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Dissertation Abstract 

Molten salt is becoming an integral part of tomorrow’s energy. Notably, it offers a combination of heat 
capacity, vapor pressure, and thermal stability that makes the development of Generation IV molten salt 
reactor (MSR) technology possible. The MSR reactor utilizes a molten fluoride salt between 500°C and 
700°C as the medium for nuclear fission, heat storage, and transfer. Examples of molten fluorides are 
eutectic mixtures of LiF-NaF-KF (46.5-11.5-42 mol%), LiF-BeF₂ (66-34 mol%), and NaF-ZrF₄ (59.5–40.5 
mol%) salts. These molten fluorides are prone to containing dissolved hydrofluoric acid (HF) due to 
moisture and/or metallic cation impurities (e.g., Fe, Cr) that drive the corrosion of candidate structural 
containment alloys, which include 316SSH, Hastelloy N, and Inconel 600, and may possibly form a damage 
morphology that is susceptible to the loss of engineering function. Corrosion in molten fluorides remains a 
critical challenge today. The underlying factors that regulate the corrosion process must be well understood 
to prevent materials failures and ensure the overall sustainability of MSR development. 

A key knowledge gap in understanding molten salt corrosion is the inadequacy of mechanistic insights and 
interpretations that target the fundamental principles of electrode reactions, such as the identification of 
reaction rate factors at the electrode-salt interface or transport through metallic or ionic conductor phases 
when alloys are exposed to molten fluorides. Particularly for alloy systems, it is unknown whether there 
exists a “window of corrosion susceptibility” where select metals and alloys are immune or susceptible to 
a particular form of corrosion damage, e.g., bicontinuous dealloying, uniform corrosion, grain boundary 
attack, or a mixture of them. Current progress has been limited primarily by capsule or flow-loop types of 
time-based exposures followed by surface characterization after periods of exposure. This approach often 
lacks diagnostics, does not assess rates except by serial exposure, and makes it difficult to separate variables 
critical to the corrosion process, leaving questions such as: (1) What is the valence of metal dissolution? (2) 
What are the rate-determining steps governing corrosion rate? (3) What is the role of microstructure and 
salt chemistry? The real challenge remains that these experiments are often high fidelity. Therefore, 
investigation into the corrosion behavior of structural metals should begin with model materials (such as 
pure metal or high-purity binary alloys), with a focus on targeting the fundamental principles of corrosion 
thermodynamics and kinetics.  

The objective of this work is to develop a mechanistic understanding of the corrosion process of model 
metals and alloys (Cr, Ni, Ni-Cr) in molten LiF-NaF-KF (or FLiNaK) salts using the principles of 
electrochemical thermodynamics and kinetics. As a foundation, the spontaneity and thermodynamic driving 
force for metal dissolution in molten fluorides were first assessed by developing potential-activity diagrams 
for Cr in molten fluorides (akin to Pourbaix Diagrams), which were verified by experimental cyclic 
voltammetry measurements (CV) for Cr(II) and Cr(III) in molten FLiNaK at 600°C. The thermodynamic 
predictions were then utilized to understand the dissolution kinetics and possible rate-determining steps 
(RDS) for Cr dissolution using linear sweep voltammetry. Results showed that at low potentials, Cr 
dissolution is charge-transfer controlled and resulted in a faceted surface morphology; at high potentials, 
Cr dissolution is mass-transport controlled due to the formation of alkali metal-Cr-salt films leaving behind 
a smooth plan view-morphology. These phenomena allow for the fate of Cr—whether dissolved as ions or 
retained in the metal—to be tracked and used to quantify corrosion rates. This insight inspires the 
development of an in-situ electrochemical method to calculate Cr mass loss in real time by measuring the 
concentrations of Cr(II) and Cr(III) species using CV with a secondary Pt working electrode. 
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This framework was subsequently utilized to understand the corrosion and dealloying behavior of model 
Ni-20Cr alloys (wt.%) in molten LiF-NaF-KF at 600°C. Here, Cr is the less noble element and Ni is the 
more noble element. The RDS and corrosion morphology were examined over the electrode potentials from 
1.75 VK+/K  to 2.75 V K+/K. Between 1.75 VK+/K  and 2.10 V K+/K, Cr was selectively dissolved under an initial 
charge-transfer controlled behavior at a significantly faster rate than Ni. This process left behind a micron-
scale bicontinuous structure characterized by a network of interconnected pores and ligaments rich in Ni 
driven by Ni surface diffusion, which undergo further surface coarsening until 2.30 V K+/K. Cr bulk solid 
outward diffusion, consisting of lattice and grain boundary diffusion of Cr, was calculated to play a major 
role in regulating the rate of Cr dealloying in molten FLiNaK due to the high homologous temperature (Tₕ: 
0.53) corresponding to the 600oC test environment. To identify the RDS controlling molten fluorides 
dealloying, the rates of Cr oxidation (Jelectric), Cr(III) ionic diffusion (JCr(III)), Cr solid bulk outward 
diffusion (Jbulk) were calculated over the duration of dealloying. It was found that over time Jbulk 
(consisting of both lattice and grain boundary diffusions) is insufficient to support Jelectric, suggesting that 
molten fluoride dealloying can be bulk diffusion limited. To validate this hypothesis cold working was 
performed on Ni-20Cr alloy (10%, 30%, 50%) to ameliorate this effect by providing a high density of 
dislocation structures, serving as short-circuit diffusion pathways to accelerate Cr bulk diffusion. Results 
revealed that dealloying of cold-worked Ni20Cr (wt%) was found to be controlled by charge-transfer 
mechanism instead.   

In summary, this work contributes to the fundamental understanding of metal and alloy corrosion, 
particularly the Ni-Cr systems, in molten fluorides, establishing a systematic framework that relates species 
electrode potential—a readily measurable parameter—to the corrosion rate and possible damage 
morphology of the metal and alloy. This framework is transferable for studying compositionally complex 
alloys considered as candidates for MSR applications. It can also guide the discovery of new alloy 
compositions or material structures designed to resist corrosion or cracking. Ultimately, the successful 
development of modular molten salt reactors can be the basis for the democratization of relatively clean, 
abundant energy in both rich and poor countries.  
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used based on Fig. 2. The ratio of a1/2

H/aHF used was be 0.1, 1 and 10.  

Figure 2 – 6. X-Ray diffractogram of the solidified FLiNaK salt in (a) baseline condition, and with Cr 
potentiostatically polarized to (b) -5 VF2/F- for 1h, (c) -4 VF2/F- for 50h, (d) -3.2VF2/F- for 50h 

Figure 2 – 7. E – log(aCrF3-) equilibrium diagram for Cr in FLiNaK salts (log(aF
-) = 1.693) at 600°C. The 

blue dot indicates the equilibrium redox potential of Cr/Cr(II)reported in Fig 5. 

Figure 3 - 1. Schematics of molten salt electrochemical cells 5-electrodes set up 

Figure 3 – 2. Electrochemical diagnostics of the FLiNaK molten salt at 600 °C using a Pt wire. (a) Cyclic 
voltammogram, (b) potential-time relationship during the 60 s galvanostatic hold of Pt wire at -2, -40, and 
-100 mA/cm2, and (c) square wave voltammogram.   



 12 

Figure 3 – 3. Potential-time relationship of Pt wire working electrode (red curve), Pt mesh counter electrode 
(blue curve), and cell voltage (purple) galvanostatically held at (a) 40 and (b) -40 mA/cm2 

Figure 3 – 4. Linear sweep voltammogram curve of Cr in FLiNaK at 600 oC corrected with solution 
resistance, cathodic current density, and limiting current density 

Figure 3 – 5. (a) Linear sweep voltammogram of Cr in FLiNaK at 600 °C measured at a scan rate of 1 mV/s. 
The E-log(i) curve was colored to distinct the cathodic, charge-transfer, and mass-transport regimes. The 
plot was shaded with colors to show the field of thermodynamic stability of Cr, CrF3

-, and CrF6
3- species as 

a function of potential (dashed line shows the phase boundary). The green and blue dotted lines show the 
half-cell redox potential for HF/H2 and Cr(III)/Cr reduction, respectively. The activities of Cr(II) and Cr(III) 
were assumed to be 10-3 M; F- to be 49.3 M; HF to be 100 ppm. (b) and (c) shows the current-time 
relationship of Cr potentiostatically polarized at 0.95 and 1.20 Vpseudo K+/K for 700 s and 1000 s, respectively. 

Figure 3 – 6. The potential range for rapid CV sweeping was highlighted in (a) and (b), representing a 
charge-transfer (0 and 30 mV vs. OCP) and a mixed charge-transfer, and mass-transport regimes (0 and 600 
mV relative to OCP), respectively. Cr oxidation kinetic regimes are shown in the cyclic voltammograms in 
(c) and (d) recorded with a scan rate of 10 mV/s. (e) shows the uniform thickness of K3CrF6 salt film formed 
from the cycling in (b) using Faraday’s Law and (f) shows the boundary layer thickness calculated using 
limiting current densities measured in (d) 

Figure 3 – 7. Linear sweep voltammogram of Cr in FLiNaK salts at 600 °C with the additions of 0.14 wt%, 
0.28 wt%, and 1.00 wt% of CrF3 recorded at a 0.5 mV/s scan rate  

Figure 3 – 8. Relationship between true anodic current densities and CrF3  concentration  

Figure 3 – 9. (a) shows the linear sweep voltammogram measured at scan rates of 0.5, 1.0, 2.5, and 10 mV/s. 
(b) shows the anodic limiting current densities and transition time for salt film formation calculated using 
the Sand Equation.  

Figure 3 - 10. (a) Open circuit potential measurements of Cr in FLiNaK salts at 600 °C for 50 h. (b) shows 
the LSV curve performed after 1 h and 50 h of static immersion. The dotted lines in (b) indicate the phase 
boundary between Cr, Cr(II), and Cr(III) species with their activities assumed to be 10-6 M. The green 
dotted line shows the phase boundary of Cr(III)/Cr(II) at saturated conditions. 

Figure 3 – 11. Plan view and X-ray diffractogram of residual salts for Cr potentiostatically polarized in 
FLiNaK salts at 600 °C at (a,d) +0.18 for 1 h, (b,e) +1.08 for 50 h and (c,f) +1.80 Vpseudo K+/K  for 50 h 

Figure 3 – 12. Plan view surface morphology of Cr potentiostatically polarized in FLiNaK salts at 600 °C 
at (a) 1.08 and (b) 1.80 Vpseudo K+/K . for 1ks 

Figure 3 – 13. Current-time relationship of Cr potentiostatically polarized in FLiNaK salts at 600 oC at (a) 
0.18 for 1 h, (b) 1.08 and (c) 1.80 Vpseudo K+/K  for 50 h. 

Figure 3 – 14. Plan view surface micrograph of Cr upon completion of the LSV scan. (b) shows the 
overlapped elemental maps of (a). The color orange, blue, and red, yellow correspond to Cr, F, K, Na 
respectively. (c) shows the surface topography colormap of the dashed yellow rectangle. The black arrow 
in (c) shows the relative height measurement and the result is displayed in (d) 

Figure 3 – 15.  Plan view SEI micrograph of Cr subjected to LSV scan in 1 wt% CrF3 + FLiNaK salts at 
600 °C measured at (a) 1500x, (b) 5000x, and (c) 7000x magnifications  

Figure 3 – 16. (a,b) Cross-sectional SEM micrograph of Cr immersed in 50 h at 600 °C in FLiNaK. (c) 
EBSD orientation map of (d). shows the surface of the as-corroded Cr sample  
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Figure 3 – 17. Macrophotographs of Cr embedded in residual FLiNaK salts after exposure at 600 °C for (a) 
10 h, (b) 20 h, (c) 30 h, (d) 40 h, and (e) 50 h, respectively. Selected regions in (e) were analyzed with XRD 
shown in (f)  

Figure 3 – 18. Evan’s diagram constructed for pure Cr in molten FLiNaK salts at 600 °C. The red curves 
show the E-log(i) curves consisting of charge-transfer and mass-transport controlled regimes for the anodic 
Cr/Cr(II)/Cr(III) reactions.  (a) shows the cathodic polarization curves for the HF/H2 reactions with [HF] 
assumed between 10 and 1000 ppm. (b) shows cathodic polarization curves for the Cr(III)/Cr(II) reactions 
at various concentration of Cr(II) and Cr(III).    

Figure 3 – 19. Evan’s diagrams highlight the conditions under which Tafel slopes determination via linear 
fittings in the anodic CT regimes is (a) valid or (b) compromised. (a) shows an example of a valid scenario 
with cathodic reactions being HF/H2 at 100 ppm of HF. In contrast, (b) illustrates a scenario where Tafel 
slope determination is impossible when the K3CrF6 salt film is present on the surface. The semi-transparent 
orange rectangles in both (a) and (b) represent the typical, experimentally expected anodic region for Tafel 
slope determination.  

Figure 4 – 1. Schematics of the multi-electrode molten salt electrochemical cell 

Figure 4 – 2. Cyclic voltammogram of Pt in unpurified FLiNaK salts at 600 oC 8 mm away from the Cr 
metal at 100 mV/s. (a) shows the baseline CV curve before Cr immersion. The orange box highlighted the 
CV potential scan range for (b) through (f) shows the Pt-CV curve from 0 to 50 h of Cr exposure. The 
current peaks pertaining to the half-cell redox reactions of Cr/Cr(II), Cr(II)/Cr(III), Cr(III)/Cr(II), and 
Cr(II)/Cr were marked on the CV curves with the black arrows 

Figure 4 – 3. X-Ray diffractogram of residual unpurified FLiNaK salts after 50 h of Cr corrosion at 600 °C 
(cooling rate ~20 °C/min) 

Figure 4 – 4. X-Ray diffractogram of the salt film formed on the Pt foil after 50 h of Cr exposure in 
unpurified FLiNaK salts 

Figure 4 – 5. Cyclic voltammograms of a platinum wire (a) that was continuously exposed to or (b) 
separately inserted into the FLiNaK salts at 50 h at various scan rates. (c) shows the peak current densities 
plotted versus the square root of scan rates 

Figure 5 – 6. (a) Calculated concentrations of CrF3
-, CrF6

3- species and their combined value from cyclic 
voltammetry results are shown in Figure 2. (b) shows the semi-infinite diffusion profile for Cr species 
reconstructed using results from (a) between 10 and 50 h 

Figure 5 – 7. (a) Photograph of post-exposure FLiNaK salts fractured to reveal the location of Cr metal, 
bulk salt “Region (a)”, salt film “Region (b)”, and the location of a Pt electrode; (b) shows the schematics 
illustrating the development of a corrosion product concentration profile; (c) shows the X-Ray 
diffractogram of the different regions highlighted in (a) and unpurified FLiNaK before corrosion (black 
line) for comparison. 

Figure 5 – 8. Mass loss measured by the static immersion method and calculated from the electrochemical 
CV method (with and without diffusion profile correction).  

Figure 5 – 9. The open-circuit potential of Cr in FLiNaK for 50 h overlaid with square, circular, and 
triangular symbols representing the half-cell redox potentials of Cr/Cr(II), Cr(II)/Cr(III) and  
Cr(II)/Cr couples, respectively. The filled symbols represent surface concentration corrected potential 
values. 

Figure 6 – 1. (a) The one-dimensional phase stability diagram for Cr, Ni, Cr(II), Cr(III), and Ni(II) species 
calculated assuming a F- ion activity (aF-) of 49.3 M at 600 °C and using the activity of Cr and Ni in Ni20Cr 
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(wt%). Horizontal black arrows on the diagram represent phase boundaries based on an assumed species 
concentration, while the double-headed vertical arrow highlights the range of phase boundary conditions, 
extending from 10−3 M to bulk saturation. (b) and (c) display the experimental polarization curves for pure 
Ni, Cr, and the Ni20Cr alloy in the form of linear sweep voltammograms at 1 mV s−1. (c) illustrate the 
polarization curve for the Ni20Cr alloy, both in its as-measured state and after corrections for iR and 
cathodic current density 

Figure 6 – 2. Representative backscattered electron micrographs depicting the top-view surfaces of Ni20Cr 
(wt.%) subjected to potentiostatic polarization conditions: (a) at +1.75 VK+/K, (b) at +1.90 VK+/K, (c) at +2.1 
VK+/K, (d) at +2.3 VK+/K, (d) at +2.5 VK+/K, and (e) at +2.7 VK+/K. The alloys were exposed to molten FLiNaK 
salts at a temperature of 600 °C for a duration of 10 ks 

Figure 6 – 3. Ni20Cr (wt%) subjected to potentiostatic hold in molten FLiNaK at 600 °C at +1.75 VK+/K. (a) 
display the current-time relationship, (b) shows the cyclic voltammogram measured the secondary Pt WE 
before (black) and after 10 ks of potentiostatic hold of Ni20Cr. The redox peaks of possible Cr/Cr(II) and 
Cr(II)/Cr(III) reactions are labeled. The inset in (b) highlights the potential range in which the Ni/Ni(II) 
half-cell redox reactions are possible (c) shows the Nyquist plots measured at each 2 ks time increment 
containing the EEC used for fitting analysis and fitting results (black lines) 

Figure 6 – 4. Ni20Cr (wt.%) potentiostatically polarized at +1.75 VK+/K for 10 ks. (a) Plan-view SEM image 
showing surface morphology. (b) Composite EDS elemental maps overlaid on SEM image, highlighting Ni 
(red) and Cr (green) distribution. Specific locations were marked for point analysis. (c) Cross-sectional 
SEM image of the sample. (d) and (e) EDS maps for Ni (red) and Cr (green), respectively. The semi-
transparent rectangle in (c) indicates the area subjected to EDS line scan analysis, with corresponding 
elemental profiles for Ni and Cr presented in (f). EBSD analysis is shown via the inverse pole figure (IPF) 
plot of a separate cross-sectional surface in (g). The stereographic triangle in (h) marks the orientation of 
the grains present in (g) 

Figure 6 – 5. Ni20Cr (wt%) subjected to potentiostatic hold in molten FLiNaK at 600 °C at +1.90VK+/K. (a) 
display the current time relationship, (b) shows the cyclic voltammogram measured the secondary Pt WE 
before (black) and after 10 ks of potentiostatic hold of Ni20Cr. The redox peaks of possible Cr/Cr(II), Cr 
(II)/Cr(III), Ni/Ni(II) reactions are labeled. The inset in (b) highlights the potential range in which the 
Ni/Ni(II) half-cell redox reactions are possible (c) shows the Nyquist plots measured at each 2 ks time 
increment containing the EEC used for fitting analysis and fitting results (black lines) 

Figure 6 – 6. Ni20Cr (wt.%) potentiostatically polarized at +1.90 VK+/K for 10 ks. (a) Plan-view SEM 
image showing surface morphology. (b) Composite EDS elemental maps overlaid on (a), highlighting Ni 
(red) and Cr (green) distribution. Specific locations were marked for point analysis. (c) Cross-sectional 
SEM image of the sample. (d), (e), (f) are EDS maps for Ni (red), Cr (green), and F (blue) respectively. The 
semi-transparent rectangle in (c) indicates the area subjected to EDS line scan analysis, with corresponding 
elemental profiles for Ni and Cr presented in (g). EBSD analysis is shown via the inverse pole figure (IPF) 
plot of a separate cross-sectional surface in (h). The stereographic triangle in (i) marks the orientation of 
the grains present in (h) 

Figure 6 – 7. Backscattered electron micrographs of Ni20Cr potentiostatically held at +1.90VK+/K for (a) 
1ks, (b) 3ks, (c) 5ks, and (d) 10ks in molten FLiNaK salts, 600 °C taken at 2,000x magnification. (e), (f), 
(g), and (h) display the 10,000x magnified region of (a), (b), (c), and (d), respectively 

Figure 6 – 8. Ni20Cr (wt%) subjected to potentiostatic hold in molten FLiNaK at 600 °C at +2.10 VK+/K. (a) 
display the current time relationship, (b) shows the cyclic voltammogram measured the secondary Pt WE 
before (black) and after 10 ks of potentiostatic hold of Ni20Cr. The redox peaks of possible Cr/Cr(II) and 
Cr(II)/Cr(III) reactions are labeled. The inset in (b) highlights the potential range in which the Ni/Ni(II) 
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half-cell redox reactions areis possible (c) shows the Nyquist plots measured at each 2 ks time increment 
containing the EEC used for fitting analysis and fitting results (black lines). 

Figure 6 – 9. Ni20Cr (wt.%) potentiostatically polarized at +2.10 VK+/K for 10 ks. (a) Plan-view SEM image 
showing surface morphology. (b) Composite EDS elemental maps overlaid on (a), highlighting Ni (red) 
and Cr (green) distribution. Specific locations were marked for point analysis. (c) Cross-sectional SEM 
image of the sample. (d), (e), (f) are EDS maps for Ni (red), Cr (green), and F (blue) respectively. The semi-
transparent rectangle in (c) indicates the area subjected to EDS line scan analysis, with corresponding 
elemental profiles for Ni and Cr presented in (g). EBSD analysis is shown via the inverse pole figure (IPF) 
of a separate cross-sectional surface in (h). The stereographic triangle in (i) marks the orientation of the 
grains present in (h) 

Figure 6 – 10. X-ray diffractogram of as-solidified salt mixture subjected to Ni20Cr potentiostatic hold at 
(a) +1.75 VK+/K, (b) +1.90 VK+/K, and (c) +2.10 VK+/K in FLiNaK, 600 oC for 10 ks 

Figure 6 – 11. Plan view measurements of ligament width between 1 and 10 ks for Ni20Cr (wt.%) for 
Ni20Cr potentiostatically polarized in Molten FLiNaK at 600 oC. The inset displays a simplified schematic 
of Ni-rich ligament coarsening process 

Figure 6 – 12. Cumulative charge consumed (Qconsumed) during the potentiostatic hold of Ni20Cr in molten 
FLiNaK salts, 600 oC at +1.75 VK+/K, +1.90 VK+/K, and +2.10 VK+/K for 10 ks 

Figure 6 – 13. Charge transfer resistance (Rct) of Ni20Cr in molten FLiNaK salts, 600 oC potentiostatically 
held at +1.75 VK+/K, +1.90 VK+/K, and +2.10 VK+/K from 1 ks to 10 ks 

Figure 6 – 14. Schematics displaying a simplified mechanism of molten fluoride dealloying 

Figure 6 – 15. Jelectric vs.time for Ni20Cr (wt.%) potentiostatically held at (a) +1.75 VK+/K, (b) +1.90 VK+/K, 
and (c) +2.10 VK+/K for 10 ks. The solid grey line represents the calculated effective bulk diffusion flux 
(JBulk

Cr ) and the dashed line shows the ionic diffusion flux of Cr(III),  JFLiNaK
Cr , in FLiNaK at 600 oC 

Figure 7 – 1. EBSD analysis on Ni20Cr CW samples before corrosion. (left) Inverse pole figure (IPF) maps 
and (right) GND maps taken for the (a) 0%CW, (b) 10% CW, (c) 30% CW, and (d) 50% CW conditions 

Figure 7 – 2. Plan view backscattered scanning electron (BSE) micrographs of Ni20Cr alloys subjected to 
an Eapplied at +1.90 VK/K+ for 10 ks in molten FLiNaK at 600°C. Panels (a) through (d) depict the samples 
after 0%, 10%, 30%, and 50% CW, respectively, all captured at 2,500× magnification. Panels (e) through 
(h) present the corresponding micrographs at 10,000×magnification 

Figure 7 – 3. BSE micrographs displaying cross sectional view of Ni20Cr alloys subjected to (a) 0% CW, 
(b) 10% CW, (c) 30% CW, and (d) 50% CW dealloyed at +1.75 VK/K+ for 10 ks in molten FLiNaK at 600 
°C. The insets display regions analyzed with EDS line scan 

Figure 7 – 4. The relationship between JBulk
Cr (w/ & w/o CW) , Jelectric

Cr , JFLiNaK
Cr(III) , hdissolved and time of Ni20Cr 

with (a,b) 10%, (c,d) 30%, and (e,f) 50%CW dealloyed at 1.75VK+/K for 10ks 

Figure 7 – 5. Plan view BSE micrographs of Ni20Cr alloys subjected to an Eapplied at +1.75 VK/K+ for 10 ks 
in molten FLiNaK at 600°C. Panels (a) through (d) depict the samples after 0%, 10%, 30%, and 50% CW, 
respectively, all captured at 2,500×  magnification. Panels (e) through (h) present the corresponding 
micrographs at 10,000×magnification 

Figure 7 – 6. BSE micrographs displaying cross sectional view of Ni20Cr alloys subjected to (a) 0% CW, 
(b) 10% CW, (c) 30% CW, and (d) 50% CW dealloyed at +1.90 VK/K+ for 10 ks in molten FLiNaK at 600 
°C. The insets display regions analyzed with EDS line scan  
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Figure 7 – 7. The relationship between JBulk
Cr (w/ & w/o CW) , Jelectric

Cr , JFLiNaK
Cr(III)& 𝑁𝑖(𝐼𝐼), hdissolved and time of 

Ni20Cr with (a,b) 10%, (c,d) 30%, and (e,f) 50%CW dealloyed at 1.90VK+/K for 10ks 

Figure 7 – 8. Cross sectional morphology of 50% CW Ni20Cr subjected to an Eapplied at +1.90  in molten 
FLiNaK salts, 600 oC for (a,e) 0.5 ks, (b,d) 1 ks, (c,g) 5 ks, and (d,h) 10 ks. Panels (e-h) show overlaid EDS 
elemental maps with Ni in red, Cr in green, F in blue, and K in purple, corresponding to panels (a-d), 
respectively. Panels (e-h) also a semi-transparent grey arrow representing the region analyzed with 
compositional line profile (wt.%) 

Figure 7 – 9. EBSD analysis on 50% CW Ni20Cr sample potentiostatically polarized in molten FLiNaK 
salts, 600 oC at +1.90 VK+/K for (a,b) 0.5 ks, (c,d) 1 ks, and (e,f) 5 ks, (g,h) 10 ks. (left) IPF maps and (right) 
GND maps 

Figure 7 – 10. Schematic Illustration of diffusion fluxes, and their interaction during Cr dealloying in 
Ni20Cr alloy at different CW levels 0%, 10% CW, 30% CW, and 50% CW 

Figure 7 – 11. SEM cross section analysis of 30% CW Ni20Cr sample potentiostatically polarized in molten 
FLiNaK salts, 600 oC at +1.90 VK+/K . (a) Secondary electron image and corresponding (b) IPF maps and 
(c) GND maps. EDS elemental maps of (d) Ni, (e) Cr, (f) F, and (h) K 

Figure 7 – 12. Magnified SEM cross section analysis at the dealloyed grain boundary triple point shown 
towards the bottom of Fig. 12. (a) BSE micrograph, and corresponding (b) GND map, (c) grain orientation 
spread map, and (d) IPF map 

Figure 7 – 13. Effective diffusion coefficients (Deff
 ) as a function of grain size (d) calculated using Eq.7 

with and without considering dislocation density. Parameters are D𝑙
 =10−15 cm2/s, D𝐺𝐵

 =10−10 cm2/s,  
D𝑑𝑖𝑠

 =10−9 cm2/s, ρ = 1011 cm-2, and b = 2.51*10-8 cm. The transitions of factors that govern Deff
  are marked 

for two types of recrystallized grains and the grain size of the 0%CW or as-homogenized alloy 

Figure 7 – S1. (a) displays the X-ray diffraction patterns for both the as-homogenized and the CW samples 
at 10%, 30%, and 50%. (b) shows the calculated dislocation density (ρdislocation) and lattice parameter 
(aNi20Cr) at different cold work levels. 

