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Abstract  

The atomic scale relaxation dynamics of eutectic F7LiNaK (46.5 LiF-11.5 NaF-42 KF mol%, Li-7 

enriched) were measured using quasi-elastic neutron scattering (QENS) over a temperature range of 500 

to 750 ℃.  The effect of adding 0.988 mol% cerium, 0.499 mol% cesium, and 1.21 mol% zirconium 

individually to the dynamics of F7LiNaK was also investigated.  The relaxation process in both pure and 

doped liquid F7LiNaK salts was fit with a stretched exponential function and the temperature dependence 

follows an Arrhenius behavior over a wave vector transfer range of 0.4 Å-1 < Q < 0.9 Å-1.  The measured 

activation energy for self-diffusion is 𝐸𝑎 = 0.77 ± 0.02 𝑒𝑉/𝑎𝑡𝑜𝑚 for pure molten F7LiNaK.  The QENS 

response with additives added to F7LiNaK was also fit with a stretched exponential and the associated 

Arrhenius behavior was characterized with activation energies of 𝐸𝑎 = 0.88 ± 0.01 𝑒𝑉/𝑎𝑡𝑜𝑚 for 

zirconium (1.21 mol%), 𝐸𝑎 = 1.02 ± 0.02 𝑒𝑉/𝑎𝑡𝑜𝑚 for cerium (0.988 mol%), and 𝐸𝑎 = 0.71 ±

0.03 𝑒𝑉/𝑎𝑡𝑜𝑚 for cesium (0.499 mol%).  The measured diffusivities are compared to those simulated 

with a neural network force field model by Lee et al. [J. Phys. Chem. B 125, 10562–10570. 

https://doi.org/10.1021/acs.jpcb.1c05608].   
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1. Introduction:  

Molten salt reactor (MSR) is one of the leading candidates of GEN-IV advanced reactors because  

of improved safety features and greater thermal efficiency.1,2  MSRs employ molten salts as the low-

pressure primary coolant or fueled coolant depending on the reactor design.1,3  In some cases, such as the 

fluoride salt-cooled high-temperature reactor (FHR), molten salts are proposed as secondary coolant to 

extract heat due to their excellent heat transfer characteristics.4  Beyond their applications in fission reactors, 

molten salts containing lithium and beryllium have breeding and cooling applications in fusion reactors.5  

Moreover, molten salts have utility in energy storage technology.6  Despite these engineering applications, 

a comprehensive quantification of the thermophysical and transport properties of molten salts and the effect 

of additives on salt at high temperatures is still lacking.  Understanding these properties is crucial for the 

MSR development as they directly influence the neutronics and thermal hydraulics.  

 

Eutectic LiF-NaF-KF (46.5-11.5-42 molar %) has excellent characteristics for engineering applications and 

mimics certain properties of eutectic FLiBe such as density, viscosity, melting temperature, thermal 

expansion, thermal conductivity, and surface tension while eliminating the need to handle toxic beryllium.7–

9  Useful characteristics of eutectic FLiNaK such as low melting point, reasonable heat capacity, high 

boiling point, and good chemical stability at high temperature made this salt desirable in the MSR and 

concentrated solar energy (CSP) field.10,11  Density, viscosity, thermal diffusivity, thermal conductivity, 

heat capacity, melting temperature, the heat of fusion measurements of FLiNaK have been reported. 12–17  

However, these data are sporadic and have large variations.18  In addition to addressing these data gaps, the 

deployment of molten salts in MSRs with fueled coolants necessitates a thorough understanding of how 

fission product, impurities from corrosion, and actinides affect the physiochemical properties of the salt.  

https://doi.org/10.1021/acs.jpcb.1c05608
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In this work, we aim to employ advanced experimental tools, namely quasi-elastic neutron scattering 

(QENS), to fill some of the data gaps in FLiNaK thermophysical properties. QENS has a special feature 

that can be utilized to probe the atom-scale relaxation of molten salts as temperature changes.19  This 

information helps to predict the equilibrium state of the molten salt.  Additionally, the microscopic 

dynamics of molten salts, can be derived from the measured relaxation data, are important for understanding 

the bulk properties of the salt.  For example, macroscopic transport properties like viscosity, diffusion, and 

thermal conductivity are influenced by the microscopic atomic dynamics.20  Previous studies have mainly 

focused on the macroscopic (bulk) properties of FLiNaK and other molten salts.7  However, the 

development of simulation tools for high-temperature molten salt systems requires microscopic 

experimental data both to understand the microscale phenomena and to validate the model outputs, which 

is currently scarce in this field.  A better understanding of the atom scale phenomena would help the 

simulation models to generate more accurate macroscopic data.   

