down balance (Mettler Toledo 
WXSS204, tolerance 0.8 mg). The crucible with salts, quartz lid, and bobber with wire were added to the 
setup and the salt melted. Once eutectic NaCl-PuCl3 measurements were completed, an addition of 5.60g 
of NaCl was added to eutectic salt in the crucible to achieve a 25mol% PuCl3 in NaCl composition and 
the density of this mixture was determined. 

 
Figure 3. Experimental density setup showing bottom-loading balance on the stand above a furnace with 
quartz lid and thermocouple inserted inside the AFCI glovebox. 
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Mass readings were performed after 5 minutes of thermal stability at each temperature as measured 
by an Inconel-sheathed K-type thermocouple (OMEGA) inserted directly into the salts. This equilibration 
was on average 60 minutes after each temperature change of approximately 50°C. An internal adjustment 
of the balance was performed before each set of mass measurements at a unique temperature. The balance 
was tared before each measurement. Density measurements were first taken at increasing temperature 
intervals between 525 and 800°C and then with decreasing temperatures between 800 to 525°C and 
finally a randomized temperature schedule. 

The density calculations were performed using the direct Archimedean method based on 
measurement of buoyancy force exerted on a bobber submerged in molten salts. The density of the salt at 
an experimental temperature is calculated by Equation 2 where 𝑚𝑚𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆 is the measured mass of the 
bobber and wire suspended in argon, 𝑤𝑤𝑠𝑠𝑆𝑆𝑠𝑠𝑆𝑆𝑠𝑠 is the measured weight of the bobber and wire suspended in 
the salts, g is the acceleration due to the gravity of Earth, α is the linear thermal coefficient of expansion 
of nickel, T is the salt temperature, and 𝑇𝑇0 is the reference temperature for 𝑉𝑉0, the reference volume of the 
nickel bobber. The linear thermal coefficient of expansion of nickel was calculated based on a polynomial 
fit of reference data [35]. 

 

𝜌𝜌𝑠𝑠𝑆𝑆𝑠𝑠𝑆𝑆𝑠𝑠 = 𝑚𝑚𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆− 𝑤𝑤𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵

𝑉𝑉0(1+3𝛼𝛼(𝑇𝑇−𝑇𝑇0))
 Equation 2 

The experimental uncertainty of the density was calculated by the propagation of individual 
uncertainties. Equation 3 shows the fundamental form of the uncertainty propagation of Equation 2. 
Equation 4 shows the simplified experimental uncertainty function, and Table 3 lists the individual 
uncertainties and their explanations. 
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2
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Table 3. Definition of terms used to calculate the error associated with liquid density measurements. 

Symbol Explanation 
σmargon Standard deviation of the five weight 

measurements in argon 
σwsalt Standard deviation of the five weight 

measurements in salt 
σV0 Standard deviation of the two calculated 

volumes from water and ethanol benchtop 
trial 

σα Assigned as 1% of value of α 
σT OMEGA assigned 0.05% * T + 0.3°C 

 

2.6 Computation  
Since research on transuranic salts is sparce in literature, timely, expensive, and hazardous, AIMD 

simulations were used to investigate two NaCl-PuCl3 salt compositions at different temperatures; a 
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summary of compositions is provided in Table 4. Comparing experimental and calculated, density and 
heat capacity results, will aid in refining the modeled data and yield more accurate models. 

All simulations were conducted using the CP2K package [36, 37]. Classical force field molecular 
dynamics (CMD) were used initially to relax the system and provide starting configurations for the AIMD 
simulations. For CMD, the polarized ionic model (PIM) [38] was used to represent interatomic 
interactions. The density of the system was optimized within the “number of particles, pressure, and 
temperature are conserved” (NPT) ensemble, where the pressure and temperature were maintained with 
the Parrinello-Raman barostats [39] and Nose-Hoover thermostat [40], respectively. 