Figure 7 – S2. Cyclic voltammogram of a Pt wire measure at a scan rate of 100 mV/s in FLiNaK at 600 oC 
relative to the K+/K potential. Scans were recorded prior to the dealloying of Ni20Cr (grey), and after 
potentiostatic hold +1.75 VK+/K and (green) +1.90 VK+/K for 10 ks (orange). The red and blue boarder insets 
show the potential window for Cr/Cr(II)/Cr(III) and Ni/(II) redox reactions, respectively. (a), (b), and (c) 
shows the results measured at 10%, 30%, and 50% CW, respectively 

Figure 7 – S3. (a) and (b,c) display the Nyquist and Bode plots of Ni20Cr (wt.%) dealloyed at +1.75VK+/K 

measured at the 10ks mark. The inset in (d) displays the electrical equivalent circuits (EECs) used for fitting  

Figure 7 – S4. (a) and (b,c) display the Nyquist and Bode plots of Ni20Cr (wt.%) dealloyed at +1.90VK+/K 

measured at the 10ks mark. The inset in (d) displays the electrical equivalent circuits (EECs) used for fitting 
analysis 

Figure 7 – S5. Electrochemical characterization of Ni20Cr in the as-homogenized and 10%, 30%, and 50% 
CW. (a) displays the linear sweep voltammogram (LSV) measured at a scan rate of 1 mV/s in molten 
FLiNaK, 600 oC. (b) and (c) display the current-time relationships of the CW samples potentiostatically 
held at +1.75 VK+/K and +1.90 VK+/K for 10 ks, respectively 

Figure 7 – S6. Analysis of LSV results shown in Fig. S3. As-measured LSV plots (black squares) are first 
IR-corrected (red rhombus). The cathodic Tafel regions are then fitted and plotted as icathodic (orange triangle). 
The anodic current density (ianodic) is then calculated and fitted with a linear line representing the anodic 
Tafel region (solid blue lines) 
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Figure 7 – S7. Microstructural characterization of Ni20Cr alloys, subjected to varying degrees of cold work. 
Panels (a), (b), (c), and (d) show the BSE images, maps of GNDs, IPF and its corresponding stereographic 
triangle and for the samples with 10% CW, respectively. Similarly, panels (d), (e), (f), (g) as well as panels 
(i), (j), (k), (l) are organized in the same order for the 30% and 50% CW samples, respectively. 

Figure 7 – S8. Optical micrographs of (a) 10% CW and (b) 30% CW Ni20Cr samples. The same samples 
subjected to electrolytic etching in 1M H2SO4 at +6 V for ~15 s as displayed in (c) and (d), respectively 

Figure 7 – S9. Optical micrographs of (a) 50% CW Ni20Cr sample. (b), (c), (d), and (e) show the 
electrolytically etched surface (1M H2SO4 at +6 V for ~15 s) of a 50% CW sample annealed in Ar gas at 
600 oC for 0.5 ks, 1 ks, 5 ks, and 10 ks, respectively. 

Figure 7 – S10. Bar chart comparing the average grain interior area of as-homogenized, 10%, 30%, and 
50% CW samples annealed in Ar gas, 600 oC for various duration 

Figure 7 – S11. Morphological and compositional analysis of the 0%CW Ni20Cr alloy subjected to a 
potentiostatic hold at +1.75 VK+/K for 10 ks: (a) reveals the dealloyed porous surface; (b) shows the 
corresponding elemental distribution highlighting the predominance of Ni (red) over Cr (green); (c) 
provides a cross-sectional view; while (d) and (e) present the Ni and Cr elemental maps, respectively. The 
white semi-transparent rectangle in (c) indicates the region subjected to EDS line scan, the results of which 
are depicted in (f). Figures S12 through 19 share this caption format, with additional variations specified 
for each figure. 

Figure 7 – S12. 10% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.75 VK+/K for 10 ks in molten 
FLiNaK at 600 oC (See Figure 7 – S11 for full captions) 

Figure 7 – S13. 30% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.75 VK+/K for 10 ks in molten 
FLiNaK at 600 oC 

Figure 7 – S14. 50% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.90 VK+/K for 10 ks in molten 
FLiNaK at 600 oC 

Figure 7 – S15. 0% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.9 VK+/K for 10 ks in molten 
FLiNaK at 600 oC 

Figure 7 – S16. 10 % CW Ni20Cr alloy subjected to the potentiostatic hold at +1.90 VK+/K for 10 ks in 
molten FLiNaK at 600 oC 

Figure 7 – S17. 10 % CW Ni20Cr alloy subjected to the potentiostatic hold at +1.90 VK+/K for 10 ks in 30% 
CW Ni20Cr alloy subjected to the potentiostatic hold at +1.90 VK+/K for 10 ks in molten FLiNaK at 600 oC 

Figure 7 – S18. 50% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.90 VK+/K for 10 ks in molten 
FLiNaK at 600 oC 

Figure 7 – S19. (a) Cross-sectional BSE images of 10% CW Ni20Cr alloy subjected to the potentiostatic 
hold at +1.90 VK+/K for 10 ks in molten FLiNaK at 600 oC, demonstrating the occurrence of percolation 
dealloying within the alloy substrate . (b), (c), (d) and (e) display the elemental maps of Ni, K, Cr, and F, 
respectively 

Figure 7 – S20. Large field of view EBSD analysis on 10% CW Ni20Cr sample potentiostatically polarized 
in molten FLiNaK salts, 600 oC at +1.75 VK+/K 10 ks. (a) shows the IPF and (b) shows the GND map. 

Figure A1 – 1. Potential-fluoride activity diagrams at 600°C (a) shows the potential stability window 
defined by the fluorine gas evolution (F2/F−) and stability in the oxidized state for Li+ , K+ , and Na+ cation 
constituents. The vertical dashed line indicates the F− activity in FLiNaK salt at aF− = 49.3 M and (b) 
displays the Nernst potentials of O2/O2– and HF/H2 reactions assuming the oxidant concentration of 10 ppm, 
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100 ppm, and 1,000 ppm. The diagram was shaded with different colors to indicate the type of gas evolution 
and/or platting of salt cations within the phase stability map 

Figure A1 – 2. Potential-fluoride activity diagrams displaying the Nernst potentials of F2/F− O2/O2– , 
Eu(II)/Eu(III), Ni/Ni(II), HF/H2, Fe/Fe(II), Cr/Cr(II), Cr(II)/Cr(III), K+/K, and half-cell redox reactions 
calculated at 600°C. The concentration of O2– and HF was assumed to be 1,000 ppm (corresponding to the 
molar concentration of 1.00 × 10−1 M and 1.25 × 10−1 M), Cr(II) in Cr(II)/Cr(III) and Eu(II) are taken to be 
10−6 M, while that of Eu(III), Ni(II), Fe(II), and Cr(II) in Cr/Cr(II) are assumed to be 10−3 M 

Figure A2 – 1. The different equivalent electrical circuits (ECMs) selected for EIS sim- ulation in a molten 
salt system [87]. (a) shows an ideal and simplified Randles circuit, (b) a simplified Randles circuit with a 
CPE, (c) shows two-time con- stants in series, termed “Two-time constants”, (d) a Randles circuit with a 
dif- fusional impedance (ZW), and (e) a Randles circuit in series with a second-time constant also 
containing a diffusional element  

Figure A2 – 2. Cross-sectional and plan view schematics and optical micrographs of Cr working electrodes 
of different areas fabricated for molten FLiNaK electrochemistry 

Figure A2 – The errors of (a) polarization resistance, Rct and (b) double layer capacitance, Cdl calculated as 
a function of frequency at different disk electrode areas (Adisk) and a baseline Cdl of 13 mF/cm2. The vertical 
arrows mark the ohmic effect critical frequency (𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛) 

Figure A2 – 4. Simulated impedance spectra representing charge-transfer controlled interfacial dissolution 
of Cr in FLiNaK, 600 oC.  The Bode modulus and phase angle plots of the (a,b) simplified Randles circuit 
and (c,d) two-time constant ECM models are displayed with the disk area of 100, 10-1 and 10-2 cm2. The 
dashed line shows a baseline case of 100 cm2 with no 𝑘𝑓

𝑖  factors correction, labeled as “ref”. The grey 
vertical lines identify the frequency regime, 10-2 to 104 Hz, in which experimental measurement is routinely 
obtained. All simulation parameters are referenced in Table 1.  

Figure A3 – 5. Experimental impedance spectra of Cr exposed in FLiNaK+1wt.% EuF3, 600 oC for 1 h. 
The Cr geometries are macroelectrode (1.9cm2) and two disk electrodes (Disk A:1.96·10-1 & Disk 
B:1.29·10-2 cm2). The Bode modulus plots are shown in (a), (b), and (c), representing the raw, area corrected, 
and Rs and area corrected curves, respectively. The phase angle plots are shown in (d) and (e) displaying 
the raw and Rs corrected results, respectively. Symbols are the data and the solid lines are the fits.  

Figure A3 – 6. Simulated impedance spectra representing mass transport controlled interfacial dissolution 
of Cr in FLiNaK, 600 oC.  The Bode impedance and phase angle plots in (a,b) are simulated spectra based 
on an ECM comprising of two-time constants containing diffusional impedance of a disk (Figure 1e) with 
an assumed area of 100, 10-1 and 10-2 cm2, and those in (c,d) are experimental measurements of Cr exposed 
in molten FLiNaK + 1 wt.% EuF3 for 24h with different electrode geometries and areas. The dashed line 
reveals a baseline case of 100 cm2 with no 𝑘𝑓

𝑖  factors correction, labeled as “ref”. The grey vertical lines the 
frequency regime, 10-2 to 104 Hz, in which experimental measurement is feasible 

Figure A3 – 7. Percent variation as a function of lower termination frequency (𝑓𝑐𝑢𝑡𝑜𝑓𝑓
 ) selected for ECM 

fitting analysis. The fitting processes are performed on the simulated impedance spectra constructed based 
on the (a) simplified Randles circuit (Figures 4a & 4b) and (b) two-time constants (Figure 4c and 4d) ECM 
models for both bulk rectangular (Bulk R) and disk geometries. The down arrow on (a) and (b) indicates 
the 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  with and without kf correction 
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Chapter 1: Background 

The Development of Molten Salt Reactor 
Dr. Nikolai Kardashev famously proposed the concept of Kardashev scale in the late 1960s, correlating 

that the progress of a civilization to its technical capability to harness and utilize energy.1 This concept 

cannot be more relevant to today’s world. The International Energy Agency  predicts that the global demand 

of energy will experience a 2-fold increase by 20302. Such demand is exacerbated by the rising 

developments of artificial intelligence which have considerable energy consumption at their data centers3, 

electric vehicles and consumer electronics.4 Coupled with the societal need to reduce carbon footprints, the 

production of clean energy is a high priority to transform the traditionally fossil fuel dependent economy.   

Nuclear power is an alternative and promising source of energy to fulfill this demand. To-this-date, 

18% of U.S. domestic energy is generated by nuclear power alone5, notably using industrial, gigawatt scale 

GW-scale light water reactors (LWRs). In LWR, water is pressurized to steam above 10 MPa operating 

near ~300oC in the primary coolant, including both the reactor core and primary heat exchange loop6. 

Enthalpy produced from the primary loop transfers to the second heat exchange loop connected to a steam 

turbine generator. LWR has broadly applied for both military and civilian applications since the 1950s, 

whether it is designed to deploy at industrial/GW or at modular/MW scales. However, major public and 

political concerns remain regarding the possibility of a loss-of-coolant accident triggered by material 

failures, potentially leading to a nuclear reactor meltdown. Such an accident will have a catastrophic impact 

on human health and environmental safety based on the lessons learned from the Chernobyl and Fukushima 

incidents6 (not to mention the radioactive nuclear wastes produced that last thousands of years). 

Consequentially, in the last two decades the nuclear industry has constantly been seeking alternative reactor 

concepts with enhanced safety and maneuverability during an emergency, reduced radioactive waste 

without compromising the reactor performance.  

In present, small modular reactor (SMR) has been proposed as an alternative safe and efficient reactor 

concept.7,8 Despite being designed to only generate MW-scale of thermal and/or electrical power, SMR 

offers a higher dispatchability (i.e. reactor core can be designed to fit and be transported in a truck) and 

opportunities to utilize both aqueous (water/steam) and non-aqueous medium (liquid metal, molten salt, or 

helium gas) as a reactor coolant. The latter is also referred to as Generation IV reactor concept9. Fig. 1 

displays the electrical power density versus the primary operating pressure of available SMR data.7 An ideal 

scenario is a reactor that operates at near ambient pressure (thus reducing the risk of explosion, or materials 

failure leading to loss of coolant and lowering structural materials constraints) and at high power density. 

From Fig.1, molten salt reactor (MSR) and liquid metal reactor (LMR) fall into this opportunistic regime.10  
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Figure 1. Figure of merit displaying of the electrical power density (MW/m³) and primary 
operating pressure (MPa) for different reactor coolants, including Liquid Metal (red), Molten Salt 
(yellow), Helium (purple), and Water (blue). The operating pressure range and power density for 
each coolant are represented by ellipses, with data points showing specific reactors or designs.  7 
 

MSRs utilize a molten fluoride salt blend as the primary fuel for nuclear fission (referred as primary 

salt) and as a high temperature fluid for heat storage and exchange (referred as secondary salt) to a tertiary 

power module. Fig. 2 displays a schematics of a molten salt reactor displaying these compartments. The 

use of molten salt offers several key advantages that distinguish them as promising candidates for SMR10–

12, including but not limited to, (i) low melting but high boiling points, (ii) chemical stability under neutron 

irradiation, (iii) near ambient pressure at high temperature up to 900oC (vs. 218 atm in LWR), (iv) ability 

to serve as fuels, (v) capable of utilizing U-233/Thorium fuel cycle (vs. 4 times more abundant than U-235 

used in LWR13), and (vi) closed fuel cycles limiting long-lived actinides waste14.  

Features (i) through (iii) enable inherent safety (eliminating the possibility  of steam explosion, which 

is a major cause for both the Chernobyl and Fukushima disasters6,15,16) and more efficient reactor operation 

with an ideal thermodynamic efficiency of 50% (vs. 30% in LWE)7, whereas (iv) and (vi) allow simpler 

fuel design, waste handling, and potentially a more resilient fuel supply chain. Candidate fuel and coolant 

salts identified include, LiF-NaF-KF (46.5-11.5-42 mol %), LiF-BeF2 (66-34 mol%), and NaF-ZrF4 (59.5–

40.5 mol%)17.  Due to its promising properties, MSR has become a popular global thrust for clean energy 

development through a collaborative effort between academia, government laboratories, and industries7. 
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Figure 2. Schematic diagram of an example Molten Salt Reactor (MSR) system, showcasing the 
reactor core, control rods, and purified salt circulation through heat exchangers to generate steam, 
which powers a turbine connected to an electrical generator. The system also includes a chemical 
processing plant and emergency dump tanks equipped with a freeze plug for safety in case of 
emergencies. Noted that a reactor design can differ among developers.  
 

To understand the scientific principles and objectives proposed in this work, conducting a brief review 

of the history of MSR materials and corrosion development is vital. Fig. 3 shows the number of scholastic 

publications per year compiled by the authors using Google Scholar Database include, but not limited to, 

journal publications, book chapters, conference abstracts and proceedings. Two key words: “Molten Salt 

Reactor”, “Corrosion in Molten Fluorides” were searched. The pioneering research work began in the 1950s 

initiated by aircraft propulsion project at the Oak Ridge National Laboratory (ORNL)19. Between 1950s 

and 1980s, most literature work were driven by technical reports published by ORNL19–26.  These earlier 

work seek to explore and/or develop suitable salt-facing structural alloys that offers a combination of (1) 

corrosion resistance & compatibility with fission products, (2) resistance to high temperature creep 

deformation, (3) tolerance of radiation damage coupled with (4) good weldability and formability27,28. 

Within this period, published reports center on post-mortem forensic characterizations of structural 

components (e.g. reactor vessels, flow loops for salt transport and heat exchanges) after service (typically 

radioactive, high temperature, corrosive reactor enviroments19). For instances, components fabricated by 

conventionally high-temperature legend alloys such as Hastealloy W (Ni-24Mo-6Fe-5Cr, wt.%) was found 
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to corrode by the mechanism of thermal gradient mass transport coupled with Cr selective dissolution within 

several months of service in a modular MSR reactor19. Poor performance was often attributed to the 

impurity-driven corrosion attack, including hydrofluoric acid that is formed due to the absorption and 

reaction of moisture with F- ion (H2O + 2F- → 2HF + O2-) coupled with creep failure and their synergetic 

effects with radiation20-22. These results inspire civilian and national laboratories to perform miniature-scale 

experiments that study the corrosion of metallic materials in simulated MSR environments, such as high-

temperature static molten salt. Therefore, as shown in Fig. 3, it wasn’t until the early 2000s to present days 

when a rising number of literatures was published by civilian laboratories.  

 

 
Figure 3. The number of scholastic publications, including journal articles, technical reports, book 
chapters, conference abstracts, in the past 7 decades based on Google scholar data 18 
 

Structural Materials Corrosion in Molten Salt Reactor   
Table 1 shows a list of structural alloys considered and being extensively evaluated for MSR harsh 

environments. Commercial Ni-based superalloys or their derivatives, such as Hastealloy N and Inconel 600, 

are recommended for MSR applications considering their machineability, creep resistance, and corrosion 

resistance27,28. Nevertheless, when impurities are present in molten fluorides, the less noble elements in the 

alloy such as Cr 29,30 remains susceptible to be selectively dissolved via the path of least resistance, e.g. 

grain boundary, and has been observed in all alloys shown in Table 1. This is due to the fact that the Gibbs 

energy of formation (ΔGf
0) of chromium difluorides (CrF2) is lower than those of iron and nickel fluorides 

(other major alloying elements)31,32, and therefore Cr is predicted to exhibit the highest thermodynamic 

driving force to dissolve at a given impurity level. Therefore, Cr as an alloying element is detrimental to 

the corrosion resistance in the context of molten fluorides corrosion. However, the addition of Cr is still 



 24 

necessary to form a protective Cr2O3 passive film to protect oxidation on the external surface of structural 

components27.  Coupled with the fact that molten fluoride is a non-oxide forming environment with high 

solubility for most oxides33–35, the use of a protective Cr2O3 film is undermined for the internal surface of 

reactor materials36. These factors contribute to the difficulty of corrosion protection in high temperature 

molten fluorides. Recent efforts explore the use of ASME Section III Division 5 alloys37, such as Alloy 

800H and 316HSS 27.However, the fundamental understanding of the corrosion of these materials is poor 

and factors that control the corrosion morphologies are uncertain.  

 

Progress in Molten Fluoride Salt Corrosion Research  
Published literature adopt a phenomenological approach toward MSR corrosion studies. The approach 

centers on performing laboratory scale crucible- and/or capsule-based immersion tests on candidate 

materials and correlating their mass loss to independent variables such as (i) crucible materials38,39, (ii) 

different types of salt impurities40–44, (iii) radiation30,45–47, (iv) alloy composition43,48,49, and (v) 

microstructural modification29. Impurities in molten fluorides causes rapid early-stage corrosion. The four 

major types of impurities are (1) moisture-induced hydrofluoric acid (H2O(g) + F-(salt)→ HF(salt) + O2-

(salt)), (2) metallic cations such as Ge, Ag, Cr and Fe in the ppm levels40, (3) dissolved native oxides 

releasing Cr(III)  such as Cr2O3
36, and (4) fission products such as Te50. Among them, HF is highly oxidizing 

as even 10 to 100 ppm can cause the structural alloy to exhibit a corrosion potential in which the dissolution 

of Cr to Cr(III) is thermodynamically favorable51, generating soluble Cr(III) product which is also oxidizing 

itself 52. In NiFeCr and 316SS alloy systems, soluble Fe(II) and Ni(II) corrosion products are also expected29. 

Figure 4 displays the half-cell Nernst potentials calculated by Guo et al.29 comparing the driving forces of 

several redox couples of interests between 550oC and 850oC. Figure 4 is a convenient approach to compare 
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and identify spontaneous corrosion. For instance, the red dotted HF/H2 (=0.1) line sits above the purple 

solid Cr/CrF2 lines. This suggests that if cathodic HF/H2 reaction (1) and anodic Cr/CrF2 reaction (2) are 

coupled, this redox reaction is spontaneous. It is therefore suggested that HF/H2 has a high oxidizing power 
29. Depending on the HF/H2 ratios, the HF/H2 may spontaneously oxidize Fe, Cr, Mn, Al depending on the 

activity of the alloy systems, which will be further discussed in Chapter 2 and Appendix 1. The coupled 

reactions will thermodynamically and kinetically yield a corrosion potential (Ecorr) and thus a corrosion 

current density (icorr) to the material, which will also be further illustrated in Chapters 3 and 4.  
 

𝐻𝐹 (𝑀𝑆) + 𝑒− → 1
2

𝐻2 (𝑔) + 𝐹−(𝑀𝑆)     (1) 
 

𝐶𝑟 (𝑠) + 2𝐹− → 𝐶𝑟𝐹2 (𝑚𝑠) + 2𝑒−     (2) 
 

 
Figure 4. Comparison of half-cell Nernst potential of redox metal/metal fluoride couples relative to a 
F2/F- reference as a function of temperature in fluoride salts constructed by Guo et al.29 

 
In a realistic condition, the corrosive environment is constantly changing, e.g. in-situ impurity 

consumption and production, which also manifests as a change in corrosion potential and its rate. It is thus 

important to understand the relationships between impurity type, concentration, and the corrosion potential 

of candidate alloy systems. Such understanding will enable the development of MSR corrosion mitigation 

strategies—such as identifying dealloying susceptibility conditions, redox control32, corrosion modeling53, 
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and alloy development54. The current popular approach of laboratory study is “cook-and-look” by principle 

– which an alloy is statically immersed in a molten salt for an extended period, followed by an examination 

of its plan-view and cross-sectional corrosion morphology. This approach, while straightforward, lacks 

instantaneous potential/rate information critical to understand materials evolution in molten salts, especially 

at the early stage of exposure. The replicability of laboratory-scale immersion tests is also controversial. 

Raiman et al.43 compiled the mass loss results of materials tested in molten chloride and fluoride salts in 

different environments, crucible materials, duration, and impurity levels as shown in Figure 5.  