As discussed earlier, quasi-elastic neutron scattering (QENS) is a useful technique for measuring diffusivity 

using neutron spectrometers.  The current generation of neutron backscattering spectrometers in the U.S.21,22 

have optimized energy resolution applicable to slow dynamics in the timescale of nanoseconds.23,24  The 

dynamics of liquids can be fast and require picosecond time scale measurements.25  In this case, neutron 

spectrometers with a broader dynamic range are required.  Neutron scattering based techniques are often 

sensitive to light elements and neighboring elements on the periodic table, can easily measure phonon 

modes, and can measure the diffusion dynamics via QENS.  The self and collective dynamics study over 

broad time and length scales can shed light on the dynamic properties of molten FLiNaK.25  We have 

employed incoherent scattering dominated QENS, which quantifies the dynamics without the interference 

effects associated with collective motions. 

The existing FLiNaK diffusion data includes the self-diffusion coefficient of constituent species measured 

via the capillary reservoir technique within a temperature range spanning 480 to 663 ºC.26  Molecular 

dynamics simulations using a neural network forcefield (NNFF) model have recently been performed by S. 

C. Lee et al.27  They calculated the dynamics of individual species (Li, Na, K, and F) and thermophysical 

properties like density and viscosity.  Another set of MD simulation has been performed separately by 

Galashev et al. and Zakiryanov reports the physiochemical properties of  CeF3-FLiNaK,  NdF3-FLiNaK 

melt and the dynamics of individual constituent species.28–30  

In this work, the self-diffusivity of eutectic F7LiNaK salt is measured with QENS over a temperature range 

of 500 to 750 ºC (Tmelt = 454 ºC for eutectic FLiNaK31).  The methodology involves constructing an 

Arrhenius plot of the measured diffusivities to determine the activation energy for self-diffusion (diffusion 

in the absence of concentration gradients).  This activation energy represents an elemental averaged quantity 

weighted by the incoherent macroscopic scattering cross section.  The measured ionic self-diffusivity of 

FLiNaK is presented in contrast to previously reported FLiBe.   Furthermore, the effect of adding individual 

cerium, cesium, and zirconium as fluoride additives at different concentrations on the pure F7LiNaK 

diffusivities and activation energy is quantified and compared. 

2.  Materials and Methods 

A eutectic mixture of 7LiF-NaF-KF (46.5-11.5-42 mol %) was synthesized at Argonne National Laboratory 

by procuring high-purity reagent 7LiF, NaF, and KF salts.  The 7LiF precursor salt was 99.96% Li-7 
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enriched.  Analysis of the synthesized salt used here has been published by Gardner et al. 31  The isotopic 

enrichment avoids the large neutron absorption of eutectic FLiNaK with natural abundance of Li-6.  The 

precursor salts were mixed and underwent two melt-solidification cycles in the ANL glove box facilities 

(<5 ppm O2 and <1 ppm H2O).  The reagents were placed in graphite crucibles and heated at 300 ºC for 

three hours to remove residual water prior to mixing and then heated to 700 ºC for three hours.  The 7LiF 

and NaF were baked as single batches and the KF was baked in two batches.  A single batch of F7LiNaK 

was prepared by combining appropriate masses of dried reagent salts to achieve a composition of 46.7-

11.3-42.0 mol % 7LiF-NaF-KF in a large graphite crucible.  The batch was mechanically mixed and then 

melted at 700 ºC for 6 hours.  The crucible was left in the furnace to cool slowly.  The compositional 

analysis of prepared F7LiNaK was performed using inductively coupled plasma-mass spectrometry (ICP-

MS), inductively coupled plasma-optical emission spectrometry (ICP-OES), and x-ray diffraction.31  The 

purities of the constituent metal fluoride salts are reported in the certificate as: 7LiF powder ≥ 99%, NaF ≥ 