The AIMD simulations were performed with the Perdew-Burke-Ernzerhof density functional [41] 
including Grimme’s D3 van der Waals corrections [42] with the Goedecker-Teter-Hutter pseudopotentials 
[43, 44]. The double zeta valence polarized [44-46] Gaussian basis functions were used for the valance 
states of Pu(6s2 6p6 5f6 7s2), Na(2s2 2p6 3s1), and Cl(3s2 3p5) with a plane wave cutoff of 900 Ry in 
conjunction with the Gaussian plane wave hybrid basis set framework [47]. Molecular dynamics 
simulations were conducted within both the NPT and “number of particles, volume, and temperature are 
conserved” (NVT) ensembles. In NPT simulations, the pressure and temperature were maintained with 
the Parrinello-Raman barostats [39] and Nose-Hoover thermostat [40], respectively. 

Table 4. Compositions and temperatures used in simulations. 
 16 mol% PuCl3 25 mol% PuCl3 36 mol% PuCl3 
Number of Cl atoms 66 78 86 
Number of Pu atoms 8 13 18 
Number of Na atoms 42 39 32 
Temperatures (K) 1000, 1257 898, 973, 1073 730, 900, 1100 

 

3. RESULTS 
Two separate salt syntheses were performed. Both yielding an approximate 250g NaCl-PuCl3 ingot 

close to the eutectic composition of 64 mol% NaCl – 36 mol% PuCl3. Each ingot was easily released 
from the glassy carbon crucible and appeared to be black with a teal hue in color (Figure 4A). After size 
reduction, the powdered material was blue green in color (Figure 4B)—closely matching the color 
reported for PuCl3 [18]. 

 
Figure 4. NaCl-PuCl3 eutectic material; A. solid ingot form, B. powder form. 

3.1 Elemental and Isotopic Analysis 
Elemental and isotopic results from Q-ICP-MS, ICP-OES, and gamma spectroscopy for the Pu-metal 

and synthesized NaCl-PuCl3 ingot are provided in Table 5. Elements which were below the detection limit 
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of each instrument are not listed in Table 5. It can be concluded from the elemental and isotopic analysis 
of the salt that there are no major impurities in the Pu-metal with the exception of a small amount of iron, 
as well as uranium, and americium present as decay products.  

Table 5. Elemental and isotopic composition of the Pu-metal starting and the synthesized NaCl-PuCl3 
ingot. 

Q-ICP-MS Pu-metal NaCl-PuCl3 salt 
Analyte ug/g % Error ug/g % Error 
U-234 118 ±10% 60.4 ±10% 
U-235 792 ±5% 406 ±5% 
U-236 556 ±5% 283 ±5% 
m/z -238 430 ±5% 246 ±5% 
Np-237 390 ±5% 212 ±5% 
Pu-239 807000 ±5% 469000 ±5% 
Pu-240 157000 ±5% 91600 ±5% 
m/z-241 10100 ±5% 6040 ±5% 
m/z-242 3350 ±5% 1960 ±5% 
Sr-88 <40 N/A 8.06 ±15% 
Ag-109 10.7 ±20% 11.7 ±20% 
Ba-138 <30 N/A 11.7 ±15%      

ICP-OES 
Analyte ug/g % Error ug/g % Error 
Fe 91.0 ± 25 % 72.7 ± 30 % 
Na <320 N/A 94900 ±5% 
Pr <30 N/A 83.8 ± 20 %      

Gamma Spectroscopy 
Species uCi/g % Error uCi/g % Error 
Am-241* 25100 ±3% 14100 ±3% 
* The specific activity of Am-241 is 3.428 Ci/g [48].  

 
Analysis results of the ICP-OES, Q-ICP-MS and gamma spectroscopy data are provided in Table 6. 