 
Figure 5. Compiled plots displaying the reported mass loss of Hastealloy N, alloy 800H, stainless steel, 
and other Ni-based alloys at different times in molten fluorides and chlorides by Raiman et al. 43 
 

As shown in Table 5, published results were found to exhibit large statistical scattering due to the lack 

of standard experimental practice and uncontrolled impactful variables. If the impurity level is not 

controlled, the mass loss as well as corrosion morphology can also be affected40,55,56. Not to mention, due 

to the complexity of variables involved with each experiment, it is challenging to utilize forensic analysis 

alone to isolate critical attributes that regulate these corrosion processes or develop theories and conceptual 

frameworks to predict degradation rates. The data presented in Figure 5 implies that the corrosion potential 

of the alloy was not controlled but could experience gradual changes in potential and/or salt chemistry. As 

a result, the alloy may have undergone multiple corrosion modes throughout exposure, with the final 

corrosion mode prevailing in appearance while earlier stages of degradation could have been erased. 

Electrochemical techniques provide an in-situ and diagnostical approach to characterize the corrosion 

behavior of candidate materials real-time either in open-circuit (static immersion) or under polarized 

conditions57. However, electrochemical methods alone cannot capture every corrosion mode and should be 

complemented with other experimental techniques. One also needs to understand the system constraints 
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when performing electrochemistry in molten salts or other non-aqueous media. These concerns include but, 

not limited to, the choice of reference electrodes, the species that support the cathodic/anodic reactions on 

both the working and counter electrodes during a scan, the role of double layer, stability of electrolytes 

under applied potential etc. These concerns are well-summarized by the reviews by Fredrickson et al58 and 

Nishikata et al59 . The past five years have seen a rising number of studies that compare the electrochemical 

corrosion behavior of nickel-based superalloys36,41,60,61 and stainless steels36,41 in molten fluoride salts; often 

using electrochemical metrics, such as the relative difference in corrosion potential (Ecorr), corrosion current 

density (icorr) at varying impurities level (e.g. H2O and CrF3
62,63), alloy composition and microstructure61,64–

66. However, data analysis is comparative, quantitative, and does not fully leverage the advantages offered 

by electrochemistry. For instances, potentiodynamic polarization (PD) method (also referred to as Linear 

Sweep Voltammetry (LSV)) may be used to estimate reaction/corrosion rates of corrosion reactions at the 

impose potential or potential range 61,64–66 . Moreover, PD can also inform possible rate-limiting steps at the 

metal/electrolyte interface by analyzing the current-potential relationship.  
 
Critical Knowledge Gap: The Window of Corrosion Susceptibility  

A key knowledge gap is the inadequacy of mechanistic insights and interpretation that target the 

fundamental principles of electrode reactions, such as the identification of reaction rate limiting factors 

whether at the electrode-salt interface, transport through metallic or ionic conductor phases due to salt films 

and deposit of differing chemical identity, or on a dealloyed nanoporous front when alloys are exposed to 

molten fluorides. Current progress has been limited primarily by capsule or flow loop type of time-based 

exposures followed by surface characterization after periods of exposure; often using complex alloys which 

lack separation of variables. Hence most corrosion studies are long term look-and-see exposure studies with 

time-based exposures unable to provide rate information, lacking in systematic variation in variables, lack 

of in operando or instantaneous measurements, lack understanding of corrosion in 4-dimensional (multiple 

probes using multiple techniques over the same time), and lack of diagnostics. It is unknown whether there 

exists a “windows of corrosion susceptibility” in molten salts where select metals and alloy are immune or 

susceptible to a particular form of corrosion damage, e.g. bicontinuous dealloying67, uniform corrosion51, 

grain boundary attack29, or a mixed of them? These phenomena is well-documented in aqueous systems, 

where dealloying occurs within a specific potential range—determined by conditions in which the 

dealloying rate exceeds that of uniform attack. This concept will be further explored in Chapters 5 and 6. 

Nevertheless, such “window of corrosion susceptibility” remains exclusive in molten salts.  

Corrosion is an interfacial phenomenon dictated by the electrolyte chemistry, the electrolyte fluid 

dynamics, electrochemical reaction thermodynamics and kinetic, materials composition, microstructure, 

surface conditions and many more factors57. Molten salt also operates at a high homologous temperature 
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(TH: 0.4-0.6), which suggests the role of solid-state bulk diffusion, which is often neglected in room 

temperature corrosion studies. The major consequence of a corrosion process is transition a morphology 

that may be susceptible to catastrophic failure, e.g., stress-corrosion cracking68. These factors work in 

concert to yield several defined electrochemical parameters that enable assessment of the nobility and rate 

of a corrosion process, notably the corrosion potential (Ecorr) and corrosion current density (icorr), 

respectively57. Ecorr is a mixed potential that is thermodynamically and kinetically determined. In an 

industrial environment (particularly in the pipeline and cathodic protection industry69), icorr is difficult to 

measure and Ecorr can be correlated with an electrode potential measured with a voltmeter relative to a 

reference electrode. Hence, these considerations yield three key motivating scientific questions: (1) Is it 

possible to relate the electrode potential of a metal or alloy to a certain damage morphology in molten 

salts? (2) What are the windows of corrosion susceptibility for different alloy/salt systems? (3) What 

regulates the corrosion rate? (4) If windows of corrosion susceptibility exists in molten salts, then 

how are these windows be affected by the salt impurity, alloy composition, microstructure, and 

operating temperature? Given that electrode potentials can be imposed by either an applied potential or 

naturally by impurity cathodic reactants, answering these questions are highly relevant in the context of 

molten salt corrosion for reactor developments. 

A technical whitespace exists in defining the windows of corrosion susceptibility and its attendant 

damage morphology as a function of electrode potential (both through an applied potential or impurity as a 

chemical potentiostat; also dictate the interfacial rate-controlling dissolution mechanism, i.e. charge-

transfer vs. mass-transport controlled dissolution), alloy composition for elemental immunity, impurity 

concentration, temperature etc. Given sufficient information, scientific understanding can enable the 

development of models of corrosion processes and can enable the prediction of damage evolution or 

degradation rates as well as an understanding of alloy and physical attributes. Ideally such insights  which 

can guide alloy design and corrosion mitigation strategies. 
 

Overall Objective & Hypothesis 
This overall objective of this thesis to advance a fundamental understanding of corrosion processes in 

molten fluorides, with a focus on elucidating rate-regulating mechanisms and the morphological evolution 

of materials. By applying electrochemical thermodynamics and kinetics, this work integrates multi-modal 

experimental characterization and analysis to provide deeper mechanistic insights. Consequently, a model 

corrosion system consisting of pure metals and binary alloys (Cr, Ni, Ni-20Cr wt.%) in a molten LiF-NaF-

KF (or FLiNaK) salt electrolyte at 600oC is selected as the focus of this thesis. The overall hypothesis is 

that there exists a specific window of susceptibility, defined by electrode potential for a salt and material 
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system, within which metals and alloys are vulnerable to different forms of morphological damage due to 

differences in corrosion driving forces and rate-regulating interfacial charge-transfer mechanisms.  

Approach & Thesis Organizations 

This thesis is organized to 5 chapters and 2 appendices:  

• Chapter 2, Task 1 aims to identify the thermodynamic phase stabilities of metals, and their cation 

oxidation states in molten fluorides using potential-activity diagrams. The thermodynamic predictions 

are verified with experimental methods, including cyclic voltammetry and X-Ray Diffraction, 

performed on a model system consisting of pure Cr in molten LiF-Na-KF (or FLiNaK) salts at 600oC.  
 

o Supporting Task 1, Appendix 1 delves further to explain how the presented potential-activity 
diagrams may be used to illustrate the spontaneity of metal corrosion in molten fluorides. 
 

• Chapter 3, Task 2 seeks to identify the rate-regulating phenomenon that governs the interfacial charge-

transfer behavior for Cr oxidation in molten FLiNaK at 600oC at different electrode potentials. The 

attendant thermodynamic phase stability of Cr (and its species) as well as the morphological damage at 

different electrode potentials are also studied, enabling different “corrosion regimes” to be categorized.    
 

• Chapter 4, Task 3 aims to provide a time-based description of the Cr corrosion process in molten 

FLiNaK by designing and implementing an in-situ, multi-electrodes technique, which enables the 

electrochemical studies of two working electrodes (WEs) simultaneously. On the primary WE (e.g. Cr), 

DC and/or AC measurement techniques are performed, whereas on the secondary WE, cyclic 

voltammetry is performed on a blocking electrode (e.g. Pt) to capture corrosion products real time.  
 

o Supporting Tasks 2 &3, Appendix 2 explores and evaluates the use of flush-mounted disk 
electrodes, as the working electrode geometry, to accurately measure the charge-transfer 
resistance of Cr in molten FLiNaK using electrochemical impedance spectroscopy technique. 

 

• Chapter 5, Task 4 aims to leverage the techniques developed from Tasks 1 through 3 to investigate the 

corrosion and dealloying behavior of Ni20Cr (wt.%) alloys in molten FLiNaK, 600oC at high 

homologues temperature. The thermodynamic stability of Ni and Cr, morphological evolution, and 

possible rate-determining step for Cr dissolution at different electrode potentials are studied. The role 

of interfacial Cr dissolution, bulk (lattice & grain boundary), and surface diffusions are elucidated.  
 

• Chapter 6, Task 5 investigates the effect of cold working on the morphological evolution of Ni20Cr 

(wt.%) alloy in molten FLiNaK, 600oC. Cold working was performed to study the effect of accelerated 

Cr solid diffusion on molten salt dealloying by introducing a high density of point and line defects, 

which serve as shirt-circuit diffusion pathways.  
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Lastly, Chapter 7 provides a comprehensive summary and a list of future works. It is noted that the  effects 

of Cr composition, temperature, and oxidizer concentration on the dealloying behavior of Ni-Cr alloys were 

also examined in this thesis, but their discussion remains beyond its scope. 
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Abstract 
The thermodynamic stability of chromium (Cr) in the Cr0, Cr(II)and Cr(III)oxidation states considering 

various F- ion coordination compounds was investigated in molten LiF-NaF-KF (FLiNaK) eutectic salt. 

Potential-fluoride ion activity (F- and CrF3
-) diagrams were constructed to predict the most stable Cr 

oxidation states as a function of anion activity, solvation state of chromium ions and potential at 600°C. 

The Gibbs free energies of these compounds were estimated by utilizing a combined cyclic voltammetry - 

Nernst theory analysis approach in FLiNaK salt. To verify the constructed diagrams, X-Ray Diffraction 

was utilized after exposure of Cr at various applied potentials to determine whether compounds detected in 

solidified FLiNaK salts agreed with thermodynamic calculations. The present work aims to identify key 

thermodynamic factors that are significant to the chromium corrosion for molten salt nuclear reactor 

applications. The F- stability region spans the entire region where spontaneous corrosion of Cr occurs. Cr 

may be oxidized to Cr(II)and Cr(III)in the presence HF (due to moisture as an impurity) spontaneously 

except some conditions of p1/2H2/aHF etc. This situation is not changed qualitatively for various states of 

solvation between oxidized Cr solute in F- solvent and this aspect is substantially similar for the two cases 

(pair 1: Cr0/CrF3
-/ CrF6

3- ; pair 2: Cr0/CrF4
2-/CrF5

2-) considered in this work. 

 

Introduction 

Molten salt reactor (MSR) has been recognized as a promising system for generation IV nuclear 

reactor with improved safety and performance1. Compared to the conventional light-water reactor (LWR), 

molten fluoride salts (e.g. LiF-NaF-KF, LiF-BeF2 eutectic) operate in the temperature range between 600°C 

and 900°C and replace water as the medium to dissolve dissolved fissile materials1 and transfer heat; in 

other words, molten fluoride salts can serve as both the solvents for the reactor fuel and coolant2,3. The 

research and commercial development of MSR reactor center on solving technical problems that are 

deleterious to the safety and sustainability of this technology including reactor materials; and thus, the 

corrosion of metallic structural components should be addressed4,5.   
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Fundamentally, the corrosion of metallic elements in MSRs has been posited to occur by 

electrochemical processes governed by mixed potential theory where the thermodynamic driving force for 

oxidative corrosion is determined by the difference in the Gibbs free energies of reaction between the 

reduction half-cell or cathodic reactions of the oxidants in the molten fluoride salts, coupled with anodic 

half-cell reactions associated with transition metals used in structural materials. Herein, we consider the Cr0 

oxidation half-cell reactions producing oxidized chromium-fluoride compounds6. These are in turn based 

on the free energy of formation (ΔGf
0) of the relevant reactants and products. However, these free energies 

may vary depending upon the specific Cr oxidation states and possible F- coordination complexes that may 

form  (e.g., CrF2, CrF3, FeF2)7–9. For instance, it has recently been argued that Cr(II)can exist as CrF3
- or 

CrF4
2-  and Cr(III)may exists as CrF5

2-, CrF6
3-, and Cr5F17

2- states in molten fluorides at 700°C10.  

The origins of the oxidants can range from moisture impurities11 (the cause of the dissolved 

hydrofluoric acid corrosion12), dissolved cations associated with metallic elements that originally were 

contained in air pre-formed oxides13, to the corrosion products themselves11, such as reduction of Cr in CrF3 

or CrF2 compounds originally generated from Cr metal corrosion11,14,15. In technological applications, 

corrosion may result from differences in mixed potentials established by cold legs relative to hot legs16–19. 

Chromium is a common alloying element for various candidate MSR reactor materials including alloys 

which exhibit good corrosion resistance in aqueous systems4. Since molten fluoride salt is a non-oxide 

forming environment with high solubility for oxygen and most oxides9,13,20, the use of a protective Cr2O3 

barrier layer is not suitable for this application21. This is further exacerbated by the fact that the ΔGf
0 of 

chromium difluorides (CrF2) is lower than those of iron and nickel fluorides (other major alloying 

elements)1,8, and therefore Cr is predicted to exhibit the highest thermodynamic driving force for corrosion 

relative to candidate oxidizers discussed above. This is evidenced by phenomena such as selective Cr 

dissolution along grain boundaries 7,22,23.  

 Nevertheless, our understanding on the electrochemical corrosion process involved with Cr metal 

and its alloys in molten salt is limited. The question remains open which oxidation state (Cr(II)or Cr(III)) 

is pertinent during Cr containing alloy corrosion. Thermodynamic predictions8 suggests that Cr has a 

highdriving force to dissolve to the Cr(II)state due to the lower Gibbs free energy of the reaction producing 

CrF2 (reaction 1). Direct dissolution to the Cr(III)state (reaction 2) has not been reported as a predominant 

reaction step6. Moreover, it is posited that the resultant Cr(II)state will then be converted to the Cr(III)state 

though the disproportionation reaction (reaction 3) in which Cr metal is redeposited on its surface24.  

 

Cr(s) + 2F−(MS) ↔ CrF2
 (MS) + 2e−    (1) 

 

Cr(s) + 3F− (MS) ↔ CrF3
 (MS) + 3e−   (2) 
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3CrF2
 (s) ↔ 2CrF3

 (s) + Cr(s)        (3)  

 

Where (MS) indicates a dissolved species in molten salt: 

Recent progress in molten fluoride electrochemistry offers additional insights that help to interpret 

the corrosion mechanism of Cr. Wang et al. performed a detailed electrochemical study on a Pt wire 

electrode in a LiF-NaF-KF eutectic salt with the addition of CrF2 at 600°C25. The X-ray diffractogram of 

salt mixture quenched from 600 °C revealed the presence of crystalline CrF3
- and CrF6

3- phaseses, 

corresponding to the chromium oxidation state of Cr(II)and Cr(III)ions, respectively25. A recent 

computational study by Winner et al. shows the solvated states of CrF3
- and CrF4

2-  are possible for Cr(II). 

Moreover, CrF5
2-, CrF6

3-, and Cr5F17
2- are possible for Cr(III)in molten fluorides at 700°C10. However, it is 

unclear which solvated structure will form naturally during the spontaneous corrosion process. Nevertheless, 

fluoride solvation should be considered in understanding the mechanism of Cr corrosion. Thus, reactions 

(1) – (3) can be modified to the reactions (4) - (9) though the following. It is noted that only reaction steps 

that involve the transfer of 1 mole of e- is the Cr(II)/Cr(III)conversion reaction:  
 

Oxidation from Cr0 to Cr(II): 
 

CrF3
-: Cr(s) + 3F− (ms) ↔ CrF3

 −(ms) + 2e−    (4) 
 

CrF4
2-: Cr(s) + 4F− (ms) ↔ CrF4

 2−(ms) + 2e−   (5) 

 

Oxidation from Cr0  to Cr(III): 
 

CrF5
2-: Cr(s) + 5F− (ms) ↔ CrF5

 2−(ms) + 3e−   (6) 
 

CrF6
3-: Cr(s) + 6F− (ms) ↔ CrF6

 3−(ms) + 3e−  (7) 

 

Oxidation from Cr(II)to Cr(III): 
 

CrF3
-/CrF6

3-: CrF3
−(s) + 3F− (ms) ↔ CrF6

 3−(ms) + e−  (8) 
 

CrF4
2-/ CrF5

-: CrF4
2−(s) + F− (ms) ↔ CrF5

 2−(ms) + e−  (9) 
 

Based on the literature, the prior approach to understand the thermodynamics of molten fluoride 

salt corrosion centers on (1) systematically ranking the Gibbs free energies of possible half-cell reactions 

(∆Gr
0) and associated half-cell reaction potentials (E)8, and (2) developing predominance diagrams, which 

depict regions of stable phases as a function of chemical compound activities (e.g. aCrF2, aCrF3, aLiO2), partial 
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pressures of oxygen (PO2) and/or fluorine gas (PF2), and/or potential (E)7,11,13,26,27. While the goal is to predict 

the most favorable reaction, both approaches have not considered the Cr-F solvation phenomenon reported 

in recent literature10, which is critical since it affects the potential range over which thermodynamic stability 

of Cro, Cr(II)and Cr(III)is obtained. This in turn affects corrosion. Additionally, predominance diagrams 

are calculated and constructed based on chemical reactions (e.g. Cr + F2 → CrF2) rather than 

electrochemical reactions (Cr + 2F- → CrF2 +2e-), which may possibly affect the accuracy of the phase 

stability prediction. Although easy to construct especially with the help of modern thermodynamic 

calculation software, predominance diagrams also have limited flexibility since the oxidizing chemical 

potential is sometimes expressed as gaseous partial pressure (e.g. PO2). In molten salt corrosion, it is a 

thermodynamic variable rather than measurable or quantitative property, making it difficult to determine 

the exact point which Cr locates in a phase stability, or predominance, diagram. This provides a literature 

gap and an opportunity to develop potential-activity diagrams that can be utilized to predict under what 

conditions Cr is oxidized or immune to dissolution as a function of electrode potential and fluoride ion 

activities (two measurable, quantitative properties) analogous to a classical Pourbaix diagram28. 

The objective of this work is to understand and predict the conditions for oxidative Cr corrosion in 

molten fluorides. This work aims to investigate Cr corrosion in LiF-NaF-KF (FLiNaK) eutectic salt, 

applicable to a MSR reactor29. Thermodynamic analysis was carried out using the Nernst theory to predict 

the predominance phase of charged, solvated ions as a function of fluoride ions activity and potential (the 

theory is discussed in detail in Materials and Methods section). Electrochemical measurement coupled with 

X-Ray Diffraction (XRD) were utilized to verify the predicted thermodynamic stability regions for Cr0, 

Cr(II)and Cr(III)stability in FLiNaK salts at 600°C.  

 
Materials and Methods 

Setup, sample and salt preparation 
High purity Cr rectangular sheet (99.995%, Alfa Aesar) with the dimension 20 mm x 1.5 mm x 3 mm 

were used. Coupons were metallographically prepared to 1200 grit surface finish using silicon carbide 

polishing papers. The FLiNaK salt was prepared by weighting LiF (99.85%, Fisher Scientific), NaF 

(99.99%, Fisher Scientific), KF (99.9%, Fisher Scientific) into the stoichiometric ratio of 46.5, 11.5, and 

42 mol%, respectively. Prior to mixing, these salts were dried in a vacuum furnace for 48 hours at 100°C, 

and then transferred to a N2-filled glove box with controlled O2 and H2O level below <0.1 ppm. During this 

transfer process, it is expected that the salts could absorb water from moist air during transfer (relative 

humidity of the laboratory is about 30%). 30 grams of FLiNaK salt were used for each experiment. The 

mass ratio of salt to Cr coupon is approximately equivalent to 0.03 g of FLiNaK/g of Cr.  
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The setup to perform electrochemical measurement is shown in Fig. 1. All measurement was 

carried out in a N2 filled glove box in a modified muffle furnace at 600°C. A glassy carbon crucible 

(99.999%, Fisher Scientific) was used as both the salt container and counter electrode, and a Pt wire was 

used as a Pt/PtO/O2- quasi-reference electrode based on a controlled oxygen level. The working electrode 

was either a Cr coupon spot welded to a Ni200 wire or a platinum wire (99.997%, Alfa AesarTM). All the 

electrodes were fed though an alumina tube and placed in a quartz tube to ensure sturdy connections.  A 

Gamry interface 1000 potentiostat was used to perform electrochemical tests. To minimize impurities 

pertaining to residual water moisture or oxygen, prior to the insertion of test electrodes, the salt mixture 

was heated to 600°C for 3 h under the flow of ultra-high purity N2 gas (99.999%).  
 

 

Figure 1. Schematics of the molten salt electrochemical cell 
 

 

Reference potential determination 
For a more meaningful and reliable comparison between thermodynamic calculation and 

electrochemistry results, the electrode potential was represented relative to both the reduction of potassium 

ions (K+/K) and the evolution of fluorine gas (reaction (11), F2/F-). However, due to the lack of 

thermodynamic data regarding the activity coefficient and Gibbs free energy of K+ in molten fluorides, the 

half-cell redox potential of K+/K was calculated instead via the KF to K (or reaction(10)) the Gibbs free 

energy of formation of KF is known. All potentials calculated in this chapter were also calculated relative 

to the evolution of fluorine gas (reaction (11), F2/F-). Reactions (10) and (11) define the electrochemical 

potential window in molten FLiNaK salts.  
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KF(ms) + e− ↔ K(s) + 𝐹−(ms)   (10) 
 

2F−(ms) ↔ F2(g) + 2e−    (11) 
 

 The redox potential for reaction (10) can be experimentally measured using a cyclic voltammetry 

technique performed on a Pt wire in molten fluoride salts27. This method has also been utilized by Massot 

et al27, Shay et al40, and Wang et al41. The technique involves polarizing the Pt wire to a cathodic (negative) 

direction until a sharp increase in reduction current corresponding to KF reduction is detected, and the scan 

is reversed to oxidize the K deposited on the Pt wire surface. An example cyclic voltammogram is shown 

in Fig. 2a. The equilibrium potential of reaction (10) was estimated at the position between the oxidation 

peak (KF/K)27, 40, 41. Once the KF/K potential was known, the F2/F- potential was be calculated using the 

Nernst equation as shown in the next section.  
 

Thermodynamic Calculation  
In this work, a systematic thermodynamic analysis was carried out to predict the most favorable 

reaction for Cr dissolution as a function of potential and fluoride ion activities. Firstly, consider a general, 

reversible, half-cell electrochemical reaction in molten fluorides as shown in reaction (12):  
 

M + xF− ↔  MFx
n−x + ne−     (12) 

 

where x describes the number of fluoride ions reacted per atom of Cr. The Nernst Equation for reaction 

(12) can be represented by the Nernst equations as Eq. (13) and Eq. (14)42:  
 

EM/MFx
n−x =  EM/MFx

n−x
0 + 2.303RT

nF
log(

aMFxn−x

aF−x aM
)  (13) 

 

EM/MFx
n−x =  EM/MFx

n−x
0 + 0.173

n
log(

aMFxn−x

aF−x aM
)    (14) 

 

where EM/MFn
x+ is the Nernst potential, R is universal gas constant, T is temperature in K, n is the number 

of electrons transferred to complete  the reaction shown one time, F is the Faraday’s constant of 96500 

coulombs/mol e-, ai  (= γi Ci) is the ion activity, and EM/MFn
x+

0  is the standard electrode potential of the half-

cell reaction. The EM/MFn
x+

0  can be related to ∆Gf
0 though Eq. (15) and (16):  

 

∆G𝑟𝑥𝑛 
0 =  −nF∆ECr/Cr(𝐼𝐼)

0      (15) 
 

∆G𝑟𝑥𝑛 
0 =  ∆Gf

0(Cr(𝐼𝐼)) − ∆Gf
0(Cr)    (16) 
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where ∆Gf
0 represents the standard Gibb’s free energy of formation and ∆Grxn

0  represents the Gibb’s free 

energy of reaction (12). Table 1 shows the ∆Gf
0 of potassium and chromium fluoride compounds obtained 

from Barin et al38 at 600oC (with a reference state relative to the enthalpy of 298K). Since the melting point 

of KF, CrF2, CrF3 is higher than 600°C, the ∆Gf
0 at supercooled state was used. This is calculated by the 

summation of their solid state ∆Gf
0 and the fusion energy (∆GF

0)6,43 obtained by Eq. (17):  
 

∆GF
0 = (Hl,F

0 − Hs,F
0 ) − T(Sl,F

0 − Ss,F
0 )     (17) 

 

where the subscript “l” is liquid phase and “s” is solid phase. The values of Hl,F
0  , Hs,F

0  , Sl,F
0 , Ss,F

0  values were 

obtained from the FactSage 8.0 SGTE pure substances database (v13.1)44. It is also noted that as metal 

fluorides compounds dissolve in FLiNaK, a free energy due to dissolution (∆Gdiss
0 ) will arise. Yet, ∆Gdiss

0  

has yet to be theoretically predicted and will not be estimated here. The ∆Gf
0 of fluoride ion (F−) is assumed 

to be 0 and the partial pressure of fluorine gas (F2) is assumed to be 1 atm so reaction 11 can be a reference 

for other electrochemical reactions. 
 