99.99%, KF≥ 99% based on trace metal analysis.  Additives are purchased from chemical suppliers in the 

powder form of fluoride salts. The purities are reported in the certificate as: CeF3 ≥ 99.9%, CsF ≥ 99.9%, 

and ZrF4 ≥ 99.9% trace metal basis.  The final sample preparation for the neutron scattering experiment 

was performed inside an argon glovebox at the University of Illinois Urbana-Champaign (UIUC) using the 

ANL synthesized F7LiNaK, and the purchased individual additives.  The vanadium sample containers 

(PAC006 cylindrical cans) were supplied from the Oak Ridge National Laboratory.  These sample cans had 

titanium threaded lids.  All samples were sealed under an argon environment and transported to the Oak 

Ridge National Laboratory Spallation Neutron Source (SNS) helium glovebox for storage.  The sample 

mass information is provided in Table 1. 

Table 1. F7LiNaK and additive mass for each sample; individual additives are added in the form of CeF3, 

CsF, and ZrF4 compound to introduce cerium, cesium, and zirconium in the F7LiNaK, respectively (mol %, 

total atom basis) 

Sample F7LiNaK mass [g] CeF3/CsF/ZrF4  

mass [g] 

mol% based on formula unit 

Pure F7LiNaK 2.9163 - - 

F7LiNaK + 0.988 mol % Ce 2.6501 0.2600 2.015 

F7LiNaK + 1.21 mol % Zr 2.6513 0.2756 2.598 

F7LiNaK + 0.499 mol % Cs 2.8042 0.1041 0.9998 

 

The QENS experiment was performed using the time-of-flight Cold Neutron Chopper Spectrometer 

(CNCS) at the SNS.32  This is a high resolution, direct geometry disc chopper spectrometer with broad 

detector coverage.  The QENS measurements reported here used an incident neutron energy of 3.32 meV 

in the high-flux mode.  The static structure factor of molten F7LiNaK at 500 ºC was measured with 12.0 

meV incident neutrons.  The energy resolution with 3.32 meV incident energy was approximately 110 eV 

(FWHM) at the elastic line (E = 0).  The wavevector transfer range corresponding to this incident energy 

is 0.3 Å-1 ≤ Q ≤ 2.3 Å-1.  Pure F7LiNaK and Ce added samples were run without any gasket inside MICAS 

vacuum furnace.  Cs and Zr samples had graphite gasket sealing to prevent any unwanted leakage inside 

the furnace environment during the experiment.  The threaded lids were connected to the sample holder 

stick that aligns with the vertical centerline of the vacuum furnace.  The temperature was measured with a 

thermocouple mounted close to the sample but not in the incident beam.  Four temperature data has been 
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acquired for each F7LiNaK sample: 500, 580, 670, and 750 ºC.  Initial melting was confirmed by monitoring 

the diffraction with an incident neutron energy of 12.0 meV.  The melting of cerium fluoride in FLiNaK 

was previously confirmed in a neutron diffraction measurement and no presence of cerium oxide was 

detected (see Figure S1 in supplementary).18  We measured the resolution function with the sample in the 

incident beam upon cooling below 300 ºC so that no diffusive motions occurred.  The data acquisition time 

ranged from three to five hours at each temperature.  

The intensity measured in a QENS experiment comes from both incoherent and coherent scattering and can 

be expressed as  Eqn.           (1):  

𝑑2𝜎

𝑑𝐸𝑑𝛺
=

𝑘𝑓

4𝜋𝑘𝑖
[𝜎𝑖𝑛𝑐 𝑆𝑖𝑛𝑐(𝑄, 𝐸) + 𝜎𝑐𝑜ℎ 𝑆𝑐𝑜ℎ(𝑄, 𝐸)] 

          (1) 

 
 

 where 𝑘𝑖  is the incident wavevector, 𝑘𝑓  
 is the scattered wavevector, 𝜎𝑖𝑛𝑐  and 𝜎𝑐𝑜ℎ are the incoherent and 

coherent microscopic neutron scattering cross-sections, respectively.  Uncorrelated diffusive motions 

broaden the incoherent dynamic structure factor.  Similarly, collective diffusion motions broaden the 

coherent counterpart. The analysis of this broadening can unfold the diffusive dynamics on the microscopic 

scale.  