Mass balance suggests there was a 106% recovery of the sample but within the expected error. The 
quantities of Am-241 and Pu-241 were determined by subtracting the Am-241 concentration (gamma 
spectroscopy) from the total m/x-241 value (Q-ICP-MS). NaCl and PuCl3 values indicate that the fabricated 
NaCl-PuCl3 ingot contains 63.4 mol% NaCl and 36.3 mol% PuCl3. The experimentally reported eutectic 
composition contains 36 mol% PuCl3 [15]; therefore, the salt fabricated for this study is very nearly the 
reported eutectic composition. Other studies calculate the eutectic composition of PuCl3 to be 38.3 mol% 
[49] or 37.4 mol% [50]. Impurities and compounds other than NaCl and PuCl3 account for < 0.32 mol% of 
the ingot. The concentrations of Sr-88, Ag-109, Ba-137, Fe, and Pr are not accounted for since they are < 
0.03% of the total sample. It was therefore determined by elemental and isotopic evaluation that the NaCl-
PuCl3 ingot material synthesized had a purity of 99.7%. 
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Table 6. Composition of the NaCl-PuCl3 ingot by conversion to chlorides assumed NaCl and formation of 
Pu, U, Np, and Am to their respective trichloride. 

Element Metal Metal 
Chloride 

wt. % mol % 
 

g/g g/g 
  

Na 0.0949 0.2412 22.66 63.41 
Total U 0.0007 0.0011 0.10 0.05 
Total Pu 0.5647 0.8159 76.65 36.27 
Np 0.0002 0.0003 0.03 0.01 
Am 0.0041 0.0059 0.56 0.26 
Total 0.6647 1.0644 100.00 100.00 

 

A XRD pattern of 84 mg NaCl-PuCl3 powder was analyzed for phase purity. This sample was 
hygroscopic and needed an inert atmosphere during XRD. The sample was loaded into a gas-tight-dome 
holder to keep argon gas atmosphere around this sample during the data collection inside the 
diffractometer. The black tick marks in Figure 5 represents the combined reported lines used to fit this 
pattern for PuCl3 hexagonal space group P63/m (No.176) using ICDD reference 00-006-0222 and NaCl 
cubic space group Fm-3m (No.225) using ICDD reference 00-002-818. The blue curve is the collected 
diffraction data for this sample with identified peaks for PuCl3 and NaCl. These peaks are identified with 
their respective phases and indicated by green and red dots above the identified peaks. The XRD holder is 
equipped with a polymer dome on this gas-tight sample holder and resulted in amorphous x-ray scatter 
and can be seen in the XRD data as the hump between 10 to 25° 2-theta. There were some additional 
peaks that could be seen in the data and are likely from a monoclinic phase, which could indicate the 
presence of an oxy-chloride phase. Several XRD patterns were collected over a 2-day period, as time 
passed peaks 15 and 16°, 2-theta became more visible suggesting that air was contaminating the sample 
over time. The peak shown in Figure 5 was collected less than 1 hour after removing the sample from the 
glovebox. 

The lattice dimensions, for PuCl3 determined by x-ray diffraction are a1 = 7.380 ± 0.001 Å and a3 = 
4.238 ± 0.001 Å [51]. The refined structure for eutectic NaCl-PuCl3 showed lattice dimensions of a1 = 
7.506Å and a3 = 4.237Å. The lattice constants obtained in this work show that the eutectic NaCl-PuCl3 
composition has an increase lattice constant for a1 of 0.126Å, while the a3 remained unchanged from 
PuCl3 reported values in literature. Similar behavior was exhibited in the eutectic NaCl-UCl3 system when 
compared to UCl3 [13, 52]. 
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Figure 5. XRD pattern for eutectic NaCl-PuCl3. 

3.2 Salt Stability, Melting Temperature, and Enthalpy 
Prior to melting temperature and other property measurements the stability of the salt at elevated 

temperatures was investigated on the STA by monitoring the mass change as a function of temperature. 
Each heating rate used a new sample. Results for mass change as a function of heating rate and time are 
provided in Figure 6. The sample with the fastest heating rate was exposed to the highest temperature. No 
clear trend with heating and cooling was observed for the sample as is evident by the lack of “stairstep” in 
the mass change curves. The overall sample mass change was observed to be < ± 0.25% for all samples. 
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Figure 6. Mass changed curves as a function of time and temperature for the NaCl-PuCl3 ingot: A. 
20°C/min, B. 10°C/min, and C. 2°C/min. 