Table 1. Standard Gibbs free energy of formation (∆Gf

 ) of potassium fluoride and chromium 
fluoride compounds at 600oC. The reference state is relative to enthalpy at 600oC. 

Compound KF CrF2 CrF3 Ref Note 

ΔGf0 
[kJ/mole] 

-484.3 -674.6 -954.8 [Barin,1977]38 Uncorrected 

-477.9 -666 -885 - Supercooled 
corrected 

 

 To ensure the reliability of the ∆Gf
0  values used in this work, the ∆Gf

0  values from various 

thermodynamic database are listed in Table 2. It is noted that these values represent the condition at T = 0 

K. The ∆Gf
0 values from Barin et al.38 are consistent with Yoo1 and with two open source thermodynamic 

databases: Open Quantum Materials Database (OQMD)45,46 and Materials Project (MP) 47. The method to 

convert the formation energy reported in OQMD and MP, from eV/atom to the standard unit of kJ/mol, can 

be found in the work of Lany et al48.  To predict the thermodynamic stability of Cr, the equilibrium redox 

reactions that are possible involving the Cr0, CrF3, CrF3
-, CrF4

2-, CrF5
2-, CrF6

3 species must be considered. 

Table 3 lists the possible redox reactions and their Nernst equations. The potential window offered by 

molten fluorides can be defined by the reduction of potassium fluoride, reaction (10), and fluorine gas 

evolution, or reaction (11). The Nernst potentials of possible redox reactions pertaining to the Cr metal and 

its species are computed as a function of electrochemical potential and fluoride ion activity. These results 

are presented in the form of  a potential-activity diagram (vs. log(aF
-) and log(aCrF3

-)) applicable for molten 

fluoride salt, which is analogous to Pourbaix diagram developed for aqueous systems28.  
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Table 2. Equilibrium redox reactions and their thermodynamic expression utilized for the 
construction of potential-concentration diagrams in molten fluoride salts  

Description Reaction 
# Chemical Equation Nernst Equation / 

Gibbs free energy expression 

Potential Window 
for Molten 
Fluorides 

10 KF + e− ↔ K + F− E = E0 −
2.303RT

F
log(

aF−

aKF
) 

11 F2 + 2e− ↔ 2F− E = −
2.303RT

2F
log(aF−2 ) 

Direct Dissolution 
from Cr0 to Cr(II) 

4 Cr + 3F− ↔ CrF3
− + 2e− E = E0 +

2.303RT
2F

log(
aCrF3

−

aF−
3 ) 

5 Cr + 4F− ↔ CrF4
2− + 2e− E = E0 +

2.303RT
2F

log(
aCrF4

2−

aF−
4 ) 

Direct Dissolution 
from Cr0 to Cr(III) 

6 Cr + 6F− ↔  CrF6
3− + 3e− E = E0 +

2.303RT
3F

log(
aCrF6

3−

aF−
6 ) 

7 Cr + 5F− ↔  CrF5
2− + 3e− E = E0 +

2.303RT
3F

log(
aCrF5

2−

aF−
5 ) 

Disproportionation 
RXN between 

Cr(II)and Cr(III) 

8 CrF3
− +  3F− ↔ CrF6

3− + e− E = E0 +
2.303RT

F
log(

aCrF6
3−

aCrF3
−aF−

3 ) 

9 CrF4
2− + F− ↔ CrF5

 2− + e− E = E0 +
2.303RT

F
log(

aCrF5
2−

aCrF4
2−aF−

 ) 

Solvation of 
chromium 
fluorides 

- CrF3 + 3F− ↔ CrF6
3− ∆G = ∆G0 + 2.303RT log(

aCrF6
3−

aF−
3 aCrF3

) 

- CrF3 + 2F− ↔ CrF5
2− ∆G = ∆G0 + 2.303RT log(

aCrF5
2−

aF−
2 aCrF3

) 

Reduction of 
hydrofluoric acid 12 HF + e−   ↔ 1

2
H2 + F− E = E0 −

2.303RT
F

log(
pH2

1/2aF− 

aHF
 ) 

 

To perform a complete thermodynamic analysis, the Gibbs free energy of formation (∆Gf
0) of various 

chromium fluoride compounds (e.g. CrF3
-, CrF4

2-, CrF5
2-, CrF6

3-) needs to be known. However not all these 

values were reported or verified in literature. In this work, an electrochemical method was used to estimate 

the ∆Gf
o values of these compound27. The redox electrode potentials (EM/MFx

n−x) of Cr redox reactions (4) 

–(9) was determined from cyclic voltammetry performed on a platinum wire inserted in FLiNaK salts with 

the addition between 0.11 and 1 wt% of CrF3 (97%, Fisher Scientific) at 600°C. The standard electrode 

potential (EM/MFx
n−x

0 ) was obtained by the extrapolation of EM/MFx
n−x to 1M MFx

n-x in the FLiNaK salts. The 

∆Gf
0 of possible chromium fluoride compounds were calculated using Eq. (15)27.  

 

Assumptions & Limitations 

It is important to point out the ∆Gf
0 values calculated from the experimental CV results are relative to 

our thermodynamic assumptions used in this chapter. These include that (1) the literature ∆Gf
0  used in this 

work have a reference state relative to the enthalpy of 873.15K, (2) F- participates in the half-cell redox 
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reactions,  (3) ∆Gf
0(𝐹−) = 0 at 600oC, (4) the reduction of K+ ions to K involves that of KF to K, (5) the 

activity of F- is assumed to be 49.M, (6) pure metal activity to be 1, and (7) the activity coefficients of metal 

fluoride species calculated are assumed unity. These assumptions were selected to facilitate analytical 

simplification and methodological consistency. Any modification to these assumptions, regardless of the 

intended purpose, will inevitably affect the results derived from the thermodynamic analysis, including the 

calculated ∆Gf
0 values for CrF₃⁻, CrF₄²⁻, CrF₅²⁻, CrF₆³⁻, and their corresponding half-cell redox potentials. 

 

Table 3. Standard Gibbs free energy of formation (∆Gf
o) of potassium fluoride and chromium 

fluoride compounds at T=0 Kelvin obtained from various thermodynamic databases 

Compound KF CrF2 CrF3 Ref 

ΔGf0 [kJ/mole] 

-569.8 -777.7 -1172.7 [Barin,1977] 38 

-570.1 -777.1 - [Yoo, 2001] 1 

-562.1 -721.0 -1120.7 [OQMD] 45-46 

-566.5 -817.4 -1174.0 [MP] 47 
 

Potentiostatic polarization of pure Cr and X-Ray Diffraction  
To access the validity of some predictions, a pure Cr coupon was potentiostatically polarized to -3.2 

VF2/F
- for 50 h, -4 VF2/F

- for 50 h, -5 VF2/F
- for 1 h in FLiNaK salts at 600°C using a Pt qusai-reference 

electrode and a glassy carbon crucible as a counter electrode. The potential values selected will be justified 

in the result section. The phase composition of solidified salts was analyzed by XRD using the Malvern-

Panalytical Empyrean diffractometer [wavelength Cu Kα (1.5405 A)]. The PDF4+ database was used as 

the reference data. The software HighScore Plus was used for Rietveld refinements. The peak profile was 

refined by pseudo-Voigt function.  
 

Results and Discussion  

Cyclic Voltammograms of Pt in FLiNaK-CrF3 salts 
Fig. 2 show the cyclic voltammograms on a Pt wire in FLiNaK salts with the additions of 1.0wt% and 

0.42wt% of CrF3 at 600°C. In Fig. 2a, no Cr was present and the potassium ion reduction (K+) reaction was 

observed at the cathodic terminal of the scan, and its equilibrium potential (EK+/K) was marked in both Fig. 

2a and 2b. All potential reported in this work will be referenced from this measured EKF/K potential value. 

It is noted that the EKF/K potential is referred as the EK+/K in literature27. Hence, the reference potential used 

in this study is a quasi-reference EK+/K potential. In Fig. 2c, two redox couples were observed pertaining to 

the Cr/Cr(II)and Cr(II)/Cr(III) redox reactions. It is noted that no particular species (e.g. CrF2, CrF3, CrF3
-, 

CrF6
3-) were assigned to describe the Cr(II) or Cr(III)oxidation state. The electrochemical behavior of the 

Pt wire in FLiNaK salts with either CrF2 or CrF3 additions have been extensively studied by multiple 
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authors14,15,25,27,30. It was reported that both redox reactions exhibit quasi-reversibility. The Nernst potential 

of Cr/Cr(II) (ECr/Cr(II)) and Cr(II)/Cr(III) (ECr(II)/Cr(III)) pairs may be approximated at the midpoints between 

the oxidation and reduction peaks31,32, which are marked the red dotted lines in both Figs. 2b and 2c.  

However, in Fig. 2c, it can be seen that the Cr(III)/Cr(II) reduction peak was very shallow. This peak 

cannot be clearly distinguished for a given weight percent of CrF3 added41,47 (such as in Fig. 2b), making it 

difficult to precisely determine its peak potential and current. The smaller peak current and shallower peak 

shape may be due to the combined effects of  the lower diffusivity of Cr(III) (an order of magnitude lower 

than that of Cr(II)at 600°C in FLiNaK salts25), and if the reduction reaction occurs not only on the Pt surface 

but elsewhere in the bulk molten salt24.  

 

 
Figure 2. Cyclic voltammogram of Pt wire in a FLiNaK salt at 600°C. (a) shows the cyclic 

voltammogram before and after the addition of (b) 1.0 wt% and (c) 0.42 wt% of CrF3 at 600 °C. (a), (b) 
indicate the equilibrium potential of KF reduction (EKF/K). The red dotted lines in (b) and (c) show the 
approximate experimentally determined equilibrium redox potential of Cr/Cr(II) redox couples (ECr/Cr(II)). 
 
Calculating the Concentration of CrF2 and CrF3 in FLiNaK 

Upon the addition of CrF3 in FLiNaK salts, it was expected that deposited Cr particles and CrF2 would 

be formed by the disproportionation reaction, or reaction (3), as observed by Liu et al.24 Determining the 

activity of CrF2 and CrF3 in FLiNaK salts is important to the thermodynamic analysis. Given that the 

Cr/Cr(II)and Cr(II)/Cr(III) reactions are quasi-reversible14,25,30,33–36, the Randles-Ševcik relation (Eq. (18)) 

was used to estimate the concentration of ionic species at a known scan rate and peak current densities: 
 

ip = 0.4463nFACbD
1
2 (nFv

RT
)

1/2
     (18) 

 

where ip is the peak current density; n is the moles of electrons transferred; A is the area; Cb is bulk 

concentration; v is the scan rate; D is the diffusivity; R is the university gas constant 8.314 J⋅K−1⋅mol−1; T 

is temperature To approximate the concentration of Cr(II)species in our FLiNaK-CrF3 salt, the ratio of peak 

current densities associated with Cr/Cr(II)and Cr(II)/Cr(III)reactions were determined, yielding Eq. (19): 
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CCr(II)
 

CCr(III)
 =

iCr/Cr(II)
peak  

iCr(II)/Cr(III)
peak  (DCr(III)

DCr(II)
)

1/2
     (19) 

 

where  iCr/Cr(II)
peak  and iCr(II)/Cr(III)

peak  are the peak current densities in the CV associated with the Cr/Cr(II)and 

Cr(II)/Cr(III)oxidation peaks, and DCr(II) and DCr(III) are the diffusivities of Cr(II)and Cr(III) related species, 

which were reported by Wang and Zhang25 to be 2.55·10-5 and 7.74·10-6 cm2s-1 in FLiNaK salts at 600°C.  

Using the disproportionation reaction (3) as the basis for stoichiometric conversion, the resulting ratio of 

Cr(II) to Cr(III)concentration when Cr(III) is added can also be expressed as:  
CCr(II)

 

CCr(III)
 = 3x

CCrF3
0 (M)−2x

      (20) 

 

where x represents the moles reacted. Using Eqs. (19) and (20), the concentration of Cr(II) and Cr(III) 

species as a function of initial CrF3 concentration (CCrF3
0  ) can be obtained as shown in Fig. 3a. Both 

Cr(II)and Cr(III) species follow a linear relationship with C0
CrF3 as shown in Eq. (21) and (22): 

  

CCr(II)(M) = 0.0152 CCrF3
0 (wt%)      (21) 

 

CCr(III)(M)= 0.173 CCrF3
0 (wt%)     (22) 

 

The percent conversion of initial CrF3 to Cr(II)species was computed and shown in Fig. 3b. The red 

line marks the solubility limit of CrF3 in FLiNaK, which was calculated to be 0.3 wt% by Yin et al37. Prior 

to CrF3 saturation, the percent conversion increased and plateaued when 0.42 wt% of CrF3 was introduced, 

which is consistent with thermodynamic prediction37. Upon saturation, it was determined that about 7.71% 

of CrF3 was converted to CrF2, close to the percent conversion value reported by Peng et al34.  

 

Figure 3. (a) Concentration of Cr(II) and Cr(III) species. (b) The percent conversion from CrF3 to 
Cr(II) species at a various weight fraction of CrF3 added to FLiNaK. The red line marks the 
reported solubility limit of CrF3 in FLiNaK at 600oC.  
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Estimating the Gibbs Free Energy of Formation of Solvated Chromium Fluorides 
Fig. 4 shows the experimental Cr/Cr(II) Nernst potential (ECr/Cr(II)) indicated by symbols versus the 

calculated Cr(II) concentration (Eq. (21)) on a logarithmic scale. The solid line is a best fit to the data that 

can be fitted against Eq. (23). Between 0.11 and 0.27wt% CrF3 addition, the ECr/Cr(II) potential exhibits a 

positive linear relationship with the log-scale concentration, which is consistent with the general Nernst 

expression of the (Cr ⇌ Cr(II)+ 2e-) half-cell redox reaction:  
 

 ECr/Cr(II) = ECr/Cr(II)
0 + 2.303RT

2F
log(aCr(II))    (23) 

 

ECr/Cr(II) = ECr/Cr(II)
0 + 2.303RT

2F
log(γCr(II)) + 2.303RT

2F
log(CCr(II)) (24) 

 

 

Figure 4. The Nernst potentials associate with Cr0/Cr(II) redox reaction at different calculated 
concentrations of Cr(II) ions in FLiNaK at 600 °C. The left y-axis shows the potential relative to the pseudo 
KF/ K potential and the right y-axis shows that calculated potential referenced to the F2/F− potential.  

At 0.42 and 1.00 wt%, the measured ECr/Cr(II) values were similar likely due to the saturation of CrF3 in 

FLiNaK when concentrations greater than the solubility limit of 0.3 wt% of CrF3 was introduced37, resulting 

in the formation of distinct K2CrF5 or K3CrF6 phases in FLiNaK37. When the solubility limit is exceeded, 

the FLiNaK salt remains at a constant relative concentration of Cr(II) and Cr(III) in the FLiNaK salts, which 

limits the measured ECr/Cr(II) potential values since the equilibrium value of Cr(II) was present.  

The linear region in Fig. 4 can be fitted and extrapolated to determine the standard electrode potential 

(E0
Cr/Cr(II)) using the y-intercept of Eq. (24). Using a similar electrochemical approach27, Massot et al. 

reported that γCr(II)(activity coefficient of Cr(II)) to be close to unity in LiF-NaF salts at 700°C27. In this 
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work, E0
Cr/Cr(II) (with Cr(II) exists as CrF2, CrF3

-, or CrF4
2-) was found to be 1.66VK+/K or -3.02 VF2/F

-, which 

is similar to -3.16 VF2/F
- computed from Table 127. Nevertheless, without knowing the actual species involve 

in the Cr/Cr(II) redox reaction and the activities coefficient of Cr(II) and F- (both are assumed in this work), 

it is difficult to utilize this experimentally extracted value to estimating the ∆Gf
0 value of Cr(II). 

 In molten fluorides, the Cr(II) oxidation state can also possibly exist in the forms of CrF3
- or CrF4

2- 

species10. To approximate their ∆Gf
0 values, the half-cell redox reactions of Cr/CrF3

- and Cr/CrF4
2- were first 

separately considered. To approximate the Cr/CrF3
- (ECr/CrF3

−0 ) and Cr/CrF4
2- (ECr/CrF4

2−
0 ) formal potentials, 

the ECr/CrF2
 0  computed from Table 1 was utilized. Firstly, consider the Nernst expression for reactions (4) 

and (5) as Eqs. (25) and (26), respectively:  
 

ECr/CrF3
− =  ECr/CrF3

−0 + 2.303RT
2F

log (
aCrF3

−

aF−3 )  (25) 

 

ECr/CrF4
2−

 =  ECr/CrF4
2−

0 + 2.303RT
2F

log (
aCrF4

2−

aF−4 )  (26) 

 

Assuming that (i) the activity coefficient of Cr(II) ions in FLiNaK salts is unity8,27, (ii) the activity 

coefficient of F- ions is unity in FLiNaK salt since the F- ions do not form complexes or a separate phase 

with Li+, Na+ and K+ ions 8,9,39, (iii) and the concentration of F- ions is 49.3 M based on stoichiometric 

calculation(i.e. log(aF
-) = 1.693). The intercept of Eq. (24) can be related to that in Eqs. (25) and (26), 

resulting in the relations Eqs. (27) and (28), respectively:  
 

ECr/CrF3
−0  = E0

Cr/Cr(II)−0.435     (27) 
 

ECr/CrF4
2−

0  = E0
Cr/Cr(II)−0.580      (28) 

 

Using these relations, the standard electrode potentials of each Cr(II) solvated species may be estimated. 

The integers presented in Eqs. (27) and (28) are a function of the stoichiometric moles of F- ions consumed, 

which is different depending on the solvated structure. For clarity purposes, the calculation of these standard 

potentials assumes that only one solvated state contributes to the Cr/Cr(II) redox reaction.  In this work, the 

ECr/CrF3
−0  and ECr/CrF4

2−
0  are found to be -3.896 and -4.190 VF2/F

-
, which are equivalent to the ∆Gf

0 values of 

-751.8 and –808.7 kJ/mol, respectively. It is noted that the calculated ∆Gf
0 values are not absolute values 

and will change relative to the thermodynamic assumptions used for calculations.  

The method presented relies on identifying both the oxidation and reduction potentials of a redox 

reaction. However, it was previously mentioned that the reduction peak of Cr(III)/Cr(II) was shallow and 

could yield erroneous Nernst potentials. Therefore, the experimental-theoretical method utilized above may 

not yield reliable result in estimating the ∆Gf
0 of CrF5

2- and CrF6
3- species. 
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An alternative approach was used. From UV-Vis absorption spectroscopy24 to cyclic voltammetry 

measurements34, it was reported that the Cr(II)and Cr(III) states can coexist in equilibrium, saturated 

condition, upon the addition of CrF2 or CrF3 salts in FLiNaK. In Fig. 3b, it was found that 7.71% of Cr(III) 

was converted to Cr(II) species, which is similar to the value reported by Peng et al34 and Zhang et al25. 

Upon CrF3 saturation, it is fair to assume that the ratio of Cr(II)/Cr(III)activities (i.e. aCrF3
− /aCrF6

3−  or 

aCrF4
2−/aCrF5

2−) were 0.0814. Consider the Nernst equations for reactions (10) and (11):  
 

E = E0 + 2.303RT
F

log(
aCrF6

3−

aCrF3
−aF−3 )    (29) 

 

E = E0 + 2.303RT
F

log(
aCrF5

2−

aCrF4
2−aF− )    (30) 

With a Cr(II)/Cr(III) equilibrium activity ratio of 0.0814 and log(aF
-) of 1.693, Eqs. (29) and (30) can 

be simplified to Eqs. (31) and (32), respectively : 
  

ECrF6
 3−/CrF3

−
0 =  ECrF6

 3−/CrF3
−

 + 0.690   (31) 
 

ECrF5
 2−/CrF4

2−
0 =  ECrF5

 2−/CrF4
2−

 + 0.104   (32) 

 

In this case, the standard electrode or formal potentials of reactions (8) and (9) can be experimentally 

determined by measuring the redox potential of ECr(II)/Cr(III) when FLiNaK salt is saturated with CrF3. In this 

work, ECr(II)/Cr(III)was found to be +1.43 VKF/K or -3.26 VF2/F
-. ECrF6

 3−/CrF3
−

0  and ECrF5
 2−/CrF4

2−
0  were found to 

be -2.57 and -3.15 VF2/F
-, respectively. Using Eq. (16) and the ∆Gf

0 values of CrF3
-
 and CrF4

2- previously 

determined, the ∆Gf
0 of CrF5

2-
 and CrF6

3- were calculated to be -999.7 and -1113.1 kJ/mol, respectively. The 

summary of the ∆Gf
0 of solvated chromium fluorides is shown in Table 4.  It is noted that Eqs. (27) and (28) 

were used to calculate the ∆Gf
0 in the case of solvated CrF3

- or CrF4
2 species using data presented by Massot 

et al27. The result shows a similar value as compared in Table 4.   
 

Table 4. Calculated standard Gibbs free energy of formation (∆Gf
 ) of solvated chromium fluoride 

compounds based on cyclic voltammetry results at 600oCin  

Solvated state CrF3- (Cr(II)) CrF42- (Cr(II)) CrF52- (Cr(III)) CrF63- (Cr(III)) Ref 

ΔGf0 
[kJ/mole] 

-751.8 -808.7 -1113.1 -999.7 This work 

-733.41 -761.71 - - [Massot et al]27 
1)The Gibbs free energy of solvated chromium fluorides reported here were derived from the formal 
potential (E0

CrF2/Cr) reported by Massot, 2021 using Eq. (17) and (18) in this work.  
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Stability of Cr(II)and Cr(III)in Molten Fluorides  

The Nernst equations for key redox reactions involving CrF3, CrF3
-, CrF4

2-, CrF5
2-, CrF6

3-, and Cr 

species are listed in Table 3. The predominance region of each possible reaction product considered in 

Table 4 is plotted as a function of potential versus the F- activity (Fig. 5) and the CrF3
- (Fig. 7) activities a 

logarithmic scale. The solid lines indicate equilibrium boundaries between the species considered.  Given 

the complexity arising from the consideration of all solvated states, two pairs of solvated species (pair 1: 

Cr0/CrF3
-/CrF6

3- ; pair 2: Cr0/CrF4
2-/CrF5

2-) were first independently considered. 

 

Figure 5. E – log(aF-) equilibrium diagram for Cr. (a) considers the CrF3- and CrF63-, and (b) the 
CrF42- and CrF52- solvated states. The red, blue, and green dots at log(aF-) = 1.693 mark the results 
presented in Fig. 6. The gray vertical line at log(aF

-) = 1.693 indicates the fluoride activity corresponding 
to the FLiNaK salts. aCr(II) and aKF were assumed to be 10-6 and 20.3M, respectively. The ratio of 
aCr(III)/aCr(II) of 0.082 was used based on Fig. 2. The ratio of a1/2H/aHF used was be 0.1, 1 and 10.  
 

Figs. 5a and 5b illustrate the potential-log(aF
-) diagrams for pair 1: Cr0/CrF3

-/CrF6
3- (Fig. 5a) and for 

pair 2: Cr0/CrF4
2-/CrF5

2- (Fig. 5b) at 600 °C. Unless otherwise specified, the activities of all Cr ionic species 

were assumed be 10-6 M. All potentials displayed are with respect to the potential for fluorine gas (F2/F-) 

evolution at 600oC calculated from its Nernst equation (Table 2). The blue and orange dashed line indicates 

the potential window of molten FLiNaK salts defined by reactions (10) and (11). The black dotted-dash 

line indicates the HF reduction reaction, or reaction (33), at various ratio of p1/2
H2/aHF:  

 

HF(ms)  + e− ↔ 1
2

H2(g) + F−(ms)     (33) 
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In Fig. 5a, the CrF3
- ion exists in a relatively narrow stability region, approximately ~120 mV wide at 

the FLiNaK salt composition (gray line). Above -2.966 VF2/F
-, the CrF6

3- species (+2 oxidation state) is 

predicted to be most thermodynamically stable. This behavior remains consistent in the range of log(aF-) 

studied. It is also noted that the equilibrium potential given by the Nernst potential for hydrogen evolution 

(reaction (33)) exists at potentials above that CrF3
-/CrF6

3- oxidation, indicating the oxidizing power of HF 

towards spontaneous anodic dissolution of Cr leading to formation of solvated Cr(II)and Cr(III).  