Data fitting was performed over  the measured  energy range and for all Q-bins of 0.4 Å-1 < Q < 0.9 Å-1 

using four Q bins.  However, we restricted our diffusivity analysis to a low Q range (0.4 Å-1 < Q < 0.9 Å-1) 

because other non-diffusive modes of ionic liquid motion build in at higher Q.33  The resolution function 

can be expressed as a single Gaussian as shown in Eqn. (2),  

R(𝑄, 𝐸) =   
𝑓(𝑄)

𝜎(𝑄)√2𝜋
𝑒

−
1

2
(

𝐸−𝐸̅(𝑄)

𝜎
)

2

 
(2) 

  

where 𝑓(𝑄), 𝜎(𝑄), and 𝐸̅(𝑄) represent the intensity, width, and mean value of the gaussian profile.  The 

incoherent dynamic structure factor can be written as Eqn. (3), 

𝑆𝑖𝑛𝑐(𝑄, 𝐸) = 𝐴(𝑄){𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑄)𝑅(𝑄, 𝐸) + [1 − 𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑄)]𝑆′(𝑄, 𝐸)} + 𝑏𝑘𝑔(𝑄) (3) 

  

where 𝐴(𝑄) is an amplitude factor, 𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑄) represents the fraction of scattering that is within the 

instrumental resolution function 𝑅(𝑄, 𝐸), 𝑏𝑘𝑔(𝑄) is the background, and 𝑆′(𝑄, 𝐸) represents the QENS 

response.  We note true elastic scattering (∆𝐸 = 0) is not possible from a liquid and 𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑄) captures 

the scattered intensity with small energy change that falls within the 110 eV instrumental resolution at 

3.32 meV incident energy.  The QENS response is given by Eqn. (4),  

𝑆′(𝑄, 𝐸) = ℱ{ℱ−1{𝑅(𝑄, 𝐸)}𝐹(𝑄, 𝑡)} (4) 
  

where ℱ{⋯ } represents a Fourier transform and 𝐹(𝑄, 𝑡) is the intermediate scattering function, which we 

assume a priori is a stretched exponential function as Eqn. (5),  

𝐹(𝑄, 𝑡) = 𝑒
−[

𝑡
𝜏(𝑄)]

𝛽(𝑄)

 
(5) 

  

where 𝜏(𝑄) is the decay constant and 𝛽(𝑄) is the stretching exponent.  The stretched exponential function 

is also known as the Kohlrausch–Williams–Watts (KWW) function.34  This stretched exponential feature 
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is shown later to be a good approximation, which in our case reflects a heterogeneous distribution of self-

diffusivities of each constituent element in the system.  The background term includes fast dynamic 

processes associated with the atomic vibrational spectra which have a very broad inelastic or quasi-elastic 

scattering response in the energy domain associated with QENS. 

The microscopic and macroscopic cross sections of the F7LiNaK constituents are listed in Table 2.  

Macroscopic cross sections are calculated using a molten F7LiNaK density of  ρ = 2.165 g/cm3 at 500 ºC.15  

The total coherent scattering cross section is larger than the incoherent scattering cross section.  However, 

the diffusivity we determine from the QENS response still represents the self-diffusivity for two reasons.  

First, in the Q-range we studied (0.4 Å-1 < Q < 0.9 Å-1), the coherent scattering is suppressed by the structure 

factor.  The primary structure factor peak of F7LiNaK is at Qmax ~2.5 Å-1. 35,36  At Q values much less than 

this Qmax, the buildup of structural coherence is not significant.  Second, the collective diffusion coefficient 

from coherent scattering is about the same value as the self-diffusion coefficient in the multi-component 

liquid mixtures because of elemental fluctuations.19,37 

Table 2. Coherent and incoherent thermal neutron scattering cross sections for the F7LiNaK constituent 

elements.38 

Element molar 

% 

𝝈𝒊𝒏𝒄 

[𝒃𝒂𝒓𝒏𝒔] 

𝝈𝒄𝒐𝒉 

[𝒃𝒂𝒓𝒏𝒔] 

𝚺𝒊𝒏𝒄 

[𝟏𝟎−𝟐 𝒄𝒎−𝟏] 

𝚺𝒄𝒐𝒉 

[𝟏𝟎−𝟐 𝒄𝒎−𝟏] 