The melting point was investigated using three separate samples, each experiencing a different heating 
rate: 20, 10, and 2°C/min. Each sample was subjected to four heating and cooling cycles, the first was 
discarded while inflections from the other three were averaged and used to report temperature dependent 
transitions. The second heating thermogram for each heating rate is shown in Figure 7A during heating and 
Figure 7B for cooling. Upon heating, only one peak was observed, attributed to the solid to liquid transition 
at the eutectic temperature. The eutectic onset temperature is 451°C, while the peak and end temperature 
are 455 and 456°C, determined using linear regression from the average values determined at each heating 
rate. The eutectic temperature, 451°C, determined in this work closely matches other reported eutectic 
temperatures of 453°C [15] and 450°C [50]. 

As labeled in Figure 7B, there are two distinct peaks upon cooling where peak 1 occurs at various 
temperatures and is attributed to recrystallization of the eutectic NaCl-PuCl3 mixture. Peak 2 occurs at 
approximately 455°C, and while the cause of this peak is unclear, it could be due to cooling kinetics within 
the sample crucible. Referring to the elemental and isotopic analysis of the ingot material, no metal 
impurities were detected, and the concentration of PuCl3 was determined to be 36.6 mol%. Analysis of the 
2°C/min heating peak shows the eutectic transition peak has a width of 10°C, occurring between 450–
460°C. Although there is only one peak shown experimentally to occur in this temperature range, if the salt 
differs very slightly from the eutectic composition, then a small peak may be hidden within the larger 
eutectic transition peak. Referencing the NaCl-PuCl3 phase diagram developed by Bjorklund et al. [15] 
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indicates that a 10°C increase in temperature at most could be the result of a salt having a PuCl3 composition 
between 35.47–37.52 mol%. Although it is not recommended to use temperatures from cooling curves 
when analyzing molten salts, due to supercooling effects, a solidus temperature at 455°C would indicate a 
PuCl3 composition of 36.8 mol%, which is 0.5 mol% higher than analytical results indicate. It can therefore 
be concluded from analytical results as well as analysis of the solidus and liquidus temperature that the 
NaCl-PuCl3 used in this study has a PuCl3 concentration between 36.3 to 36.8 mol%. 
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Figure 7. Thermograms for three sample each analyzed at a different heating rate. A. heating curves; B. 
cooling curves. 

The enthalpy of fusion, ∆𝐻𝐻𝑓𝑓𝑎𝑎, for the NaCl-PuCl3 ingot was determined by integrating the area under 
the eutectic peak transition, where ∆𝐻𝐻𝑓𝑓𝑎𝑎 ranged from 134.8 to 148.4 J/g with an average for all three heating 
rates of 140.7 ± 8.4 J/g. The enthalpy of crystallization, ∆𝐻𝐻𝐶𝐶𝑎𝑎, was determined to be -130.9 ± 11.4 J/g.  

The eutectic and liquidus temperature of 25 mol% PuCl3 in NaCl was determined to be 450 and 599°C, 
respectively. These values were determined following the experimental approach described for the 
eutectic composition, where three heating rates were used to determine the onset eutectic temperature and 
liquidus temperature. The enthalpy of fusion for the 25 mol% PuCl3 in NaCl was determined to be 171.4 
± 11.4 J/g. 

3.3 Heat Capacity 
Three individual liquid state heat capacity measurements were performed using a new sample for each 

group of measurements, and in total, three samples were analyzed. Before heat capacity measurements, heat 
flow calibrations were verified using the sapphire calibration standard on each sample. If the experimentally 
determined sapphire heat capacity deviated from standard values [53] by > 5%, the sapphire heat capacity 
was deemed inadequate, and it was performed again. Heat capacity was determined following standard test 
methods [33]. An example of sapphire heat capacity measurement is shown in Figure 8A. 