In Fig. 5b, the stability regions of Cr, CrF4
2- , and CrF5

2- species are shown. As the log(aF
-) increases, 

the stability region of CrF4
2- species widens, and then converted to CrF5

2- though reaction (9).  To verify 

which one of these situations actually exists when Cr is exposed to FLiNaK systems at 600oC, high purity 

Cr was potentiostatically polarized to -4.8, -3.9, -3.18 VF2/F
- in FLiNaK salts at the same temperature 

(marked as the green, blue, red dots in Fig. 5. The composition of the solidified residual salts was analyzed 

with XRD. This will be discussed in the next section.  Fig. 5 predicts that Cr would remain as the Cr0 state (in 

the “immunity” region) when it is polarized at or below -4.8 VF2/F
-, and undergo active corrosion to either CrF3

- 

or CrF5
2- state at -3.9 VF2/F-, and either CrF5

2- or CrF6
3- state at -3.18 VF2/F

-. Potentiostatic hold experiments 

coupled with XRD were used to verify these predictions. Fig. 6 shows the XRD of FLiNaK salts after Cr was 

potentiostatically polarized to -3.18 VF2/F- for 50 h, -3.9 VF2/F
- for 50 h, and -4.8 V- for 1 h.  

 
Figure 6. X-Ray diffractogram of the as-solidified of (a) baseline FLiNaK salt and with Cr 
potentiostatically polarized to (b) -4.8 VF2/F- for 1h, (c) -3.9 VF2/F- for 50h, (d) -3.18VF2/F- for 50h 
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In the pure solidified FLiNaK (Fig. 6a), the XRD patterns reveal diffraction peaks of KF, LiF and NaF 

with KF peaks sharing the highest percent intensity. When Cr metal was held at -4.8 VF2/F- for 1 h, no 

significant mass loss of Cr was observed. However, the XRD pattern (Figure 6b) of the tested salts shows 

low intensity diffraction peaks corresponding to the presence of NaCrF3 (peak 4) and KCrF3 (peak 9) species. 

The presence of Cr may be attributed to the dissolution of the native Cr2O3 oxide film at the beginning of 

the experiment. It is noted that large cathodic reduction current density (>1A/cm2) was observed after 1h 

of potentiostatic hold (not shown) at this potential. This may either be due to formation of H2 bubbles from 

HF reduction or the reduction of potassium on the Cr surface.  

Figs. 6c and 6d show the XRD patterns of FLiNaK salts where a Cr coupon was potentiostatically 

polarized at -3.9VF2/F- for 50 h, respectively. In Fig. 6c, the presence of NaCrF3 (peak 4) and KCrF3 (peak 9) 

species were identified, corroborating with thermodynamic prediction. In Fig. 6d, the NaCrF3 (peak 4), 

KCrF3 (peak 9), K2NaCrF6 (peak 7), K3CrF6 (peak 8), Li2NaCrF6 (peak 10) compounds were identified, 

confirming the existence of both CrF3
- and CrF6

3- states. The CrF3
- likely formed during the solidification 

of FLiNaK and maintained a thermodynamic equilibrium with the CrF6
3- state24. The K2NaCrF6, K3CrF6, 

Li2NaCrF6 compounds suggest that the Cr(III)ion has a coordination number 6 at the temperature studied. 

Here we acknowledge that XRD result alone is not sufficient to conclude the actual molecular structure of 

the fluorinated Cr(II) species as that may change in molten state or fluoride activity. The assumption here 

is that the melting of KCrF3 or others salts with form K+ and CrF3
- species with no addition reaction with 

the F- salt. There are limited experimental results in the existing body of literature to suggest otherwise and 

requires further investigation.  

Nevertheless, results obtained are in a good correlation with literature data and previous work on 

compound prediction reported in Ab-initio simulations10. In all potentials studied, no CrF5
2- related 

compounds were detected. This indicates that the Cr/Cr(II) and Cr(II)/Cr(III) seen in Fig. 2 likely 

correspond to the Cr/CrF3
- and CrF3

-/CrF6
3- redox couples. During the corrosion of Cr, the activities of CrF3

- 

and CrF6
3- species in the FLiNaK salts are expected to increase over an exposure period. Therefore, it is 

useful to consider the change in thermodynamic driving forces (Table 2) with respect to the activities of 

CrF3
- and CrF6

3- ions under a defined constant of log(aF
-) where (log(49.3) = 1.693 for FLiNaK).  

Fig. 7 shows the potential-activity diagrams considering the predominant phases of Cr, CrF3
-, and CrF6

3- 

species as a function of log(aCrF3
-) and potential. The equilibrium potential between Cr and CrF3

- ions was 

computed from reaction (4) and exhibits a linear relationship with log(aCrF3
-). The blue circle symbols shown 

in Fig. 7 are the experimental half-cell Nernst potential reported in Fig. 4, which are closely following but 

slightly different from the thermodynamic prediction. Nevertheless, the boundary of these stability regions 

is sensitive to the ∆Gf
0 of solvated chromium fluorides (Table 2) utilized to construct these potential-activity 

diagrams. The use of cyclic voltammetry provides a relatively straightforward method to estimate these 
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∆Gf
0 values, but the method is sensitive to errors. For example, the uncertainties could be related to the use 

of quasi EKF/K potential, temperature distributions or natural convection effects during molten salt 

electrochemistry measurement or because the Nernst potential theory cannot completely describe the 

potential for the quasi-reversible reactions31.  

  
Figure 7. E – log(aCrF3-) equilibrium diagram for Cr in FLiNaK salts (log(aF-) = 1.693) at 600°C. 
The blue dot indicates the equilibrium redox potential of Cr/Cr(II)reported in Fig 5. 

 

Before reaching the CrF3 solubility limit in FLiNaK salts, the CrF3
-/CrF6

3- equilibrium line shows a 

linearly decreasing potential consistent with the prediction of the Nernst equation. When the solubility limit 

is reached, the ratio of CrF3
- to CrF6

3- activities is assumed to be 0.0814 calculated assuming the 7.71% 

conversion shown in Fig. 3b. Therefore, the Nernst potential is a straight horizontal line since an equilibrium 

ratio was enforced.  It is noted that the equilibrium potential of CrF3
-/CrF6

3- reactions in Fig. 7 is lower than 

that in Fig. 5a. This is because the CrF3
-/CrF6

3 activity ratio (Fig. 3b) was considered when constructing the 

potential-log(aCrF3
-) diagram; whereas all Cr ion activities were assumed to be 10-6M in Figs. 4a and b.  

One observation is that as the p1/2
H2/aHF ratio increases, the equilibrium potential of HF/H2 reaction 

decreases and approaches to that of the CrF6
3-/CrF3

- reduction. As the CrF3
- activity increases, the stability 

region of CrF3
- E-aCrF3-  phase space becomes smaller. Practically, based on the estimated ∆Gf

0, the Cr/CrF3
- 
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boundary will not intersect with that of the CrF3
-/CrF6

3-. Therefore, thermodynamic prediction indicates 

that the corrosion of Cr may take place first though the direct dissolution to Cr(II) state in the form of CrF3
- , 

and CrF6
3- will then be formed electrochemically in either within the FLiNaK salts or Cr surface.  

 

Ramifications towards spontaneous corrosion of Cr in FLiNaK 
 The diagrams (Figs. 5 and 7) indicate that the KF is oxidized at all potentials where Cr is oxidized 

to Cr(II) and Cr(III). The F- stability region spans the entire region where spontaneous corrosion of Cr 

occurs. Cr may be oxidized to Cr(II) and Cr(III)in the presence HF (due to moisture impurity) spontaneously 

except some combinations of p1/2
H2/aHF etc. This situation is not changed qualitatively for different solvation 

of oxidized Cr with F- and this aspect is substantially similar for the two cases (pair 1: Cr0/CrF3
-/_CrF6

3- ; 

pair 2: Cr0/CrF4
2-/CrF5

2-) considered in this work. Cr may be oxidized by HF and may be oxidized by other 

sufficiently noble metal impurities. It is therefore crucial to consider the spontaneity of Cr corrosion by 

systematically comparing the driving force of Cr/Cr(II) with possible oxidizing reactions, such as HF/H2 , 

Eu(III)/Eu(II) and many others. Appendix 1 further explores this topic by deciphering when metal corrosion 

is spontaneous in molten fluorides using potential-activity diagrams.  

It is important to note that Fig. 5 and 7 are conventional thermodynamic stability fields that assume full 

reversibility of electrochemical reactions, uniform distribution of concentration, and chemical equilibrium 

between species. Readers must take caution when applying these principles to analyze actual complex 

corrosion system involving both kinetic and thermodynamic factors. Work is still ongoing to further verify 

and optimize the accuracy of potential- activity diagrams in molten fluoride salts, for example to 

theoretically calculate the Gibbs free energy of formation of solvated compounds in molten fluorides. The 

thermodynamic prediction presented here are consistent with literature the experimental findings of Liu et 

al.24 and an ample number of electrochemical studies in FLiNaK salts14,25,30,35–38. The potential-activity 

diagram developed in this work is also useful to help understanding the corrosion thermodynamics and 

kinetics of metallic alloys in molten fluoride salts, which will be illustrated in the next chapter.  
 

Conclusions 
The Gibbs free energy of formation of CrF3

-, CrF4
2-, CrF5

2-, and CrF6
3- solvated chromium compounds 

were extracted from analysis of cyclic voltammetry data on a Pt wire in FLiNaK salts with CrF3 addition at 

600°C. Based on classical thermodynamics including the Nernst equation, a potential-log(aF-) analogous to 

a Pourbaix diagram was constructed for two systems: (i) Cr/CrF3
-/CrF6

3- (ii) Cr/CrF4
2-/CrF5

2- pertinent to 

Cr exposure in molten fluoride salts. To validate the prediction, a Cr coupon was potentiostatically held at 

selected potentials corresponding to the different thermodynamic stability regions, and the solidified salts 

were analyzed using X-Ray Diffraction. Experimental XRD results confirmed that the Cr/CrF3
-/CrF6

3- 
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described Cr corrosion thermodynamics in FLiNaK salts at 600°C, while CrF4
2- or CrF5

2- compounds were 

not detected by XRD.  

A potential-log(aCrF3-) diagram based on the Cr/CrF3
-/CrF6

3- system was developed to predict the most 

thermodynamically favorable oxidation state for Cr corrosion. Prediction shows that the direct dissolution 

from Cr to CrF3
- via a +2 charge is favored over all reasonable values of aHF . F- complexation assuming 

Cr/CrF3
-/CrF6

3- compared to CrF4
2- or CrF5

2 produces E-aHF diagrams which are similar but have distinct 

differences. The E-log(aF-)) activity diagrams indicate that the KF is oxidized at all potentials where Cr is 

oxidized to Cr(II)and Cr(III). The F- stability region spans the entire region where spontaneous corrosion 

of Cr occurs. Cr may be oxidized to Cr(II)and Cr(III)in the presence HF (due to moisture impurity) 

spontaneously except some conditions of p1/2
H2/aHF etc. This situation is not changed qualitatively for 

various states of solvation between oxidized Cr solute in F- solvent and this aspect is similar for the two 

cases (pair 1: Cr0/CrF3
-/ CrF6

3- ; pair 2: Cr0/CrF4
2-/CrF5

2-) considered in this work.  
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Abstract 

The chapter revisits the corrosion behavior of pure Cr in molten LiF-NaF-KF salts (FLiNaK) salt at 600 

°C from the perspective of corrosion electrochemistry. In this work, the potential-dependent, rate-limiting 

charge-transfer, and salt film-mediated mass-transport controlled regimes of Cr corrosion in FLiNaK at 600 

°C are investigated. The kinetic and thermodynamic parameters that limit electrodissolution and the 

consideration of grain orientation on these regimes are elucidated. At low Cr(III) concentrations, the 

corrosion process is governed by charge transfer control at low overpotentials and is crystal orientation 

dependent. However, when Cr(III) concentrations are high or when there is a high overpotential, the 

formation of a metal fluoride salt film on the Cr surface shifts the kinetic behavior to be governed by mass 

transport control at all anodic potentials with a surface morphology controlled by salt film deposition 

location and identity. Evan’s diagrams were developed to consolidate and elucidate these observations. 

These findings were supported by an examination of the post-corrosion microstructure, X-ray diffraction of 

solidified salts, and thermokinetics analysis in each corrosion regime. 

 
Introduction 

Candidate molten salts, such as LiF-BeF2 (66–34 mol%), provide multiple key advantageous properties 

as molten salt reactor coolant, such as chemical stability at high-temperature and upon neutron irradiation, 

near moisture-free, and low volatility.1,2 These properties are the basis for the development of nuclear reactor 

concepts with enhanced safety and engineering performance. Concerns over structural material corrosion 

led to work at Oak Ridge National Laboratory (ORNL) starting with an aircraft propulsion project at the 

ORNL.3 In these studies, post forensic characterizations of corrosion damage to structural components (e.g. 

reactor vessels, flow loops for salt transport, and heat exchanges) after exposures to various service 

conditions (typically radioactive, high temperature, corrosive reactor enviroments3) were examined.  

In the past 5 years, there were a growing number of studies that compared the corrosion behavior of 

microstructurally and compositionally complex commercial alloys (e.g. Ni-based superalloys4–7 and 
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stainless steels4,7) in molten fluoride salts. Some of these have extended from exposure studies to those 

utilizing electrochemical methods.6,8–10,73–75 Electrochemical methods provide an in situ and diagnostical 

approach to characterize the corrosion behavior of candidate materials in real-time either in the case of open-

circuit (static immersion) or under polarized conditions.11 For example, potentiodynamic polarization (PD) 

or linear sweep voltammetry (LSV) can (i) provide a straightforward approach to rank the relative stability 

of alloys in the molten salts over a range of potentials often representative of open circuit potentials (OCP) 

with oxidants,6 (ii) enable the determination of corrosion potential (Ecorr) and corrosion current density (icorr) 

for quantitative analysis,4–7 and (iii) identify the rate-determining steps (RDS) that controls the materials 

dissolution process as a function of driving force (i.e., electrode potential) at the metal/electrolyte interface. 

However, mechanistic insights that elucidate the electrochemical and material factors governing electrode 

reactions and properties of the electrode-salt interface are limited in molten salt corrosion studies. 

Nevertheless, the elucidation of electrochemical corrosion behavior (e.g. polarization curve measured using 

LSV) of structural alloys in nonaqueous, aggressive media, such as molten LiF-NaF-KF salts, is challenging 

since they may be impacted by a large array of factors (e.g. microstructure, impurity, potential).  

An essential first step toward resolving the complexities of alloys corrosion is to understand the 

dissolution mechanism of their most vulnerable alloying constituent (i.e. most favorable thermodynamically 

to dissolve) and to describe the RDS of this process using the principles of electrochemical thermodynamics, 

kinetics, and materials science. In molten fluorides research, Cr is often described as a vulnerable alloying 

element in candidate molten salt reactor (MSR) structural alloys (such as Ni-based superalloys and stainless 

steels12,13) due to its high thermodynamic driving force to dissolve as a Cr(II) and/or Cr(III) types species 

relative to other alloying elements.14 To understand the corrosion behavior of Fe–Cr, Ni–Cr, and Fe–Ni–Cr 

alloys, as well as Ni-based superalloys, it is essential to establish such solid foundation.  

An early work by Fabre et al. carried out a series of LSV measurements on a number of pure metals (Cr, 

Fe, Ni, Ag, Au, Mo, W) in FLiNaK salts at 900 °C.6 The oxidation potential of each metal was measured 

against a Pt pseudo-reference electrode. Direct dissolution (i.e., activation-controlled) of pure metals to their 

fluoride complexes was proposed as the primary mechanism based on ∼200 mV of overpotential vs OCP 

when anodically polarized in LSV. Wang et al.15 carried out LSV substantiated by electrochemical 

impedance spectroscopy (EIS) measurements on Cr, Ni, and Fe in FLiNaK at 700 °C with varying H2O and 

CrF3 concentrations. Wang et al.15 extended the anodic polarization range up to ∼400 mV vs OCP and 

observed an anodic limiting current density on the order of 10 mA cm−2 . The ionic diffusion of Cr(III) was 

postulated as the reason for this rate-limiting behavior (i.e. mass-transport controlled). Recently, Doniger et 

al.10 performed LSV (or PD) measurements on pure Cr, Ni, Ni–Cr alloys, and others in FLiNaK salts at 700 

°C.10 The authors did not observe rate-limiting mass transport control in their anodic scan (up to 300 mV 

overpotential with respect to the corrosion potential) and postulated that uniform corrosion was likely the 
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predominant oxidation mechanism and appeared to be activation controlled. This was not consistent with 

the polarization behavior and corrosion morphology reported by Wang et al.15 who also showed the 

corrosion front contained localized attack and was not uniform.  

The above-mentioned discrepancy may be attributed to the difference in oxidizer concentration or 

experimental parameters used and will be further investigated in this work. Nevertheless, it was clear that 

Cr corrosion is given by a set of thermodynamic and kinetic factors and that its RDS may be a function of 

electrochemical potentials. For example, a lower overpotential may result in activation-controlled 

dissolution while the polarization behavior at a more positive potential may be mass-transport controlled. 

Moreover, the corrosion kinetic features and coupled morphological dependence on potential have not been 

interrogated in literature previously. This connection is a foundational concept necessary to describe the 

corrosion behavior. Recent work16 developed potential-activity diagrams (analogs to Pourbaix diagrams) to 

describe the electrochemical thermodynamics of Cr redox reactions in FLiNaK. These diagrams provided a 

map of phase stability regions of Cr, its corrosion products (such as Cr(III) in the form of CrF6
3−), and 

included oxidants as a function of potential and ion activities, providing predominant anodic/cathodic 

reaction identification as a function of potential and activity. As a continuation of our recent thermodynamic 

study16, the objective of this work is to understand and elaborate upon the processes governing Cr dissolution 

across various rate-limiting potential regimes in molten FLiNaK salts at 600 °C. Various electrochemical 

methods including cyclic voltammetry (CV) on Pt were used to interrogate the reaction kinetic and corrosion 

morphological dependence of these regimes. A key outcome is to understand the origin of experimental 

polarization behavior/curve of Cr in molten FLiNaK salts. 

 
Materials and Methods 

Materials and electrolytes 
A high-purity polycrystalline Cr rectangular plate (99.995%, supplied from Alfa Aesar) with the 

dimensions 20 mm × 1.5 mm × 5 mm was used. The Cr coupon was polished to 1200 grit surface finish 

using silicon carbide polishing papers at all faces. Electrochemical studies were carried in molten LiF-NaF-

KF (46.5–11.5–42 mol%) eutectic salt at 600 °C. For salt preparation steps, LiF (99.85%, Fisher Scientific), 

NaF (99.99%, Fisher Scientific), KF (99.5%, Fisher Scientific) were weighed and mixed into the FLiNaK 

stoichiometric ratio in a nitrogen(N2)-filled glove box (O2 & H2O controlled below <0.1 ppm). Additionally, 

0.14 wt%, 0.28 wt%, and 1 wt% of CrF3 (99.98%, Fisher Scientific) were introduced in the salt to investigate 

the effects of CrF3 on Cr corrosion. Approximately 30 g of FLiNaK salt was used for each experiment. The 

salt-to-metal working electrode mass ratio was maintained at 38.6 ± 7.1 g/g for all experiments. All salts 

were dried in a vacuum furnace for 48 h at 100 °C. Some moisture and oxygen impurities were expected 

during the salt transfer process in the open air and the dissolution of Cr native passive film,7 respectively. 
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To reduce impurities pertaining to trapped moisture or oxygen, the salt mixture was heated to 600 °C for 3 

h under the flow of ultra-high purity (UHP) N2 gas (99.999%) prior to the test. Prior to each experiment, a 

CV analysis was performed on a Pt electrode to identify possible redox-active impurities.4,17,18,73  

 
Molten salt electrochemical cell 

Figure 1 shows the electrochemical cell developed to carry out electrochemical tests in molten salts. 

The experiment was performed in a N2-filled glove box. A boron nitride crucible (>99.9%, supplied from 

MSE Supplies LLC.) was used as the salt container. A high-surface area platinum mesh was used as a 

counter electrode (CE). This apparatus contained two working electrodes (WE). The first WE (WE#1) was 

a Cr coupon spot welded to a pure Ni wire. The welded spot was coated with boron nitride paste to avoid 

contact with the molten salt. The second WE (WE#2) was a 1 mm diameter Pt wire (99.997%, supplied 

from Alfa AesarTM). These electrodes were inserted through an alumina tube for insulation and mechanical 

supports. An additional Pt wire was inserted adjacent to the second WE as a Pt/PtO/O2− quasi-reference 

electrode. A Gamry Interface 1000 potentiostat was used to perform electrochemical tests. 

 

 
Figure 1. Schematics of molten salt electrochemical cells 5-electrodes set up 
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Impurity analysis using electrochemical diagnostics  
Several electrochemical diagnostics techniques were performed on a Pt wire to screen for possible 

impurities and to detect and assay cations by their redox reactions in the molten salt. To establish a pseudo-

reference potential, CV and galvanostatic hold (i.e. chronopotentiometry) techniques were employed to 

identify the equilibrium half-cell redox potential for potassium reduction in FLiNaK. This pseudo K+/K 

reference potential is often referred to as a dynamic reference potential and is often used to calibrate 

electrochemical measurements in molten salts.10,16,19–21 Firstly, a CV scan was performed on the Pt wire at 

a 100 mV s−1 toward the negative/cathodic terminal until a sharp increase in cathodic current was observed. 

At this point, the potential was reversed to its initial starting potential. This scan was measured only once 

prior to the insertion and testing of Cr (WE#1). Secondly, a galvanostatic hold was performed on the Pt wire 

at several current densities to identify the CE potential. The cell voltage (i.e. the potential difference between 

the working and counter electrode) was simultaneously measured to elaborate the possible reactions 

occurring at the counter electrode. Lastly, square-wave voltammetry (SWV) was performed on the Pt wire 

to estimate the concentration of oxyanions following Shen et al. and Massot et al.22,23  

 
Molten salt corrosion electrochemical methods 

A series of electrochemical techniques were performed to assess the electrochemical corrosion behavior 

of pure Cr in molten FLiNaK salts. The experiments are summarized as follows. It is noted that the choices 

of test parameters will be elaborated on in the results section. 

−1 h and 50 h OCP exposure of Cr was followed by LSV scan from −0.4 V to 1 V vs. OCP at 1 mV 

s−1scan rate. The LSV scans were also performed at scan rates at 0.5, 2.5, and 10 mV s−1.  

−A successive CV scan was performed on Cr in the potential range between 0 and 30 mV vs OCP as 

well as between 0 and 600 mV vs OCP at a scan rate of 10 mV s−1.  

−Potentiostatic hold (pstat) of Cr was carried out 0.18, 1.08, and 1.80 VPseudo K+/K for 1 ks and 50 h. The 

mass of samples pre- and post-exposure was recorded. 

 
Approach to analyze electrochemical results 

The LSV curve (i.e. E-log(i) plot) was graphically and numerically analyzed to obtain certain 

electrochemical parameters critical to the understanding of electrode kinetics. These parameters included 

the Tafel slope (β), moles of electrons transferred per mole of species reactant or product (n), and charge-

transfer coefficient (α).24 n was determined using Faraday’s Law by comparing the mass and charge 

consumed during the potentiostatic hold experiments. The apparent cathodic Tafel slope (βc) constant was 

directly obtained from the linear fitting of the E-log(i) plot. Additional steps were used to obtain the anodic 

Tafel slope (βa).  
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To correct for the ohmic resistance effect (i.e. iR drop), the electrolyte resistance (Re) was measured 

with the high-frequency EIS technique before the polarization scan, and the measured potential was 

corrected using Eq. 1. The anodic current density (ia) was then calculated using Eq. 2 since the net current 

density (inet) consists of both the cathodic (ic) and anodic (ia) current contributions. The anodic regime of Cr 

in FLiNaK at 600 °C also exhibited an anodic limiting current density (iL), which was corrected using Eq. 

3. Upon performing these corrections, βa was obtained through linear regressions of E-ia data in the true 

anodic regions.24 The α for this regime could then be subsequently calculated using equation when 

2.303RT/F is Eq. 4. 

 
𝑉𝑡𝑟𝑢𝑒 = 𝑉𝑚𝑒𝑎 − 𝑖𝑛𝑒𝑡𝑅𝑒       (1) 

 
𝑖𝑛𝑒𝑡(𝐸𝑎𝑝𝑝) = 𝑖𝑎 − |𝑖𝑐|      (2) 

 
Here itrue is the true anodic current density given ia describes the anodic charge transferred controlled 

current density while iL describes the anodic mass transport current density. 
 