F 1.00 0.0008 4.017 5.05 ×10-3 25.4 

Li-7 0.47 0.78 0.619 2.29 1.82 

Na 0.11 1.62 1.66 1.18 1.2 

K 0.42 0.27 1.69 0.72 4.48 

Ce 0.00988 0.001 2.94 6.23 ×10-5 0.18 

Cs 0.00499 0.21 3.69 6.61 ×10-3 0.12 

Zr 0.01207 0.02 6.44 1.52 ×10-3 0.49 

 

3. Results and Discussions 

The kinematic Q-E space from pure F7LiNaK for the 3.32 meV incident neutron energy is shown in Figure 

1a.  The fitting employed here uses Eqn. (3) to fit the data in the energy domain by performing the Fourier 

transforms associated with Eqn. (4) with the measured resolution function and Eqn. (5).  This procedure 

includes many correlated fitting parameters, a non-ideal situation.  We performed preliminary fits of all 

recorded Q-bins over the measured energy range (not shown) and observed the background for a given 

sample did not vary significantly with Q or temperature.  We therefore fixed the background for each sample 

at a level determined in the preliminary fits (5x10-4 for all samples, Q bins, and temperatures).  The 

stretching exponent exhibited fluctuations about  = 0.4 after the background was fixed  and shown in 

Figure 1b.  We therefore fixed  = 0.4 for all samples, Q bins, and temperatures in the following step.  We 

note that the fitting was insensitive to a slightly higher or lower beta value.  We observed the 𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐  

behavior shown in Figure 1c after the background and beta were fixed.  This Q and temperature dependent 
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𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐  presented in Figure 1c is for pure F7LiNaK.  The final fit of each QENS measurement was 

performed by allowing 𝜏 to vary with Q and temperature while keeping the background at 5x10-4,   at 0.4, 

and 𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐 fixed at the values shown in Figure 1c.  Only the Q bins in the 0.4 Å-1 < Q < 0.9 Å-1 range were 

used for the diffusivity calculation.  The fitting parameter  background, and the 𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐 , all have arbitrary 

units.  

 
Figure 1. (a) Scattering intensity from pure F7LiNaK sample at 500 ºC, probed with 3.32 meV incident 

energy neutrons in Q-E space (b) stretching exponent behavior for pure F7LiNaK upon setting the 

constant background to 5x10-4 for all Q and temperature (c) 𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐  (𝑄) dependence of pure F7LiNaK 

on temperature. 

 

Figure 2. (a) Fitted experimental scattering intensity for Q = 0.82 Å−1 at 670 ºC in the energy domain for 

pure F7LiNaK.  The residual between the fit and data is shown as well and defined as, R = (data-fit)/error; 

(b) The relaxation time becomes longer as the scattering intensity reaches to the maximum at Q = 2.3 Å-1, 
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rendering to de Gennes narrowing for F7LiNaK at T(670 ºC) > Tmelt; (c) Relaxation time τ (ps) plotted 

versus 1000/T. 

A representative fit of Q = 0.82 Å−1 at 670 ºC for pure F7LiNaK is shown in Figure 2a with the contributions 

from all fitting components shown.  We observed a slowing down in the dynamics at Q = 2.3 Å−1 where 

the total scattering intensity 𝑆(𝑄, 𝐸) becomes maximum, as shown in Figure 2b.  This is consistent with the 

de Gennes narrowing phenomenon for complex liquid.39  Figure 2c shows the relaxation time 𝜏(𝑄) 

extracted from the fitting of the intermediate scattering function 𝐹(𝑄, 𝑡) as a function of inverse 

temperature.  This variation follows an Arrhenius response analyzed below.   

Additional representative data fitting for pure F7LiNaK is shown in Figure 3.  We fit the QENS response 

associated with neutron energy gain (which by convention is E<0 in Figure 2 and Figure 3) because energy 

loss cannot be greater than the incident neutron energy (3.32 meV here) and this constraint significantly 

reduces the dynamic range we can analyze.  Greater neutron energy gain range occurs at higher Q due to 

the kinematics associated with inelastic scattering (as shown in Figure 1a).  Larger QENS broadening 

associated with greater diffusivity with temperature is observed in Figure 3b. 