For NaCl-PuCl3 eutectic samples, the experimental heat capacities for all samples are shown in Figure 
8B where the heat capacity was done in triplicate for each sample. The reported heat capacity was 
determined by taking the average values for all heat capacity as shown in Figure 8C with error bars 
representing one standard deviation. Experimentally determined heat capacity was shown to vary slightly 
with temperature between 0.67 to 0.57 J/g·K, with an average value of 0.637 ± 0.03 J/g·K (104 ± 5 J/mol·K) 
within the range of temperatures from 500 to 720°C, as shown in Figure 8C. 
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Figure 8. Summary of heat capacity. A. DSC curves for sapphire standard comparing experimentally 
determined and NIST reported sapphire heat capacity. B. Experimental heat capacity values for three NaCl-
PuCl3 eutectic samples. C. Averaged heat capacity valued with error bars of one standard deviation derived 
from experimental Cp measurements along with AIMD values calculated for two compositions. 

The specific heat was calculated from AIMD simulations using Equation 5, where H is the total 
energy, V is the volume, and P is the pressure of the during NPT simulations, 𝛿𝛿𝑇𝑇 is a temperature change, 
and the notation < > indicates the ensemble average values. Ideally, 𝛿𝛿𝑇𝑇 should be small enough to reduce 
the numerical error. However, we found that <H + VP>NPT is linear with temperature as seen in Figure 
8C; therefore, we can use the slope of the line over the range to simulate temperatures to estimate heat 
capacity. 

𝐶𝐶𝑝𝑝 = 𝛿𝛿〈𝐻𝐻+𝑉𝑉𝑉𝑉〉𝑁𝑁𝑁𝑁𝑇𝑇
𝛿𝛿𝑇𝑇

 Equation 5 
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Experimentally determined heat capacity values were higher than the respective computational values 
for the eutectic mixture. For pure PuCl3, the calculated specific heat capacity has been reported to be 
0.293 J/g·K (101.2 J/mol·K) [54] while the specific heat capacity for NaCl is known to be 50.3 J/mol·K 
(0.856 J/g·K). An estimated heat capacity, based on the molar ratio and assuming the molecular weight 
for Pu-239 trichloride, is calculated to be 68.4 J/mol·K (0.419 J/g·K). The estimated heat capacity value is 
slightly lower than the AIMD-derived value of 0.45 J/mol·K as well as the experimentally determined 
value. 

The Pu-metal starting material is not isotopically pure Pu-239 as shown in Table 5 which may alter 
the experimental heat capacity slightly. Studies to determine the energy produced by alpha disintegrations 
in a pure Pu-239 source found that the total energy produced per alpha-disintegration in Pu-239 is 5.23 
MeV (8.38·10-6 erg/atom) [55]. In addition, a study to determine the heat capacity of PuC synthesized 
from a 99.93% Pu-metal found that the sample exhibited “self-heating” due to alpha disintegrations and 
enthalpy values had to be corrected to account for heat generated within the sample [56]. The 
experimental heat capacity data in Figure 8C are uncorrected for internal heating sources, and this may 
lead to the differing values between the experiment and calculations. 

This work highlights an important point, in that, for salts containing radioactive substances, such as 
fuel salts where the sample can exhibit self-heating, heat capacity values may vary from theoretical 
calculations and will vary experimentally depending on the isotopic composition. Deviation between 
AIMD and experimentally determined values may also arise if the enthalpy of mixing predicted by 
simulations does not accurately predict the modeled system; variation in modeled enthalpy is evident in 
literature [49, 50, 57]. 

3.4 Density 
The density of the molten NaCl-PuCl3 mixtures was studied by measuring the buoyancy of a nickel 

bobber (99.999%) in the liquid salts at temperatures between 500–800°C. The experimentally determined 
values of density for each temperature profile and composition are shown in Figure 9; it is apparent that 
the effects of the heating/cooling schedule are non-existent. Figure 9 shows the combined results and 
linear equation of fit, representing the equation for density as a function of temperature. Independent 
experiment trials determined the 36 mol% and 25 mol% PuCl3 in NaCl salt to have liquid state densities 
as outlined in Equations 6 and 7, respectively.  