1
𝑖 𝑡𝑟𝑢𝑒 

= 1
𝑖𝑎

+ 1
𝑖𝐿

      (3) 

 
β𝑎 = 2.303𝑅𝑇

𝑛𝐹𝛼
        (4) 

 

Post-exposure characterization: XRD, SEM, EBSD 
The phase composition of the remaining salt was analyzed employing X-ray Diffraction (XRD) 

technique using the Malvern-Panalytical Empyrean diffractometer [wavelength Cu Kα (1.5405 A)]. The 

PDF4+ database was used as the reference data. The software HighScore Plus was used for Rietveld 

refinements. The peak profile was refined by the pseudo-Voigt function. It is worth noting the XRD results 

obtained from residual salts may not be indicative of the exact molecular structure of species present in the 

molten state, as rapid cooling can potentially cause phase transformations upon solidification and 

thereafter.25 Nonetheless, analyzing these results can offer insight into the oxidation state of Cr species and 

molecular identities based on their corresponding compounds. 

To analyze the post-corrosion morphology of test coupons, scanning electron microscopy (SEM) 

coupled with elemental analysis via energy dispersive spectroscopy (EDS) (Thermo Phenom XLG2 SEM) 

was utilized. Additionally, electron backscatter diffraction (EBSD) (Scios 2, FEG, Thermo Fischer) was 

performed to indicate the position of grain boundaries and to analyze the relationship between 

crystallographic orientation and corrosion morphology. The specimen was polished to 0.05 μm using Al2O3 

suspension and sonicated in ethanol for 10 min. For EBSD characterization, the sample was mounted on 
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45° of pre-tilted holder and totally tilted to 70° holder. A 20 kV of acceleration voltage was selected while 

and the vacuum pressure was maintained below 1 × 10−5 torr. EBSD analysis with a step size of 0.5 μm was 

conducted in the 50 × 8 μm2 analyzed area. The AztecCrystal S/W (Aztec, Oxford Instruments, High 

Wycombe, UK) was used to analyze and refine the data. 

 
Results 

Diagnostics of FLiNaK salts using electrochemical methods 

Figure 2 shows the cyclic voltammogram of Pt wire in molten FLiNaK salts at 600 °C. The equilibrium 

potential for K+ reduction 5 could be approximated at the mid-point between the rapid increase in cathodic 

current densities from −1.0 VPt to −1.3 VPt (due to the reduction of K+) and an anodic peak seen at ∼−1.1 

VPt (attributing to the oxidation of electro-reduced K). The K+/K reduction/oxidation potential value was 

found to be −1.2 VPt with a current density of −37 mA cm−2.  

 

 
Figure 2. Electrochemical diagnostics of the FLiNaK molten salt at 600 °C using a Pt wire. (a) 
Cyclic voltammogram, (b) potential-time relationship during the 60 s galvanostatic hold of Pt 
wire at -2, -40, and -100 mA/cm2, and (c) square wave voltammogram.   

 

The FLiNaK salts did not exhibit additional current peaks between −0.8 and +1.4 VPt. This suggests the 

absence of a significant amount of oxidizing and/or reducing species electrochemically active over the 

potential range where Cr/Cr(II) and Cr(II)/Cr(III) will be studied.16 The K+/K potential value can also be 

obtained by applying a sufficient cathodic current density via a galvanostatic hold technique as shown in 

the potential-time relationship in Figure 2b. In the result shown, a minimum of −40 mA cm−2 rapidly shifted 

the electrode potential negative to reach a steady potential of ∼−1.2 VPt in 20 s consistent with the CV. An 

increase in the applied cathodic current density caused a faster shift but did not appear to significantly shift 

the final potential value, only creating a ∼10 mV shift. This potential herein is referred to as a pseudo K+/K 

potential. Based on our prior work, the K+/K potential was estimated to be −4.68 VF2/F− based on available 

thermodynamic data16. 
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𝐾+ (𝑚𝑠) + 𝑒− ↔ 𝐾(𝑠)      (5) 
 

Furthermore, SWV was performed to estimate the oxyanions concentration in the molten FLiNaK salts 

as shown in Figure 2c. The voltammogram displayed a peak attributed to the oxidation of oxyanions via 

reaction (6) at +1.025 VPt followed by small differential-current fluctuations characterized as oxygen gas 

bubbling.22,23,26 Using the linear correlation established by Shen et al.23 for the exact same salt composition 

and temperature, the oxyanions concentration was estimated to be 79.4 ppm. Reaction (6) is an irreversible 

reaction and O2 gas generated could quickly escape from the corrosion cell to the glove box environment. 

Therefore, the CV curve in Figure 2a could not quantify the reaction (6) despite some anodic current 

densities could be found between +1.0 and +1.4 VPt, which was consistent with Massot’s earlier 

observation.22 

 

𝑂2− (𝑚𝑠) ↔ 1/2𝑂2 (𝑔) + 2𝑒−      (6) 
 

The alkali metal cations and environmental impurities, such as Li+, Na+, K+, HF, and O2−, provide a 

half-cell reaction at the CE which was theoretically limited by their concentration but practically infinite 

compared to the Cr dissolved electrochemically in this study. An upward polarization scan on Cr may 

require 100 C cm−2 which can be accommodated by alkali metal cation reduction at the CE as seen in 2b. 

To verify this concept, the Pt WE#2 electrode was subjected to a galvanostatic hold at either −40 mA cm−2 

(cathodic) or +40 mA cm−2 (anodic) up to 130 s while the cell voltage (i.e., the potential difference between 

the working and counter electrode) was measured. 

Figure 3 shows the cell voltage and potential measured at the working and counter electrodes. At +40 

mA cm−2, the WE#2 potential situated between +2.0 and +2.3 VPt (i.e. +3.2 and +3.5 VK+/K) for the first 70 

s, which may be attributed to the oxidation of O2 and/or the Pt wire. F2 gas evolution via reaction (7) was 

not likely since a potential of +4.681VK+/K was required. 

 
𝐹− (𝑚𝑠) ↔ 1/2𝐹2 (𝑔) + 𝑒−      (7) 

 
The CE potential initially started at −0.6 VPt and gradually declined to a steady potential of −1.2 VPt 

after 70 s. The reduction of HF (formed by moisture) via reaction (8) may occur over this potential range. 

𝐻𝐹 (𝑚𝑠) + 𝑒− ↔ 𝐻2(𝑔) + 𝐹−(𝑚𝑠)    (8) 
 

If the cathodic currents in the first 70 s were attributed to HF reduction, then 19.3 ppm of HF would be 

consumed using Faraday’s Law9: 
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𝑚 = 𝑖𝑡𝑀

𝑛𝐹
        (9) 

 
where i is current density in A/cm2, t is time, M is molar mass in g/mol, F is the Faraday constant of 

96500 C mol−1 . Between 70 and 130 s, K+ reduction was possible and 0.0248 mmol of K+ ions would 

have been reduced on CE, which is insignificant relative to the concentration of K+ in FLiNaK (i.e. 304.5 

mmol). Fig 3b shows the potential-time relationship on both the WE#2 and CE electrodes, where the WE#2 

electrode was polarized under a constant current of −40 mA*cm−2 for 65 s. The potential of the WE#2 

electrode fluctuated around −1.2 VPt, which again may be related to K+ reduction. The potential of the CE 

electrode initially started at −0.5 VPt and stabilized between +1 and +1.5 VPt for approximately 55 s, 

indicating a potential range where O2 evolution could occur.  

 
Figure 3. Potential-time relationship of Pt wire working electrode (red curve), Pt mesh counter electrode 
(blue curve), and cell voltage (purple) galvanostatically held at (a) 40 and (b) -40 mA/cm2 

 

Using Faraday Law 9, 7.73 ppm of O2− would be consumed by O2 evolution for this period of charge 

accumulation. After 60 s, a rapid increase in CE potential and cell voltage was observed. This may be 

attributed to the exhaustion of available impurity-related redox agents (e.g. O2−), which facilitate the 

oxidation of 2F− to F2 gas via reaction (7) and caused the shift in CE potential. Production and stagnation of 

gas bubbles on the CE electrode surface could block current flow in the ionic circuit, raising the cell voltage 

beyond the potentiostat specification.  

This result demonstrates that electrochemistry experiments may lead to the oxidation of O2− anions that 

shift the quasi Pt/PtOx/O2− reference potential. This shifting effect may be significant depending on the 
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experimental control of test environments. In this work, the LSV (Figure S1a) and select potentiostatic hold 

experiments on Cr metals can result in a reference potential shift of approximately 100 mV. This K+/K 

potential value shift is not significant for Cr statically immersed in FLiNaK for 50 h. Despite this behavior, 

this shift does not impact the interpretation of the Cr corrosion behavior addressed in this work as our 

discussion focuses on the anodic polarization of Cr (WE), where the ionic current flow at the CE is supported 

by K+ reduction rather than oxygen (Figure 3). For future studies, it is essential to ensure enough oxidizing 

and reducing species (e.g. by introducing a buffering agent) in the salt.  

Identifying the rate-controlling kinetic regimes of Cr corrosion in FLiNaK 
Figure 4 shows the as-measured anodic LSV curve, the linear fittings, and after each step of correction 

using Eqs. (1) through (4). The inset shows the region that was fitted with linear regression to approximate 

the Tafel slopes, which are shown in Table 1. 
 

Table 1. Electrochemical kinetic parameters obtained from graphical analysis of LSV scans of Cr 
in FLiNaK salts at 600 °C with various wt% addition of CrF3 

CrF3 OCP βa  βc  i0,a i0,c αa n 
wt% Vp KF/K Vp F2/F mV/dec mA/cm2 - mol of e- 

0 0.977 -3.704 54.2 -974 0.304 0.110 1.38 2.39 
0.14 1.103 -3.578 57.3 -676 0.468 0.176 1.31 2.33 
0.28 1.341 -3.340 67.2 -425 0.197 0.147 0.934 2.46 

1 1.412 -3.269 64.1 -321 0.431 0.060 1.174 2.33 
 

 

Figure 4. Linear sweep voltammogram of Cr in FLiNaK at 600 oC corrected with solution 
resistance, cathodic current density, and limiting current density 
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After correction, the E-log(i) behavior of Cr in FLiNaK, 600 °C is displayed in the polarization curve 

shown in Figure 5a, which is represented by two different reference potential scales. Portions of the 

polarization plot were shaded with different colors to indicate the potential regimes in which Cr, Cr(II), and 

Cr(III), possibly in the forms of Cr0 , CrF3
−, CrF6

3− species, were predicted to be thermodynamically stable.16 

It was noted that the Cr(II) and Cr(III) oxidation states were referred to as the CrF3
− and CrF6

3− compounds 

for the following reasons: (i) Molecular dynamic simulation demonstrated that Cr metallic cation has the 

tendency to be solvated with F− ions;27 (ii) Simulation has yet to be performed in FLiNaK salts at 600°C. 

The CrF3
− and CrF6

3− species were first selected because there are existing thermodynamic and kinetic data 

available for these complexes.16,25,28–30 Both were proposed as possible fluoride-solvated species16,25,28,29; (iii) 

While other solvated complexes, such as CrF4
2− and CrF5

2− are possible, they do not constitute a significant 

shift in the redox potential for Cr/Cr(II), Cr (III) /Cr(II), and Cr/Cr(III).16  

The LSV polarization curve in Figure 5a displays three kinetic regimes with differing E-log(i) behavior 

that are potential dependent. The curve was highlighted with a different color to indicate these kinetic 

regimes. From +0.56 Vpseudo K+/K to OCP of +0.92 Vpseudo K+/K, the measured negative current density was 

attributed to cathodic reactions on the Cr surface. The origin of these oxidants may be attributed to 

commercial metallic cation impurities,31 environmental impurities (e.g. HF, H2O, O2), reduction of the 

remnant native passive film, and cations released by corrosion that took place during the first hour of OCP 

measurement. Between +0.92 and +1 Vpseudo K+/K, Cr was anodically polarized within a regime where i is 

exponentially dependent on applied potential suggesting a charge-transfer controlled behavior (CT regime). 

The dissolution of Cr may be interfacially controlled limited by the kinetics of Cr oxidation (i.e. charge 

transfer at the metal-salt interface). The E-log(i) behavior up to a current peak potential (denoted Epeak) was 

also fit using the Butler-Volmer equation (after iR and limiting current density corrections) to interpret the 

Cr electrode kinetics behavior in the later sections.  

Moreover, Epeak was observed near +1 Vpseudo K+/K which may be a result of Cr metal ions accumulating 

and supersaturating the surface with Cr-F-K salt.5 Beyond the saturation peak, it was shown that the anodic 

polarization curve lies within the stability field of Cr (III) and gradually transitioned to a region where i is 

relatively independent of potential, suggesting anodic mass transport controlled dissolution behavior (MT 

regime). Oxide-based passivation was not likely in FLiNaK salts.7 Instead, the E-i behavior resembled the 

behavior of salt film precipitation on a corroding metal surface as seen in some aqueous corrosion studies 

(e.g., chloride salt films on Ni-Cr alloy and stainless steel surfaces32–36). The formation of a salt film on the 

Cr corroding surface may also occur in this case especially due to the low solubility limit of CrF3 in FLiNaK 

salts (0.3 wt. % or 5.51*10−2 mol l−1 calculated by Yin et al.28,37). This was a post mortem observation in 

our static immersion experiments (See Figure 18) and will be discussed later. This type of anodic mass-

transport controlled polarization was also observed in the LSV scans of Cr in FLiNaK at 700 °C reported 
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by Wang et al.15 The authors stated that the origin of mass-transport was attributed to the ionic diffusion of 

Cr(III) species but did not mention the role of salt film.  
 

Oxidation states for Cr dissolution 
Figure 5 shows the potential range over which Cr, Cr(II), and Cr(III) may be thermodynamically 

stable.16 The dashed lines indicate the Nernst potentials for selected possible half-cell redox reactions, 

including reactions CrF3
−(Cr(II))/Cr (10), CrF6

3− (Cr(III))/Cr (11), CrF6
3−((Cr(III))/ CrF3

− (Cr(II)) (12), and 

HF/H2 (13). Except for HF and KF(K+), the ion activities were assumed to be 10−3 M which corresponds to 

roughly 54.5 ppm of CrF3. Based on the literature that utilized the ICP-MS or ICP-OES technique to identify 

metallic cation impurities in FLiNaK, it was expected that a commercial salt mixture may contain between 

10 and 60 ppm of Cr ions along with Fe, Ni, Rh etc.31,38–41 This validates the ionic activity assumption. 

 
𝐶𝑟𝐹3

− (𝑚𝑠) + 2𝑒− ↔  𝐶𝑟 (𝑠) + 3𝐹−(𝑚𝑠)     (10) 
 

 𝐶𝑟𝐹6
3− (𝑚𝑠) + 3𝑒− ↔  𝐶𝑟 (𝑠) + 6𝐹−(𝑚𝑠)    (11) 

 

 𝐶𝑟𝐹6
3− (𝑚𝑠) + 𝑒− ↔ 𝐶𝑟𝐹3

− (𝑠) + 3𝐹−(𝑚𝑠)      (12) 
 

𝐻𝐹 (𝑚𝑠) + 𝑒− ↔ 𝐻2(𝑔) + 𝐹−(𝑚𝑠)      (13) 
 

 

Figure 5. (a) Linear sweep voltammogram of Cr in FLiNaK at 600 °C measured at a scan rate of 1 mV/s. 
The E-log(i) curve was colored to distinct the cathodic, charge-transfer, and mass-transport regimes. The 
plot was shaded with colors to show the field of thermodynamic stability of Cr, CrF3

-, and CrF6
3- species as 

a function of potential (dashed line shows the phase boundary). The green and blue dotted lines show the 
half-cell redox potential for HF/H2 and Cr(III)/Cr reduction, respectively. The activities of Cr(II) and Cr(III) 
were assumed to be 10-3 M; F- to be 49.3 M; HF to be 100 ppm. (b) and (c) shows the current-time 
relationship of Cr potentiostatically polarized at 0.95 and 1.20 Vpseudo K+/K for 700 s and 1000 s, respectively 
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The Nernst potential of Cr(II)/Cr is more negative than that of Cr(III)/ Cr, implying that Cr may be more 

thermodynamically favorable dissolve first to Cr(II) via reaction (10), then possibly be oxidized to Cr (III) 

via reaction (12). 16 Moreover, the possibility that Cr is dissolving directly into Cr(III) via reaction (11) 

cannot be considered fully because the activation barriers for reactions (10) and (11) are not known. They 

are a function of the molecular structure and bonding thermodynamics associated with forming these 

solvated chromium fluoride sales. Nevertheless, to verify the hypotheses regarding the charge state, Cr was 

potentiostatically held at +0.95 Vpseudo K+/K for 700 s (Figure 5b) and +1.20 Vpseudo K+/K for 1000 s (Figure 5c), 

corresponding to polarization in the Cr(II) and Cr(III) stability fields, respectively. The mass loss and total 

charge consumed per unit area were recorded, which was used to calculate n using Faraday’s Law9.  

Noting that the potentiostatic hold duration was selected to ensure that currents remained net positive 

(anodic) and no reduction reaction could take place. The n values for potentiostatic hold at +0.95 and +1.20 

Vpseudo K+/K were 1.64 and 2.46, respectively. These values support not only the thermodynamic phase 

stability maps (based on the n transferred for corrosion in each regime) but also imply that the total anodic 

reaction may involve some combination of half-cell reactions (10) and (12). While literature have 

demonstrated that Cr(III) is more favorable in molten fluorides, electrochemical studies of FLiNaK salts 

containing CrF2 or CrF3 species on a Pt wire have shown that 88–92% of Cr(II) can be oxidized to 

Cr(III)16,17,29,42–45 with some Cr(II) remain when a sufficient driving force is present, either controlled by 

applied potential or varying the concentration of oxidizers. 
 
 
Validation of rate-controlling kinetic regimes 

To verify and interrogate the CT and MT-controlled regimes of Cr dissolution, cyclic voltammetry was 

performed on Cr over a selective range of potentials (Δη) with a scan rate of 10 mV s−1 (in comparison to 1 

mV s−1 shown in Figure 5). Cr was cycled between 0 and 30 mV vs OCP (Figure 6a) and between 0 and 

600 mV vs OCP (Figure 6b), corresponding to the CT and MT-controlled regimes, respectively. In Figure 

6c, the E-i behavior showed linear i-ΔE relationship during both forward and backward scans, implying a 

CT-controlled polarization where ianodic ∝ exp(Δη/β) when Cr(III) and Cr(II) concentrations are low and 

constant.46 Theoretically, the low overpotential range that gives rise to the E-i linearity is likely to occur 

defined by Eq. 14: 47,48 
∆𝜂
𝛽𝑎

< 0.1        (14) 

 
where Δη = E - OCP is the overpotential. The βa constant was estimated to be 54.3 mV decade−1 in this work 

(Table I) after iR correction.49 The linear overpotential range based on low-field approximation was only 

about ∼5.4 mV before a deviation from linearity. The experimental E-i curve deviated from the theoretical 

linear relationship (i.e., Tafel fits from Figure 5a) at about ∼10 mV vs OCP as depicted in Figure 6c. 
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Figure 6. The potential range for rapid CV sweeping was highlighted in (a) and (b), representing a charge-
transfer (0 and 30 mV vs. OCP) and a mixed charge-transfer, and mass-transport regimes (0 and 600 mV 

relative to OCP), respectively. Cr oxidation kinetic regimes are shown in the cyclic voltammograms in (c) 
and (d) recorded with a scan rate of 10 mV/s. (e) shows the uniform thickness of K3CrF6 salt film formed 
from the cycling in (b) using Faraday’s Law and (f) shows the boundary layer thickness calculated using 
limiting current densities measured in (d) 
 

Fig 6d shows the CV profile cycled between 0 and 600 mV vs OCP within the proposed MT-controlled 

regime. The E-i behavior deviates significantly from the CT-controlled low-field approximation at ∼30 mV 

vs OCP. Continuous cycling results in a potential independent E-i region appearing after an upward linear 

E-i regime, which is likely controlled by charge transfer control with the ohmic resistance. The suggestion 

is that the salt film first formed at the current apex and then behavior on the downward scan was also MT 

controlled until the salt film dissolved. A hysteresis was observed similar to the behavior seen in metal pits 

under salt films and experiencing MT-controlled dissolution.50,51 The increasing difference between the 

forward and backward scan currents can be attributed to the formation and thickening of a salt film. 

Although up to 10 cycles were performed, the E-i curve remained identical after the 5th cycle, indicating the 

sluggish dissolution of the salt film.  

The maximum salt film thickness formed during the successive CV scan can be approximated by 

calculating the total charge consumed during the CV scan using Eq. 15: 52,53 

 
𝑄𝑓𝑖𝑙𝑚 =  ∫ 𝑖 𝑑𝑡𝑡2

𝑡1
      (15) 

 

where Qfilm is the charge in C/cm2 and i is the measured current density in A/cm2. Qfilm can be used to 

approximate the mass and thickness of an assumed K3CrF6 salt film formed using Faraday’s law (Eqs. 9 and 
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16) assuming that K+ and F− remain unchanged in valence state. It is also postulated that all Cr(III) produced 

from Cr dissolution will chemically convert to the salt film upon reaching the current apex: 
 

ℎ = 𝑄𝑓𝑖𝑙𝑚 𝑀
𝑛𝐹𝜌

       (16) 
 

where M represents the molar mass of K3CrF6, which is 283.28 g mol−1. The value of n was assumed to be 

2.5 based on Figure 5c, and ρ denotes the theoretical density of cubic K3CrF6 at 600 °C, found to be 2.66 g 

cm−3. 30,54 Fig 6e shows the calculated Q and h for each cycle, as an upper bound and it demonstrates that 

the salt film thickness stabilized upon the 5th cycle at 23 μm assuming a uniform layer. This thickness value 

varied depending on the scan rate and range of the potential excursion.  

During the backward scan, an iL regulated by the salt film was observed over the MT-controlled regime 

indicated by the purple arrow in Figure 6d. The boundary layer thickness (δboundary layer) was calculated using 

Eq. 1755 to better understand the length scale pertinent to ionic transport in molten FLiNaK salts. 
 

𝛿𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑙𝑎𝑦𝑒𝑟 = 𝑛𝐹𝐷 𝐶𝑠𝑎𝑡−𝐶𝑏𝑢𝑙𝑘
𝑖𝐿

      (17)  
 

Csat is a saturated concentration of Cr(III) (assumed to be 5.06*10−2 mmol*cm−3 from prior calculation16); 

Cbulk is a bulk concentration of Cr(III) assumed to be 0; n is assumed to be 2.5; D is the diffusivity of Cr(III) 

in FLiNaK estimated to be 10−5 cm2 s−1. 29 As the cycling proceeds, the iL dropped from 74.9 to 16.5 mA 

cm−2 with the δboundary layer increases from 16.3 to 73.9 μm, which are large compared to typically expected 

values in aqueous corrosion studies.33,35 Nevertheless, Figure 6 validates the presence of assigning CT and 

salt film-regulated MT-controlled regimes to describe the Cr polarization behavior in FLiNaK salts. 
 

Effects of CrF3 on Corrosion Behavior  
It has been suggested that the addition of the CrF3 compound may promote further oxidation of Cr metal 

and its alloys in FLiNaK salts.5,15,56–60 Fig 7 shows the LSV plot of Cr in FLiNaK at 600°C with additions 

of 0.14 wt%, 0.28 wt%, and 1.00 wt% of CrF3 salts relative to the initial mass of salt melted.  
 

Table 2. True anodic current density of Cr in FLiNaK salts at 600 oC recorded between 1 and 10 
mV relative to Eoc at various wt% addition of CrF3 

wt.%CrF3 [CrF3
-], M ianodic (A/cm2) 

1 mVoc 2 mVoc 3 mVoc 4 mVoc 5 mVoc 10 mVoc 
0 1.0·10-3 1.3·10-2 1.3·10-2 1.3·10-2 1.4·10-2 1.4·10-2 1.5·10-2 

0.14 2.1·10-3 3.5·10-2 3.7·10-2 4.0·10-2 4.6·10-2 4.8·10-2 6.6·10-2 
0.28 4.3·10-3 8.4·10-2 8.4·10-2 9.0·10-2 9.7·10-2 1.1·10-1 1.2·10-1 
1.00 1.5·10-2 1.1·10-1 1.2·10-1 1.3·10-1 1.4·10-1 1.4·10-1 1.8·10-1 

Slope 0.435 0.446 0.453 0.460 0.487 0.488 
R2 0.942 0.947 0.962 0.964 0.988 0.989 
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Figure 7. Linear sweep voltammogram of Cr in FLiNaK salts at 600 °C with the additions of 0.14 wt%, 
0.28 wt%, and 1.00 wt% of CrF3 recorded at a 0.5 mV/s scan rate 
 

 
 

Figure 8. Relationship between true anodic current densities and CrF3  concentration 
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The result indicates that the OCP value was shifted toward a more positive and noble value, increasing 

from approximately +0.977 to +1.412 Vpseudo K+/K as more CrF3 was introduced into the salt. All anodic curves 

display a CT controlled regime coupled with a saturation peak, but not all exhibit a stable iL, especially for 

0.14 wt% and 0.28 wt% CrF3 additions. The iL also did not exhibit an expected linear relationship with the 

amount of CrF3 added based on Eq. 17. Cr(III) may be reduced to Cr (II) during the cathodic scan at a scan 

rate of 0.5 mV s−1. The cathodic potential scan range falls within the stability range of Cr (II). Thus, adding 

more CrF3 introduces another cathodic reaction that increases the cathodic current densities and modifies 

the kinetics of the cathodic reaction. Similar effects can be expected from the initial dissolution of the air-

formed Cr2O3 oxide (ρ = 5.22 g cm−3) which typically has a thickness of about 1–3 nm. In this case, the 

contribution of Cr(III) is negligible. 