The QENS response for regular bulk diffusion follows a 𝜏 ∝ 𝑄−2 relation at low Q.40  The KWW model 

can be interpreted as the superposition of different simple exponential relaxations with  = 1 or a single 

non-exponent ( ≠ 1) relaxation.19,41  The mean relaxation time can be calculated according to Eqn. (6), 

〈𝜏〉  = ∫ 𝐹(𝑄, 𝑡)𝑑𝑡
∞

0

=
𝜏

𝛽
Г (

1

𝛽
) 

(6) 

 
 

where Г(𝑥) is the gamma function. Eqn. (5) is used to get the intermediate scattering function with  = 0.4.  

The mean relaxation time is related to the diffusion coefficient D via the Gaussian approximation 〈𝜏〉−1 =

𝐷𝑄2. The Gaussian approximation is only valid in the hydrodynamic limit at low Q, where the characteristic 

length scale is large and the QENS response is independent of specific diffusive random motions over 

atomic length scales associated with Brownian motion. 

Least squares fits of the Q dependence of the mean relaxation time using the Gaussian approximation give 

the diffusivity from the best fit slope.  These diffusivities can be used to construct an Arrhenius plot.  The 

diffusivity is measured as diffusion coefficient D and given by Eqn. (7), 

𝐷(𝐸𝑎 , 𝑇) =  𝐷0𝑒−
𝐸𝑎
𝑘𝑇 

(7) 

 

where 𝐸𝑎  is the activation energy, k is the Boltzmann constant, and 𝐷0 is the diffusion constant. 
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Figure 3. (a) Normalized scattering intensity of pure F7LiNaK at T=750 ºC for different Q bins in the low 

Q range; (b) normalized intensity of pure F7LiNaK for Q = 0.82 Å-1 for all temperatures.  A convention of 

negative energy for neutron energy gain is used for direct geometry time of flight inelastic spectrometers 

such as the CNCS.  The fitting residual are shown below each primary figure. 

 



9 
 

 
Figure 4. Fit of the Gaussian approximation to the Q2 dependence of the mean relaxation time.   The 

slope of the linear error weighted fitting gives the self-diffusivity at each temperature;  (a) pure F7LiNaK 

(b) F7LiNaK with 0.988 mol% Ce  (c) F7LiNaK with 1.21 mol% Zr  (d) F7LiNaK with 0.499 mol% Cs.  

 

The best fits to the 〈𝜏〉−1 − 𝑄2  behavior are shown in Figure 4 a-d.  An Arrhenius plot that includes all 

samples is shown in Figure 5 and the activation energies from the best fits are tabulated in Table 3.  The 

addition of cerium and zirconium increases the activation energy while lowering the diffusivity over the 

measured temperature range.  The decrease in diffusion can be attributed to the heavier mass of the additives 

and their formation of fluoride complex structures in the medium (e.g. 𝑍𝑟𝐹6
2−, 𝑍𝑟𝐹7

3−).  Cerium and 

zirconium cations can capture multiple 𝐹− ions to form complex ionic structures due to the electrostatic 

interactions.42–44  Furthermore, small individual complex ions might bond via edge or corner sharing to 

form chains at higher additive concentrations in the melt.43,45  It is found that the self-diffusion of species 

is correlated to the ion pair breaking rates, indicating the presence of such bound complexes affects mass 

transport in molten salts.46   

The in-silico study by Zakiryanov (2023) discussed about the presence of moderately stable [CeFx]3-x 

groupings in the FLiNaK-CeF3 system and the impact on the physicochemical properties.30  This study, 

along with another independent MD study by Galashev et al. reported a decrease in the mobility of the 

positive ions with increasing atomic mass and showed cerium has the lowest mobility and largest activation 

energy (shown in Table 4 ) in the FLiNaK-CeF3 system.  
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Figure 5. Arrhenius plots for pure eutectic F7LiNaK and F7LiNaK with 0.499 mol% Cs, 0.988 mol% 

Ce,  and 1.21 mol% Zr.  The best fit slope is proportional to the activation energy and the y-intercept is 

the diffusion constant, 𝐷0. 

Table 3. Activation energy (eV/atom) and diffusion constant for pure F7LiNaK and F7LiNaK with 

individual 0.988 mol% Ce, 0.499 mol% Cs and 1.21 mol% Zr additives. 