𝜌𝜌36𝑚𝑚𝑎𝑎𝑠𝑠% 𝑉𝑉𝑃𝑃𝐶𝐶𝑠𝑠3 = 3.8589− 9.5324 · 10−4(𝑇𝑇, °𝐶𝐶) 𝑅𝑅2 = 0.9795 Equation 6 

𝜌𝜌25𝑚𝑚𝑎𝑎𝑠𝑠% 𝑉𝑉𝑃𝑃𝐶𝐶𝑠𝑠3 = 3.3945− 8.4546 · 10−4(𝑇𝑇, °𝐶𝐶) 𝑅𝑅2 = 0.9912 Equation 7 
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Figure 9. Experimental and calculated density values for 36 mol% and 25 mol% PuCl3 in NaCl carrier salt. 

Figure 9 shows the density determined by using CMD and AIMD approaches with experimental data. 
Predicting the density of actinide molten-salt systems, especially with actinide-rich composition, is a 
challenging task due to high computing cost associated with electronic structure calculations of the 
system. Given how close the CMD and AIMD values are, CMD should provide a good starting 
configuration for AIMD. For the eutectic composition, the PIM density appeared to be lower than the 
AIMD density at a wide range of temperature; nonetheless, they are very consistent with experimental 
data. Both computational and experimental results show a linear dependence of the density on the 
temperature: 𝜌𝜌 = 𝜌𝜌0 − 𝐴𝐴 × 𝑇𝑇. The temperature-density correlation coefficient from AIMD and 
experiment is 9.3×10-4 and 9.5×10-4 (g/cm3·K), respectively. The same approach was used to determine 
the density for 25 mol% PuCl3 systems. 

4. CONCLUSION 
A non-traditional, gas:solid, synthesis path using NH4Cl for chlorinating Pu-metal to obtain PuCl3 

salts was demonstrated. NaCl was added to the reaction to form the eutectic composition, 64 mol% NaCl 
- 36 mol% PuCl3, and was determined to have a purity of 99.7% with trace amounts of iron, americium, 
and uranium. By adding NaCl to the eutectic salt, 25 mol% PuCl3 (in NaCl) was made. Both salt 
compositions were shown to be stable up to 800°C, and their melting points and enthalpies of fusion were 
measured with high repeatability. The melting point of the 36 mol% PuCl3 was determined to be 451°C 
while the melting point of 25 mol% PuCl3 was determined to be 598°C. Enthalpy of these salt systems 
had not been experimentally determined previously; however, this work determined the enthalpy of fusion 
for the 36 mol%PuCl3 and 25 mol% PuCl3 to be 140.7 ± 8.4 J/g and 171.4 ± 11.4 J/g, respectively. 

The heat capacity of the salt was measured and reinforced the idea that for studying thermal 
properties of radioactive salts, the self-heating due to alpha disintegrations may need to be considered to 
explain discrepancies in measured properties containing different ratios of isotopes and therefore decay 
products. The experimentally determined heat capacity was shown to be slightly higher than AIMD 
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simulation values. However, both experimental and calculated values showed little dependance on 
temperature within the range measured. For the eutectic salt, heat capacity was determined experimentally 
to be 0.637 ± 0.030 J/g·K between 500 to 720°C while AIMD simulations determined a Cp of 0.45 J/g·K 
over the same temperature range. These discrepancies are expected given the experimental challenges of 
measuring heat capacity. From the theory point of view, constant pressure molecular simulations are also 
extremely sensitive and require extensive molecular models and sampling. Overall, this work shows that 
modeling captures the essential trends in these systems and can be used to supplement experimental data. 

A combination of experimental measurements and molecular dynamics simulations were used to 
determine the density of the two salt compositions. Experimental densities, in the liquid state, were shown 
to have a linear decrease with temperature. As expected, the density of the 36 mol% PuCl3 mixture was 
higher than that of the 25 mol% PuCl3 salt. Experimental and AIMD values for density of the eutectic salt 
system were in good agreement and of similar slope; while computed density values for the 25 mol% 
PuCl3 salt showed a differing slope, values were also in close agreement with experimental. 

The data reported in this work are both experimental and computation values. Some of the data 
presented here are the only known data available for these salt systems in literature. Further work is 
needed to verify accuracy and reduce errors, but this serves as a key baseline study for the otherwise 
unknown NaCl-PuCl3 binary salt system. 
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