 

Electrodes kinetics of cathodic and anodic reactions 
The results of electrochemical parameters, such as corrosion current, Tafel slopes, and the concentration 

of chromium fluorides, are shown in Table I. The addition of CrF3 did not significantly modify the βa values 

which were between 50 and 70 mV decade−1. This is in agreement with the βa values reported by Wang et 

al. who performed a similar series of LSV experiments on pure Cr with controlled concentrations of H2O 

and CrF3 in FLiNaK at 700 °C.15 Moreover, a recent work by Doniger et al. also carried out LSV 

measurements on pure Cr, Ni, and Ni-Cr alloys in FLiNaK at 700 °C.10 The authors reported βa values of 

Cr at about 12.9 mV decade−1 but their reported E-log(i) curve indicated otherwise (based on linear fitting 

of their data, the βa values of Cr should be close to 92 mV decade−1 ).10 Additionally, the n determined was 

between 2 and 3 for all four cases with an α coefficient slightly higher than 1, suggesting that the oxidation 

from Cr to Cr(III) may be a multi-step reaction.48  

Without CrF3, the βc value was fitted to be −974 mV decade−1, which is considerably higher than βa. A 

high βc value indicates that the oxidizer (assumed to be predominantly HF) was also limited by mass-

transport.15,61 This value has been shown to decrease to −378 mV decade−1 in highly purified FLiNaK salts.10 

With the increasing amount of CrF3, the βc value was observed to decrease to −676 mV decade−1 at 0.14 

wt.% CrF3, −597 mV decade−1 at 0.28 wt.% CrF3, and further decrease to −321 mV decade−1 at 1.00 wt.% 

CrF3. This suggests that the cathodic reactions involving Cr(III)/Cr(II) contributed to the cathodic scans, in 

addition to mixed or mass transport limited HF/H2. 

Moreover, it is also possible to estimate the reaction order (ρ) of the anodic electro-dissolution of Cr to 

Cr(III) reaction. This analysis was carried out with respect to the concentration of CrF3 using Eq. (18) on 

the true anodic current densities recorded at identical overpotential.48 The current densities within first 10 

mV vs. Eoc were used since the E-i relationship was linear and avoiding Cr surface saturation (Table II).  Fig 

8 displays a linear relationship with a slope between 0.44 – 0.48 with CrF3
-, corresponding to an overall 
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reaction order. Although this work proposed that the dissolution of Cr in FLiNaK may proceed via 2-step 

reactions involving the oxidation from Cr(0) to Cr(II) followed by Cr(II) to Cr(III), Cr(II) carrying a +2 

oxidation state is not regarded as stable unless an externally applied potential is present.16 XRD evidence 

also suggested the addition of CrF2 to FLiNaK results in the formation of crystalline KCrF3 and K3CrF6 in 

as-solidified salts.29 

ρ = (log(𝑖)
log(𝐶)

)
𝐸,𝑇,𝑃

       (18)  

 
Effects of scan rate on the potentiodynamic polarization behavior  

Figure 9a shows the LSV polarization curve at scan rate (v) between 0.5 and 10 mV/s and 

shows a similar polarization behavior with that shown in Fig 5a; however, at 10 mV/s, the iL is not 

clearly distinct. Two saturation peaks were detected at 1.1 and 1.65 Vpseudo K+/K with the second 

peak exhibiting an order of magnitude higher in peak current density. This was followed by a rapid 

drop in current density (defined as iL) for about 250 mV. The fast scan rate freezes the surface 

chemistry, limiting ionic diffusion of CrF63- species and possibly the stabilization of the salt film62, 

contributing the current instability in the anodic polarization regime. A slower scan rate may 

mitigate this effect. 

 
Figure 9. (a) shows the linear sweep voltammogram measured at scan rates of 0.5, 1.0, 2.5, and 10 
mV/s. (b) shows the anodic limiting current densities and transition time for salt film formation 
calculated using the Sand Equation. 

 

 It is challenging to use Eq. (17) to qualitatively describe iL since molten salts were unstirred 

and electrolyte movements were dictated by natural convection (i.e. with attendant uncertainty in 

boundary layer thickness) and the surface concentration at oversaturated conditions was unknown. 

Nevertheless, these experimental conditions enable the use of Sand Equation, or Eq. (19), to 
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analytically approximate the transition time required for CrF63- concentration to reach saturation 

Csat (be 5.06 mmol/cm3) at the electrode surface (i.e., limiting current condition)53, and is used to 

predict the time required to form a stable salt film:  
 

𝑖𝐿𝜏1/2 = 𝑛𝐹𝐴𝐷1/2𝜋1/2𝐶𝑠𝑎𝑡 
2

      (19) 
 

where 𝜏 is the transition time in sec.  Fig 9b also displays the calculated transition time (𝜏) based 

on the iL obtained in the LSV curve at each scan rate. At 0.5 mV/s, 1377 s was predicted as the 

onset for limiting current conditions.  𝜏 was shown to increase significantly with v and could reach 

up to 52,441 s at 10 mV/s. Thus, the scan over the potential range of interest could occur before 

salt film formation. In general, a higher scan rate can lead to a higher non-faradaic current from 

double layer charging47, freezing the surface structure and chemistry47,63, and contribute to errors 

in determining Tafel slops47,63. The charging current for interfacial capacitance (Cdl) was neglected 

in our analysis since the experimental Cdl in molten fluorides was in order of mF/cm2 so change in 

mV scale of v used will not significantly contribute to mA-scale measured current density.8, 64-66 
 

Description of the transient corrosion process at OCP 

Fig 10 shows the OCP measurement of Cr statically immersed in FLiNaK salts at 600 °C for 50 h. As 

Cr corroded, the OCP gradually raised from +0.955 VPseudo K+/K and stabilized to near +1.50 VPseudo K+/K 

starting near 20 h. The transient rise in potential can be attributed to the production of Cr(II) and Cr(III) 

species by Cr oxidation.62 which directly impacts the details of the coupled corrosion half-cell reactions. 

The rise in potential is consistent with Figure 7 and with a mixed potential theory where the OCP is located 

at potentials between the rising reduction-oxidation potential for Cr electrochemical dissolution and a 

cathodic half-cell reaction such as HF reduction. Fig 10a is also highlighted with orange and cyan showing 

whether CT or MT dominates Cr corrosion under OCP conditions brought about by Cr(III). The finding 

here is based on LSV at 1 mV s−1. Using this approach, it is posited that the first 5.3 h likely corresponds to 

CT-controlled Cr dissolution while that between 5.3 and 50 h was by salt-film mediated MT. It was noted 

that the duration of CT and MT regimes dissolution can be modified by factors such as temperature, the 

concentration of oxidizers present in the salt, and/or the ratio between salt volume and exposed surface area.  
Moreover, the horizontal dashed lines in Figure 10a indicate the Nernst potentials for various half-cell 

reactions at different ion activities. In a corrosion couple, the cathodic half-cell reactions indicated can form 

a spontaneous corrosion couple at an OCP, such as HF/H2 in a wide range of concentration, that is more 

positive than the oxidation potential of Cr. These Nernst potentials can be compared with OCP as a function 
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of time to understand (a) the effect of a rising Cr(III) concentration and (b) the predominant cathodic 

reactions that led to the spontaneity of Cr corrosion since these reactions are coupled. At the early stage, the 

HF/H2 potential between 10 ppm and 550 ppm [HF] sits above the initial OCP, suggesting the presence of 

HF impurity-driven spontaneous corrosion.63 On the other hand, the K+/K reduction reaction has the lowest 

potential of all and will likely not participate in the spontaneous corrosion process of Cr even when salt is 

highly purified.12 The question remains open whether it is possible for in situ formed Cr(III) species to 

become an oxidizer with respect to Cr.  

 
Figure 10. (a) Open circuit potential measurements of Cr in FLiNaK salts at 600 °C for 50 h. (b) 
shows the LSV curve performed after 1 h and 50 h of static immersion. The dotted lines in (b) 
indicate the phase boundary between Cr, Cr(II), and Cr(III) species with their activities assumed to be 
10-6 M. The green dotted line shows the phase boundary of Cr(III)/Cr(II) at saturated conditions. 

 

Fig 10a shows the reduction potential values for Cr(III)/Cr(II) reactions (grey short dashed lines) 

assuming that all ions are 10−3 M (simulating initial condition) and at saturated conditions. At the initial 

exposure period, the Cr(III)/Cr(II) potential was located slightly above the OCP and was likely not a strong 

oxidant for cathodic reactions compared to HF impurities. Undersaturated bulk conditions ([Cr(II)] = 

4.40·10−3 M and [Cr(III)] = 5.06·10−2 M stoichiometrically calculated from 0.3 wt.% CrF3 saturation in 

FLiNaK), the Cr(III)/Cr(II) potential was increased to +1.19 VK+/K and was above OCP until 10 h of 

exposure. If HF impurities were exhausted at this point (below 10 ppm), it was likely that Cr (III) generated 

by initial Cr corrosion would serve as a cathodic reactant, explaining the sudden rise in potential between 

8.5 and 10 h. This is also consistent with the LSV plots shown in Figure 10b in which the OCP was shifted 

toward a positive direction after 50 h of exposure. As salt film forms, the surface concentration of Cr(III) 

will become saturated. The Cr(III)/Cr(II) potential was determined to be +1.82 V pseudo K+/K assuming [Cr(II)] 

= 10−6 M and [Cr(III)] = 5.06·10−2 M. This suggests that Cr(III) species may exhibit the thermodynamic 

driving force necessary to oxidize Cr spontaneously in the case where HF is depleted. 
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Morphological dependence on rate-controlling corrosion regimes 
Figure 11 shows the plan-view surface morphology and XRD of the solidified salt for Cr 

potentiostatically maintained at +0.18 Vpseudo K+/K for 1 h, +1.08 Vpseudo K+/K for 50 h, and +1.80 Vpseudo K+/K for 

50 h. Based on Figure 5, these potential values should fall in the cathodic, CT, and MT-controlled regimes, 

corresponding to the stable regions of Cr, Cr(II), and Cr(III) phases.  

In the cathodic regime of +0.18 Vpseudo K+/K, the 1 h hold time was the maximum duration as continued 

polarization led to current overload to be detailed in the next section. Nevertheless, no major sign of 

corrosion attack was observed as seen in Figure 11a. Some CrF2 products were detected by XRD as shown 

in Figure 11b. In the CT regime of +1.08 Vpseudo K+/K, the dissolution process resulted in a highly faceted 

surface morphology containing crystallographic facets displayed in Figure 11b. At this potential and 

duration, 27.9 μm was expected to dissolve equivalent to about a grain diameter. This was a clear indication 

that the Cr dissolution in this regime was interfacially CT controlled and may be dependent upon 

crystallographic orientation. The XRD in Figure 11e confirms the presence of Cr(II) based compounds, such 

as CrF2 and KCrF3, compounds. In the MT regime of +1.80 Vpseudo K+/K, the Cr surface after the potentiostatic 

hold was relatively smooth as seen in Figure 11c. The smooth morphology may serve as another piece of 

evidence that the Cr was dissolving beneath a salt film.32–36  

 
Figure 11.  Plan view and X-ray diffractogram of residual salts for Cr potentiostatically polarized in 
FLiNaK salts at 600 °C at (a,d) +0.18 for 1 h, (b,e) +1.08 for 50 h and (c,f) +1.80 Vpseudo K+/K  for 50 h 
 

An additional potentiostatic hold was carried out at +1.08 and +1.80 Vpseudo K+/K for 1 ks to examine the 

short-term morphological evolution and to avoid the salt film effect on corrosion morphology, as shown in 
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Figure 12. A shorter hold duration in the CT regime resulted in a faceted corrosion attack that was similar 

to the morphology shown in Figure 11a. In the MT regime, the Cr surface exhibited individual grain facets 

resembling matchstick and step-edge morphologies,64 which was likely defined by the underlying grain 

orientation. It was noted that the grain facets presented in Figure 12b were not as visually clear as those in 

Figure 11b despite both dissolution processes were interfacial controlled. It was hypothesized that at +1.80 

Vpseudo K+/K, the anodic current density may be sufficient to relatively, uniformly dissolve the polycrystalline 

Cr in contrast to that observed at 1.08 Vpseudo K+/K, which appeared to be more localized.  

 
Figure 12.  Plan view surface morphology of Cr potentiostatically polarized in FLiNaK salts at 
600 °C at (a) 1.08 and (b) 1.80 Vpseudo K+/K . for 1ks 
 
Current-time relationship during potentiostatic hold 

Figure 13 shows the current-time (i-t) relationships of Cr potentiostatically held at 0.18 for 1 h, 1.08, 

and 1.80 Vpseudo K+/K for 50 h. In the cathodic regime of 0.18 Vpseudo K+/K, a reducing (negative) current density 

was measured for the first hour (~3600 s) followed by a sharp increase in current density leading to current 

overload. A reasonable explanation of this sharp current rise can again be attributed to the exhaustion of 

oxidizers (e.g. O2-) as illustrated in Fig 3a. the 1 h hold time was the maximum duration as continued 

polarization led to current overload to be detailed in the next section. This may be attributed to the oxidation 

of O2− at the CE that led to a shift in Pt/PtOx/O2− pseudo reference potential, leading to a condition in which 

K+ was being reduced on Cr. This behavior limits the ability to perform stable pstat study in this regime.  

In the CT regime, Cr exhibited a large initial oxidizing (positive) current density and it gradually 

dropped and transitioned into cathodic regimes at ~14000 s (Fig 13b). Current spikes were detected starting 

at 100 s. As seen in Figs. 7 and 10, loading the FLiNaK salts with CrF3 can shift the polarization curve 

upward. In other words, maintaining the Cr potential at 1.08 Vpseudo K+/K could first produce CrF3
- species 

that accumulated to a point where the Nernst potential became more positive and was subsequently reduced 

on the Cr metal surface. To approximate the depth of attack, Eq. (9) and (16) were utilized to estimate the 
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uniform thickness of Cr dissolved using the anodic current densities. Prior to the transition to cathodic 

regime, an average thickness of 30 µm was expected to dissolve (close to one grain size).  

 

 

Figure 13. Current-time relationship of Cr potentiostatically polarized in FLiNaK salts at 600 oC 
at (a) 0.18 for 1 h, (b) 1.08 and (c) 1.80 Vpseudo K+/K  for 50 h. 
 

Figure 13c shows that the i-t relationship of Cr potentiostatically held in the mass-transport controlled 

regime at 1.80 Vpseudo K+/K. A large but slowly declining anodic current was detected, indicating that Cr was 

continuously oxidized over the course of pstat hold. Toward the end of the scan, close to 4 mm of thickness 

of Cr metal was expected to dissolve using Eq. (9) and (16). Coupling with stochiometric calculation, the 

amount of Cr dissolved would reach a saturation point at t = 1173 s (0.3 wt.% CrF3) in which salt film 

formation should begin. The predicted onset time was very close to the one calculated using the Sand 

Equation (t = 1377 s).  The current after t = 1173 s remained anodic until 18000 s suggesting that the salt 

film formed did not retard the oxidation of Cr. Beyond 1173 s, the current density decays at a slope of ~0.5, 

suggesting that the polarization behavior at this potential is mass-transport controlled. Using Faraday’s Law, 

it was calculated that up to 4 mm of Cr would have been dissolved assuming uniform attack. Compounds 

containing CrF3
− (Cr(II)) and CrF6

3− (Cr(III)) were detected from XRD (Figure 11f). 
 

Corrosion morphology through multiple corrosion regimes 

The importance of elucidating the corrosion morphology individually for each transport regime can be 

highlighted by Figure 14, which reveals the SEM and surface roughness analysis of Cr subjected to LSV 

sweep from −0.4 to +1.5 V vs. OCP. The potential sweep range indicates that the Cr was subjected to 

corrosion through cathodic, CT, and MT regimes. In Figure 14a, the Cr surface exhibits both step-like facets 

and smooth morphologies. The faceted surface (toward the left of the micrograph) also contains residual 

molten salts which was confirmed by the EDS element map analysis in Figure 14b. It was noted that the Cr 

sample was removed immediately from the molten salt after LSV scan to avoid the deposition of Cr due to 

the occurrence of Cr(III)/Cr (II) disproportionation reaction.  
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Figure 14.  Plan view surface micrograph of Cr upon completion of the LSV scan. (b) shows the 
overlapped elemental maps of (a). The color orange, blue, and red, yellow correspond to Cr, F, K, 
Na respectively. (c) shows the surface topography colormap of the dashed yellow rectangle. The 
black arrow in (c) shows the relative height measurement and the result is displayed in (d) 

 

The dashed orange rectangular in Figure 14a was analyzed with a micro-scale surface topological scan 

and the results are shown in Figs. 14c and 14d. The blue region in Figure 14c highlights the area with a 

relatively lower depth/position, which corresponds to the smooth corrosion surface. In other words, during 

the potential sweep, it can be postulated that the faceted surface was first formed in the CT regime and then 

subsequently transitioned into a smoothly dissolving surface under a salt film in the MT regime. Figs 15a-

15c also reveal other types of corrosion morphologies observed after the LSV scan, notably locally 

dissolving areas with contours following the shape of the residual salt with a rock-salt crystal structure. 

 
Figure 15. Plan view SEI micrograph of Cr subjected to LSV scan in 1 wt% CrF3 + FLiNaK salts 
at 600 °C measured at (a) 1500x, (b) 5000x, and (c) 7000x magnifications 
Corrosion morphology after exposure at OCP condition 
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The cross-section of immersed (i.e. open-circuit condition) Cr in FLiNaK for 50 h was examined using 

SEM and EBSD analysis. The backscattered electron micrograph in Figure 16a shows that the grain size of 

Cr ranged between 5.6 and 47.2 μm with subgrains sized about 6.8 ± 4.6 μm. Both Figs. 16a and 16b did 

not reveal any evidence of grain boundary attack as seen in most alloys12 and pure Ni.15,62 Micro-voids were 

observed near the surface possibly due to vacancy injection to the Cr metal substrate during dissolution. The 

EBSD orientation maps (Figure 16c) show that the surface grains exhibit orientations close to (001) and 

(101). Additionally, as shown in Figure 16d, the Cr surface exhibited a highly faceted surface similar to the 

features observed in Figs. 14a and 15.64 

 

Corrosion morphology after exposure at OCP condition 

To provide a time-based description of the salt film development, static immersion tests of Cr were 

separately carried out between 10 and 50 h of exposure and examined. The as-solidified salt was removed 

from the test crucible after testing. The salts were carefully fractured to reveal the location of Cr as indicated 

by the macrophotographs shown in Figure 17. Over the course of immersion, a thin dark green layer of the 

surface film was found adjacent to the Cr metal surface (Figs. 17a, 17b) from 10 to 20 h. Upon further 

exposure, the thickness of this layer increased to approximately 1.1 mm at 30 h and remain macroscopically 

identical up until 50 h. Regions described as “salt” and “film” were analyzed with XRD. 

Fig 17f shows the X-ray diffractogram of an as-prepared FLiNaK salt (control), film, and salt regions. 

As expected, the as-prepared FLiNaK salts contained three salt constituents including cubic KF— peak#1, 

NaF—peak#2, and LiF—peak#3 compounds. The “film” region also exhibited both KCrF3 (peak#4) and 

K3CrF6 (peak#5) compounds and that peak #5 was not distinct in the “salt” region. This suggested that 

K3CrF6was likely the primary constituent of the salt film. Based on XRD, the salt film with different cation 

constituents or their mixture, such as Li2CrF6, Na2LiCrF6, and K2CrF5, were also observed.28 This result 

also justifies the earlier discussion on the effect of K3CrF6 salt film. 

 
Figure 16. (a,b) Cross-sectional SEM micrograph of Cr immersed in 50 h at 600 °C in FLiNaK. 
(c) EBSD orientation map of (d). shows the surface of the as-corroded Cr sample 
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Figure 17. Macrophotographs of Cr embedded in residual FLiNaK salts after exposure at 600 °C 
for (a) 10 h, (b) 20 h, (c) 30 h, (d) 40 h, and (e) 50 h, respectively. Selected regions in (e) were 
analyzed with XRD shown in (f) 
 
Discussions 

Analysis of polarization curves and electrode kinetics 
The corrosion of Cr in FLiNaK occurs at a mixed potential that is thermodynamically and kinetically 

established by the details of the anodic Cr/Cr(II) and/or Cr(II)/Cr(III) oxidation half-cell reactions coupled 

with cathodic reactions such as HF/H2 and Cr(III)/Cr(II) reduction. The kinetic properties of each of these 

redox reactions can be interrogated by electrochemical methods.11,72 However, the complexity of 

interpreting experimental polarization curves (i.e., LSV) arises from the presence of multiple oxidation paths 

and rate regulating phenomena (e.g., salt film formation, MT limitation, etc.) that are dependent upon 

potential, experiment conditions and salt chemistry. 

To construct a foundational framework towards understanding polarization curves measured in molten 

fluorides, Evan’s diagrams were constructed taking account of the finding above. Fig 18 shows the E-log(i) 

behavior of multiple half-cell reactions constructed using the electrochemical parameters shown in Table II. 

The assumption made is that HF and Cr(III) are the predominant cathodic reactants although this is not 

proven. Parameter selection, such as diffusivity and exchange current densities, were based on 

electrochemical data previously reported in Table I and approximated to within an order of magnitude. Eq. 

3 was used to simulate the half-cell E-i relationship containing a CT and MT regime. The CT or activation-

controlled current was calculated using Eqs. 4 and 18. The iL for the possible cathodic reactions (i.e. 

Cr(III)/Cr(II) and HF/H2) were calculated using Eq. 17 with different Cr(III) and Cr(II) concentrations 

shown in Table 3. It should be noted that the current of the cathodic half-cell reactions is described by ic, 

the anodic by ia, and the open circuit potential occurs at a potential where ic = ia. which is where ia = −ic = 

icorr. When ia > ic then the potential necessary to drive such current must be supplied by the potentiostat.  

 
η =  ±β𝑎/𝑐 log( 𝑖𝑎/𝑐

𝑖𝑐𝑜𝑟𝑟
)     (20) 
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Based on Figure 18a, due to its high reduction potential, HF/H2 (blue curve) remains a predominant 

cathodic reaction during Cr corrosion in a wide range of possible HF concentrations between 10 and 1000 

ppm. It is not until HF falls below 10 ppm (either through consumption from corrosion or rigorous salt 

purification processes10,65) and the FLiNaK salt saturates with chromium fluoride that the Cr(III)/Cr(II) 

reaction may dominate the cathodic polarization curve. Between 10 and 1000 ppm, the HF/H2 polarization 

curve (blue) intersects with the half-cell reaction in the CT regime for Cr dissolution (red). The overall 

polarization behavior follows Figure 5a (Cathodic → CT → Saturation Peak → MT) for Cr in molten 

fluoride containing high HF concentration.15 This remains true even if the Cr(III)/Cr(II) cathodic 

polarization curves (orange curve) dominate in the concentration range between “unpurified” and “bulk 

saturated” conditions and is experimentally proven in Figure 7. A key insight is that the cathodic polarization 

curves of HF/H2 (between 10 and 100 ppm) and Cr (III)/Cr(II) reactions (between unpurified and bulk 

saturated conditions) still intersect with the anodic CT polarization regime of Cr/Cr(II)/Cr(III) curves. As a 

result, it is still possible to extract an anodic Tafel slope for E-i data when under these conditions, as shown 

in Figure 19a. However, as the oxidizer concentration increases, the CT regime for linear E-log(i) fitting 

becomes narrower as shown in Figure 19, making it challenging to accurately define a Tafel slope. To ensure 

reliable analysis, it is also crucial to correct for contributions from cathodic and limiting current densities 

(e.g. Figure 4) from the experimentally measured anodic CT regime. 

 

 
Figure 18. Evan’s diagram constructed for pure Cr in molten FLiNaK salts at 600 °C. The red 
curves show the E-log(i) curves consisting of charge-transfer and mass-transport controlled 
regimes for the anodic Cr/Cr(II)/Cr(III) reactions.  (a) shows the cathodic polarization curves for 
the HF/H2 reactions with [HF] assumed between 10 and 1000 ppm. (b) shows cathodic polarization 
curves for the Cr(III)/Cr(II) reactions at various concentration of Cr(II) and Cr(III).   
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Figure 19. Evan’s diagrams highlight the conditions under which Tafel slopes determination via 
linear fittings in the anodic CT regimes is (a) valid or (b) compromised. (a) shows an example of a 
valid scenario with cathodic reactions being HF/H2 at 100 ppm of HF. In contrast, (b) illustrates a 
scenario where Tafel slope determination is impossible when the K3CrF6 salt film is present on the 
surface. The semi-transparent orange rectangles in both (a) and (b) represent the typical, 
experimentally expected anodic region for Tafel slope determination.  