F7LiNaK samples Activation Energy  

(eV/atom) 

Diffusion constant, D0 

(cm2/s) 

Pure F7LiNaK 0.77 ± 0.02 0.29 ± 0.17 

F7LiNaK with 0.988 mol% Ce 1.02 ± 0.02 2.88 ± 0.01 

F7LiNaK with 1.21 mol% Zr 0.88 ± 0.01 0.35 ± 0.10 

F7LiNaK with 0.499 mol% Cs 0.71 ± 0.03 0.13 ± 0.55 
 

 

Zakiryanov (2023) also measured the mean lifetime of the Ce-F bond in FLiNaK at different temperatures, 

for three CeF3 concentrations (5, 10, and 15 mol%).  The study found that the mean lifetime of the Ce-F 

bond decreases by about one-third as the temperature increases from 950 to 1200 K 30.  This decrease in the 

Ce-F mean bond lifetime shows that the cerium complexes becomes unstable at higher temperatures.  As a 

result, cerium diffusivity noticeably increases at high temperatures, as seen in Figure 6(b) and in our QENS 

results in Figure 5.  In contrast, stable zirconium complexes and their chains were identified even at high 

temperatures (1273K)45,47.  This indicates the diffusivity of zirconium to be less sensitive to temperature 

rise, unlike cerium.  Therefore, our QENS results show a gradual increase in the diffusivity of the zirconium 

added FLiNaK sample with temperature and a lower activation energy as compared to the cerium sample.  

The addition of cesium has little to no effect on the diffusivity of pure F7LiNaK.  The Cs+ cation has a lower 

oxidation state (+1) compared to cerium or zirconium and this likely inhibits complex structure formation 

in the ionic molten salt.  The local structure study of NaF-CsF molten salt using nuclear magnetic resonance 

(NMR) supports this statement. 48,49  The chemical shift of 19F NMR peaks as a function of CsF 

concentrations obeys a linear relation, indicating the absence of long-lived cesium complexes in the NaF-
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CsF melt. 48,50,51   In contrast, a non-linear correlation is observed due to the presence of bound fluorines 

(e.g., individual or bridged fluoride complexes) in NaF-LaF3 and NaF-AlF3 melt.  Furthermore, the lower 

molar concentration of cesium might contribute to the lack of noticeable change in diffusivity.  Our findings 

also suggest the investigation of complex structures formation in FLiNaK in the presence of various 

additives (for example, fission products) could influence the concentration of free 𝐹−anions in salt.  The 

activity of free 𝐹− is described by the term ‘fluoroacidity’ in literature and studies indicated this term to be 

related with molten salt corrosion. 43,52,53  Fluoroacidity can also be related to the transport of the species in 

a molten salt. 54,55  For instance, a qualitative comparison between the self-diffusivity of FLiNaK, and FLiBe 

can be made in relation to fluoroacidity.  FLiNaK, being fully dissociated, has higher free 𝐹−concentration 

and thus it is fluorobasic in nature55.  The constituent ions being relatively free, the mobility of ions is 

expected to be unrestricted.  However, the formation of beryllium fluoride complexes (BeF4
2-, Be2F7

3-, and 

the chain formation among them via edge sharing) in FLiBe binds the free fluorines, and the mobility of 

the beryllium and fluorine ions becomes restricted due to the enhanced effective mass of such complexes.56  

The slowing down of the beryllium and fluorine ionic mobility has been observed in the study of FLiBe 

using a machine learned potential based MD simulation by Alejandro et al.56  The result is shown in Figure 

6(a) in comparison to FLiNaK.  It is noticeable from the figure that the diffusivity of beryllium and fluorine 

in FLiBe is lower than the FLiNaK due to the complex formation.  Thus, a fluorobasic salt might be more 

likely to see a higher ionic self-diffusivity as compared to a fluroacidic salt, given there are formation of 

complexes.  

 
Figure 6. (a) Pure F7LiNaK self-diffusivity from QENS measurements compared to the elemental 

diffusivities of the FLiNaK constituents calculated from the first principle NNFF model27, and FLiBe 

constituents calculated from machine learning potential (MLP) MD 56; (b) Elemental diffusivities of 0.85 

FLiNaK-0.15 CeF3 constituents measured from ab initio MD simulation 28 as compared to the 0.988 

mol% Ce + F7LiNaK diffusivity from QENS measurement (this study). Error bars were not reported in 

those literature studies. 

The elemental diffusivities of FLiNaK constituents (F, Li, Na, K) shown in Figure 6a are calculated from 

the first principle calculation using the machine learned neural network force field (NNFF) model by Lee 

et al. 27  This study found that the calculated ionic self-diffusivity was within the error bar limit of the 

measured self-diffusivity of FLiNaK by Umesaki et al.26  A comparison between those elemental 
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diffusivities and the pure F7LiNaK diffusivity measured from this experiment is shown in Figure 6a.  There 

are noticeable differences between the calculated elemental F7LiNaK diffusivities of Lee et al. and our 

measured self-diffusivities.  There are several possible reasons for this difference.  First, the NNFF model 

was trained against a first principal simulation of the static FLiNaK structure.  Subsequent molecular 

dynamics simulations using the NNFF model were used to determine the constituent diffusivities based on 

mean squared displacements.  It is possible this protocol does not correctly capture mass transport.  Second, 

Lee et al. did not perform the weighting associated with incoherent neutron scattering for a direct 

comparison with the QENS self-diffusivities.  Finally, our protocol used to fit the QENS data could 

introduce systematic errors.  However, we attempted various alternative strategies and did not observe 

deviations that account for the differences seen in Figure 6a.  Therefore, we believe the measured self-

diffusivities for pure F7LiNaK and F7LiNaK with additives using QENS are trustworthy.  

In addition, a higher lithium self-diffusivity in FLiBe is noticeable from Figure 6a than in FLiNaK.  This 

might be related to factors such as the density difference of the two salts at the same temperature, the 

abundance of free fluorines, and different forcefield used in the simulations. 

We also show the comparison of elemental diffusivities in presence of cerium in the liquid found from MD 

simulation by Galashev et al. 28 to our neutron scattering results in Figure 6b.  Here the agreement is better 

although the MD results have significant scatter and do not follow a linear or Arrhenius behavior.  The error 

bars were not available for the Galashev et al. data set, hence the linear fitting of diffusivities is not error 

weighted in Table 4.  Finally an in silico study reported the elemental activation energy of  FLiNaK- CeF3 

at different concentrations 30; this is also included in Table 4.  

Table 4. Activation energy [Ea (eV/atom)] measured from different experiments and simulations for pure 

FLiNaK and FLiNaK-CeF3 melt constituents. 

 

Elements 

Pure FLiNaK 

[experiment]26 

Pure 

FLiNaK 

[MD 

NNFF]27 

0.05CeF3-

0.95FLiNaK 

[in silico 

MD]30 

0.10CeF3-

0.9FLiNaK 

[in silico 

MD]30 

0.15CeF3-

0.85FLiNaK 

[in silico 

MD]30 

0.15CeF3-

0.85FLiNaK 

[ab initio 

MD]28 

F 0.32± 0.07 0.40± 0.01 0.39 0.39 0.42 0.28 ±0.01 

Li 0.39 ± 0.04 0.37± 0.01 0.37 0.38 0.42 0.30 ± 0.01 

K 0.33±0.08 0.41± 0.02 0.35 0.36 0.40 0.28 ±0.02 

Na 0.38 ± 0.07 0.39± 0.03 0.39 0.36 0.43 0.32 ± 0.02 

Ce   0.41 0.46 0.51 0.49 ± 0.13 

Pure F7LiNaK (this work)                                   0.77 ± 0.02 

F7LiNaK + 0.988 mol% Ce (this work)              1.02 ± 0.02 

F7LiNaK + 1.21 mol%  Zr (this work)                0.88 ± 0.01 

F7LiNaK + 0.499 mol % Cs (this work)             0.71 ± 0.03 

 

3. Conclusions 

The introduction of such fission products in molten salts will induce the formation of complex structures 

or small chains depending on the electrochemical conditions that influence the physicochemical properties 

of the system.  In our work, the self-diffusivity of pure F7LiNaK and F7LiNaK with Ce, Cs, and Zr additives 
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were measured between 500 to 750 ºC using QENS at the SNS at ORNL.  The addition of Ce and Zr 

additives impedes dynamical mass transport.  This is reflected by smaller diffusivities and larger activation 

energies relative to pure F7LiNaK molten salt.  Cesium has little effect on self-diffusivity compared to pure 

F7LiNaK, an effect attributed to the lower (+1) valence state of this cation. 
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