Erroneous determination of the Tafel slope can occur when the cathodic polarization curves intersect 

with and/or are very close to the anodic MT-controlled regime (highlighted in Figure 18b). At this potential 

intersection, the iL, ia, and ic become identical. Based on this simulation, a HF/H2 reduction reaction with 

1000 ppm of HF can lead to this condition. Another possible scenario may also be the formation of a K3CrF6 

salt film present on the surface of the material, which can be the case for various Cr-containing alloys.9,66,67 

Many studies overlook this point and try to force a fit of E-imeas data to an anodic Tafel slope (not possible 

when ia = iL) in a “false” CT regime that is actually controlled by mass transport as pointed out in Figure 

18b. The occurrence of this condition depends on factors such as the thermokinetic properties of both anodic 

and cathodic reactions (e.g., io, iL, E) and it may not be the only possible scenario in which an interpretation 

of the CT regime is compromised. The cathodic reactions of HF/H2 and CrF6
3−(Cr(III))/CrF3 (Cr(II)) can 

also be limited by ionic diffusion in the molten salt phase.59 The cathodic mass-transport limitation becomes 

significant when the oxidizer concentration is low and is practically analogous to highly purified salts. In 

this scenario, low oxidizer concentration may undermine the potential range of a linear E-log(i) region that 

can be used for Tafel extrapolation (leading to inaccurate kinetic analysis). The MT limitation for cathodic 

polarization scan is more prominent for HF/H2 than Cr(III)/Cr(II) reactions unless at sufficiently high 

overpotential. This also informs us that at open-circuit conditions, the Cr(III) produced by Cr corrosion will 

likely not be limited by MT and may immediately be consumed (reduced) at the salt/metal interface. 
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Table 3. Electrochemical parameters used for the construction of Evan’s Diagram. Noted that the 
CrF3− and CrF63− represent the Cr(II) and Cr (III) species, respectively 

Reaction Concentration ENernst io iL 

M VF2/F- A/cm2 A/cm2 

𝐶𝑟 (𝑠) + 3𝐹− ↔ 𝐶𝑟𝐹3
− (𝑚𝑠) + 2𝑒− [CrF3

-] = 10-3 M -4.254 

10-4 

4.79·10-2 

𝐶𝑟𝐹3
−  + 3𝐹− ↔ 𝐶𝑟𝐹6

3− (𝑚𝑠) + 𝑒− 

[CrF3
-] = 10-3 M, 

[CrF6
3-] = 10-3 M -3.668 9.65·10-4 

[CrF3
-] = 4.40·10-3 M, 

[CrF6
3-] = 5.06·10-2 M -3.484 

4.88·10-2 [CrF3
-] = 10-6 M 

[CrF6
3-] = 5.06·10-2 M -2.853 

𝐻𝐹 (𝑚𝑠) + 𝑒− ↔ 𝐻2(𝑔) + 𝐹−(𝑚𝑠) 

[HF] = 5·10-4 M  
or 10 ppm -3.452 9.65·10-4 

[HF] = 5·10-2 M  
or 100 ppm -3.279 9.65·10-3 

[HF] = 5·10-3 M  
or 1000 ppm -3.106 9.65·10-2 

*[F−] was stoichiometrically calculated to be 49.3 M. The diffusivity of HF and CrF6
3− was assumed to be 10−5 cm2 

s−1. Boundary layer thickness (δboundarylayer) was assumed to be 10 μm for all reactions. 

Nevertheless, diffusion of Cr(III) from the Cr surface to the bulk electrolyte would require ∼19,000 s 

using estimates of the characteristic diffusion length 𝑥 = √𝐷𝑡. There are three possible pathways in which 

Cr(III) in the form of CrF6
3− may be reduced: (i) at the metal surface and supporting the oxidation of Cr 

metal, (ii) by Cr (II) ions at the salt/metal interface, leading to the production of Cr particles akin to the 

disproportionation reaction commonly referred to as reactions (21) or (22) when F− solvation is considered. 

If this is the case, corrosion of Cr may be limited; and/or (iii) by other environmental impurities, such as 

metallic cation impurities. 

2𝐶𝑟𝐹3 (𝑚𝑠) + 𝐶𝑟(𝑠) ↔ 3𝐶𝑟𝐹2(𝑚𝑠)     (21) 
 

𝐶𝑟𝐹6
3− (𝑚𝑠) + 𝐶𝑟(𝑠) ↔ 𝐶𝑟𝐹3

−(𝑚𝑠) + 3
2

𝐹−(𝑚𝑠)    (22) 
 
Microstructural implication of charge-transfer and mass-transport controlled regimes 

Results suggest that Cr can dissolve by charge-transfer (or activation-controlled) in FLiNaK at 600 °C 

at low overpotential (i.e. lower driving force) and can transition to dissolution regulated by a salt-film 

induced mass-transport process. As discussed in Figure 18, it appears that a wide array of HF and Cr(III) 

oxidizer concentrations can result in this behavior. Each regime also has an underlying microstructural effect. 

Surface faceting was observed in Figs. 11b and 12b in both CT and MT regimes prior to salt film formation. 

Since the dissolution of each grain involves the creation of new solid/liquid (S/L) interfaces, it is reasonable 
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to suggest that crystallographic orientation may have a sizeable impact on Cr oxidation since different grain 

surfaces present surfaces with different S/L interfacial energy. Further work will be carried out to interrogate 

the effect of crystallographic orientation on molten salt corrosion. The electrochemical potential in which 

the mass transport regime is rate-limiting falls within the phase stability field where Cr(III) species 

dominates, leading to the formation of a K3CrF6 salt film possibly via reaction (23) either directly on or 

adjacent to the Cr metal surface. Both scenarios have been observed experimentally.57,68 
 

3𝐾+ (𝑚𝑠) + 𝐶𝑟𝐹6
3−(𝑚𝑠) ↔ 𝐾3𝐶𝑟𝐹6(𝑚𝑠)    (23) 

 
The existence of a salt film requires the metal/salt interface to be kinetically stable in which the rate of 

salt film formation (iform) at the metal/film interface is at least identical to that of dissolution (idiss) at the 

film/molten salt interface.35,69 Only the former is controlled by applied potential and the latter is diffusion 

controlled. The anodic dissolution of Cr in the MT-controlled regime was likely not solely determined by 

the diffusion of CrF6
3− species in the liquid phase electrolyte and possibly requires the transport of metallic 

cations through the K3CrF6 salt film.33 This may be an explanation for linear E-i behavior in Figure 6d. The 

mechanism of salt film formation should follow a series of redox and chemical reactions shown in reactions 

(10), (12), and (23). Formation of the salt film also depends on the availability of K+ cations on the salt/metal 

interface, which should not be rate-limiting due to its large concentration.  

It was noted the salt film may be not a pure K3CrF6 compound. It may contain other salt compounds, in 

which CrF6
3- is the anion constituent, such as K2NaCrF6 and Li2CrF6, which may also be deposited as 

defective salt crystals. It is challenging to use XRD alone to distinguish these compounds due to the 

similarities in their crystal structures. These salts possibly have different solubility limits, and may 

precipitate at different times during LSV and potentiostatic holds. The compositional heterogeneity in the 

salt film may lead to MT-controlled dissolution not occurring uniformly on the Cr surface as expected with 

a homogeneous salt film. It is reasonable to state that the dissolution under salt crystals varies with crystal 

identity giving the false impression of a cubic crystal orientation etch pit that can instead be explained by 

locally varying mass transport control under a cubic salt crystal. Furthermore, it is possible that the 

precipitated salt film is porous, compact, or a mixture of both. For compact salt film deposited adjacent to 

Cr, the growth of K3CrF6 may be governed by the outward Cr(III) cation migration through the film. K3CrF6 

is a cubic compound highly packed with Cr(III) ions occupying the FCC framework with 3 basis atoms of 

K+ ions and 6 of F− ions fully occupying both tetrahedral and octahedral interstitial sites,30 a high population 

of thermal vacancies at 600 °C is expected that enhances the mobility of cation migration. The salt film can 

be thickened up to 1 mm at a 20 h exposure period, becoming a “thick” dielectric layer that limits ionic 

migration and activity-driven diffusion across the salt compound.  
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From thermodynamic prediction, the solubility of CrF3 in FLiNaK would be increased to 0.8 wt.% and 

1.6 wt.% at 700 °C and 800 °C, respectively.28 This was observed in higher temperatures by multiple 

authors.6,9,10,15 This phenomenon is certainly of practical concern for MSR performance since reactor 

pressure vessels and secondary heat exchanger tubes, both of which may be exposed to FLiNaK or other 

molten fluoride salts, operating between 500 °C and 700 °C.70 In fact, the formation of a metal fluoride salt 

film was first reported in 1962 by DeVan and Evan on Ni–Mo–Cr alloys after 5000 h of loop corrosion 

tests,71 and then by Holcomb and Sacit in 2010 on Inconel 600 alloy as a mm-scale film that hinders heat 

transports.68 Although not investigated in this work, it is also of the community interest to investigate 

possible salt film precipitation in other candidate MSR salts especially LiF-BeF2 (FLiBe) salts.  

 
Conclusions 

The corrosion regimes of Cr in FLiNaK at 600 °C were defined as a function of potential based on in 

situ, real-time electrochemical measurements. Cr dissolution in molten fluorides can be rate-limited by the 

interfacial reaction (i.e., charge-transfer controlled) involving a series of Cr/Cr(II)/Cr(III) half-cell reactions 

or salt film induced mass-transport controlled processes. Both processes are dependent upon the applied 

potential, Cr cation content, and the electrochemical driving force for corrosion. A regime of 

thermodynamic immunity can also be found, defined by the Cr/Cr(II) half-cell reaction, in which Cr can be 

cathodically protected and undergoes limited corrosion. Caution is warranted that the routine aqueous 

assumption of an infinite cathode is not the case in FLiNaK. During polarization, cathodic limitations may 

arise. These potential-dependent polarization regimes were interrogated diagnostically using multiple scan 

rates, scan potential range, Cr(III) concentration, and scan cycles as diagnostics. 

The Evans diagram constructed herein establishes the regimes set forth above and identifies factors and 

half-cell reactions that regulate corrosion reactivity. In a few situations, the accurate determination of Tafel 

slopes from E-i behavior is complicated and cannot be accessed graphically. The presence of an unidentified 

salt film on the Cr surface, possibly consisting of K3CrF6 and other K–Cr–F compounds, combined with a 

sufficiently high oxidizer concentration enables rate-limited anodic mass transport control. Oxidizers may 

include but are not limited to Cr(III) produced during Cr corrosion and HF formed by environmental 

moisture impurities. With this framework, radiation effects may be considered. 

The OCP behavior of Cr during a 50 h static immersion provides insights into the time-dependent 

transitions between the charge transfer and mass transport-controlled potential regimes during spontaneous 

corrosion. Specifically, the OCP of Cr lies within the CT regime at the early exposure times. As the exposure 

time progresses, the concentrations of Cr(II) and Cr(III) increase, resulting in the transition of corrosion into 

the MT regime. This transition is accompanied by the formation of a salt film, which occurs approximately 

10 h into the exposure period. Lastly, corrosion stifling may operate when the concentrations of Cr(III) rise 
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sufficiently during corrosion. These observations are all supported by a post in situ exposure analysis. 

Multiple salt precipitation routes are possible to mediate the rate of MT-controlled electro-dissolution 

kinetics depending on salt identity. Further research is needed to investigate the formation, growth 

mechanism, and stability of the K3CrF6 salt film in molten fluorides. 
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Abstract 

An in situ electrochemical method to investigate the time-dependent spontaneous corrosion of pure Cr 

in an unpurified LiF-NaF-KF eutectic salt at 600 ◦C was developed. A multi-electrode electrochemical cell 

and a dual-electrode method were utilized to detect Cr(II) and Cr(III) ions on a platinum working electrode 

using cyclic voltammetry as a function of exposure time and compensating for the distance from the Cr 

electrode. XRD was performed to characterize the crystalline composition of the exposed FLiNaK and the 

salt films formed on the working electrodes. The fate of all electro-oxidized Cr must be accounted for to 

quantify corrosion rates. The concentrations of Cr(II) and Cr(III) species obtained from this work shows 

reasonable agreement with the gravimetric mass change and ICPOES analysis of the residual salt.  

 
Introduction 

Structural materials are required for service in high-temperature Gen IV molten salt reactors (MSR) 

where environmental degradation by corrosion and other processes is critical. Understanding and 

illuminating features or attributes essential to describing the corrosion process, such as the effect of 

microstructure, crystal orientation, environment, and physical characteristics are crucial. The oxidation 

state and solubilization of the reacting metal species as well as the various rate-controlling factors as a 

function of electrode potential and impurity concentrations are of interest. Some of these factors can become 

better understood through the utilization of coupled electrochemical thermodynamic and kinetic analyses 

and supporting measurements. Cr is a key element component of many commercial alloys. The time-

dependent concentrations of all Cr(II) and Cr(III) corrosion products when Cr-containing alloys corrode 

must be assessed. Moreover, in a closed system such as a reactor they will alter the thermodynamic driving 
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force of the Cr(II)/Cr or Cr(III)/Cr(II) half-cell reduction reactions1 and may enable salt film formation. A 

corrosion system is dynamic and a fundamental understanding requires real-time assessments. 

In recent years, some in situ spectroscopy methods to detect corrosion products in molten salts have 

been proposed2–6, such as Raman and high-temperature UV-Vis absorption spectroscopy2 and X-ray 

absorption spectroscopy (XAS)3. These methods are not quantitative with respect to corrosion rate but shed 

light on the molecular species participating. Both methods require complex input beam focus and sensing. 

Furthermore, the Raman database is lacking with respect to many pertinent molten salts (MS) products, and 

Cr(II) and Cr(III) assignments are often assumed to be CrF2 and CrF3 while the actual composition of 

corrosion products may be much more complex4,5. In addition to these complexities, such studies using 

molecular spectroscopies while insightful do not provide instantaneous, time-dependent information about 

a constantly-evolving corrosion system, which motivates the desire to track the electrochemical behavior 

of both the corroding metal and via its corrosion products in molten salts. In essence, multimodal in situ 

methods are desired in molten salt electrochemical system. 

One approach to corrosion analysis often includes long periods of static immersion, exposure to a flow 

loop, and electrochemical experiments with 3 electrodes in molten fluoride salts followed by post- mortem 

analysis7. The real, practical challenge remains in providing a time-based description of the corrosion 

phenomenon that informs not only possible morphological evolution but also the physical/electrochemical 

properties over a range of potential coupled with electrolyte analysis. For instance, immersion or flow-loop 

experiments at different exposure times provide information at single or a few select times. Only a limited 

exposure time range has been explored7. Regarding the use of electrochemistry, there is an increasing 

number of scientific works that propose electrochemical methods in molten salts to attain the goal of in situ 

real-time measurements6. Some previous studies involved (i) performing open-circuit gravimetric and 

instrumented electrochemical impedance spectroscopy (EIS) measurements at different exposure periods7,8, 

and (ii) characterizing the electrochemical properties of their possible corrosion products in molten fluoride 

salts9–12. The former method allows the relative corrosion rates of materials to be compared 10,13,14 and the 

later enables the diffusivity, concentration, and composition of corrosion products to be estimated 9,11,12,15. 

Corrosion rates are indirectly inferred. Approaches to estimate corrosion rate, such as mass change 

measurement7,16–19, EIS14,20–22, and Tafel extrapolation from linear sweep voltammetry (LSV) scans10,23,24 

have been reported. Often a single method is favored in each report. The corrosion rate can be estimated 

from these tests, but the published data has shown standard deviations up to 50%7.  

One combination of these approaches focused on developing a simple in situ method to determine 

corrosion in a high-temperature molten salt process6. An electrode-array mini-sensor consisting of a 

tungsten (W) working electrode (WE), platinum counter electrode (CE), and platinum reference electrode 

(RE) was developed to measure impurity-driven corrosion of T91 alloy by a fission product, europium, in 
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the LiCl− KCl eutectic molten salt. The mini-sensor was confirmed to be an appropriate probe for in situ 

corrosion monitoring in high-temperature chloride molten salt. Concentrations of the dissolved solubilized 

corrosion products were detected by the developed mini-sensor, determined from cyclic voltammetry (CV) 

reduction peaks (soluble/insoluble) and were compared with inductively coupled plasma mass spectroscopy 

(ICP-MS) data at the end of the corrosion process. Another study, in which the multifunctional voltammetry 

sensor consisted of inert in MgCl2-KCl-NaCl salt tungsten electrodes (an array of four 0.1 cm diameter 

tungsten WEs with fixed height differences, a 0.3 cm diameter W CE and a 0.1 cm diameter W quasi-RE) 

was developed to measure the concentration of key corrosion products and corrosive impurities in the heat 

transfer fluid using CV method25. This study showed a good correlation with errors in not more than 4% 

for the model corrosion systems containing known concentrations of Fe(II) and Cr(II) cations. 

Unfortunately, the W electrode was not stable when polarized at highly anodic potential regime[26]. To 

address this gap and opportunity, a technique that is currently not available commercially, was developed 

herein to simultaneously track the fate of the Cr(II) and Cr(III) species and determine the concentration of 

both soluble and insoluble corrosion products as well as relate these quantities to the electrochemical 

corrosion behavior of metal or alloys in molten fluoride salts.  

The objective of this work was to develop an in situ, multi-electrode technique to provide temporal 

information regarding the corrosion processes and rates of metals and alloys in molten FLiNaK salts using 

corroborating simultaneous application of several methods. The exposure of Cr metal in FLiNaK salts at 

600 oC was selected as a model system for investigation since an understanding of Cr corrosion chemistry, 

thermodynamics, and electrochemical kinetics are pertinent to a number of structural alloys4,27. This work 

considers the fate of the corrosion products Cr(II) and Cr(III) both in the dissolved state as well as when 

present in any precipitated corrosion products, such as salt films. The viability of using an auxiliary 

electrode to determine the concentration of corrosion products at the Cr surface via redox process and 

diffusional concentration field analysis was examined. This analysis enabled tracking of both the oxidation 

potential relative to the corrosion potential and to determine the corrosion rate or mass loss during the 

process of open-circuit potential (OCP) corrosion of Cr in FLiNaK. This work reports the possibility of 

using the electrochemical techniques to determine Cr mass loss instantaneously when Cr is exposed to 600 

◦C FLiNaK salts for 50 h. The results of half-cell redox potentials and peak currents pertaining to 

oxidation/reduction of Cr corrosion products were both correlated with the concentrations of particular Cr 

species, and compared with the long-term OCP for insights on mixed potential theory of spontaneous 

corrosion in an unpurified MS. The findings were compared with the results of mass loss experiment, XRD 

salt film analysis and ex situ ICP-OES of post-exposed FLiNaK. The viability of this in situ method is 

discussed. Additionally, Appendix #1 consists of an extended study that investigates and optimizes the use 

of EIS to accurately determine the charge-transfer resistance (Rp) in molten FLiNaK salts. 
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Materials and Methods 
Metal and salts preparation  

High purity Cr (99.995% of Cr, with trace amount of Na 0.2 ppm and Li 0.5 ppm) was purchased from 

Alfa Aesar. The rectangular Cr sample with the dimensions 20 ± 2 mm× 13 ± 1 mm× 1.5 ± 0.5 mm was cut 

and gradually ground on all faces using SiC paper up to 1200 grit. The LiF-NaF-KF eutectic salt (FLiNaK) 

was used as an electrolyte in this study prepared by mixing 46.5 mol% LiF (99.85% purity, Fisher 

Scientific), 11.5 mol% NaF (99.9% purity, Fisher Scientific), and 42 mol% KF (>99% purity, Fisher 

Scientific) salts. All salts were dried in a vacuum oven (Napco, USA) at 100 ◦C for 48 h and immediately 

transferred to a nitrogen-filled (with oxygen and H2O controlled bellow < 0.1ppm) glove box (UNIlab 

MBraun, USA). Weighting and mixing of the salts were done inside the glove box. The salt mixture was 

heated to 600 ◦C and held there for 3 h under ultra-high purity N2 gas (99.999%) before each test. In a recent 

work27, the authors utilized CV, square wave voltammetry, and cell-voltage measurements on a Pt WE 

electrode to identify and elaborate the role of impurities during electrochemical measurements. Our prior 

measurement shows an estimate of approximately 79.4 ppm of O2- and at least 20 ppm of HF were present 

in our salts. Further discussion is directed to our prior work27.  

 
Multi-electrodes molten salt electrochemical cell 

Figure 1 shows the apparatus developed to perform the in situ electrochemical measurement. The 

experiment was performed in a glove box.  

 
Figure 1. Schematics of the multi-electrode molten salt electrochemical cell. 
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A glassy carbon crucible (99.999%, Fisher Scientific) was used as both the salt container and counter 

electrode. A 5 mm Pt wire (99.997%, Alfa Aesar™) was used as a Pt/PtO/O2- quasi-reference electrode 

(RE). Two working electrodes were inserted into the salt. The first WE (WE#1) comprised the Cr test 

coupon spot welded to a Ni600 wire (TLP Science Inc.). The welded location was coated with boron nitride 

paste to avoid any possible contact with the molten salt. The second WE (WE#2) was a Pt wire placed 

approximately 8 mm away from WE#1. A glassy carbon crucible was employed as the counter electrode 

(CE) and salt container. This electrode configuration setup enables diffusion analysis to estimate the Cr(II) 

and Cr(III) concentrations released into the cell. In one of the experiments, Pt wire (WE#2) was substituted 

with Pt foil with dimensions 20 mm × 10 mm x 0.025 mm to obtain a Cr-containing salt film appropriate 

for further X-Ray Diffraction analysis. The immersion depth of both WE#1 and WE#2 was measured after 

the experiment to determine the respective areas exposed. A digital camera was used to ensure that 

electrodes were not in contact during insertion or subsequent testing. All the electrodes were fed through 

an alumina tube and placed in a quartz tube to ensure sturdy connections.  
 
Electrochemical methods with dual working electrodes 

Two potentiostats (Gamry Interface 1000) were synchronized for dual-electrodes electrochemical 

measurements. Prior to the electrochemical experiment, a CV scan at a rate of 100 mV/s was performed to 

detect possible reducing or oxidizing species in the molten FLiNaK salts as shown in Figure 2a. Toward 

the negative/cathodic terminal of the potential scan, a rapid rise in cathodic current densities was observed 

possibly attributing to the reduction of potassium cation (K+)8 on the Pt wire (WE#2) via reaction (1). The 

equilibrium potential for reaction (1), marked in Figure 2a, was used as a pseudo reference potential (VK+/K). 

Other methods, such as galvanostatic hold11, 12,28,29–31, may also obtain this potential value.  

 
𝐾+ (𝑚𝑠) + 𝑒− ↔ 𝐾(𝑠)      (1) 

 
The Cr coupon (WE#1) was exposed to the FLiNaK salts for 50 h and corroding spontaneously by the 

presence of impurities in the salts. The OCP of WE#1 was measured during the static exposure vs. VPseudo 

K+/K. It was noted that the Cr coupon was approximately 8 mm away from the Pt wire and less than 5 mm 

away from the crucible wall. On the Pt wire (WE#2), CV at scan rates of 1000, 500, 250, and 100 mV/s 

with a step size of 5 mV/s were collected every hour. Each CV series required about 2 min. Fast scan rates 

were selected to minimize the possible impact caused by a short-duration, local changes in dissolved Cr 

concentration arising from instantaneous corrosion from the Cr coupon (WE#1).  
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Estimation of dissolved corrosion product concentration  

Based on literature research, the dissolved Cr species in FLiNaK salts may exist in the forms of CrF3
- 

and CrF6
3- species11,12,28,29–31. WE#2 was subjected to CV scans periodically from 1.6 VPseudo K+/K to 2.0 

VPseudo K+/K  upward and 0.6 VK+/K downward scan for 2 cycles with 4 scan rates (1000 mV/s; 500 mV/s; 250 

mV/s; 100 mV/s) acquired in succession with each period taking 2 min. The second cycle was used for the 

analysis. During the periodic WE#2 CV scan, two redox reactions: Cr/CrF3
- (reaction 2) and CrF3

-/CrF6
3- 

(reaction 3) were detected, which have been shown to be quasi-reversible11,12,28,29–31. 

 
𝐶𝑟(𝑠) + 3𝐹− (𝑚𝑠) ↔ 𝐶𝑟𝐹3

 −(𝑚𝑠) + 2𝑒−     (2) 

 
 𝐶𝑟𝐹3

−(𝑚𝑠) + 3𝐹− (𝑚𝑠) ↔ 𝐶𝑟𝐹6
 3−(𝑚𝑠) + 𝑒−     (3) 

 
Quasi- or fully reversible means that their peak current densities were found to display a linear 

relationship with the square root of the scan rate utilized and are applicable to both reaction (2) and reaction 

(3)11,12,29, 30–32. Massot et al.12 and Wang et al.11 demonstrated that this linearity relationship suffices up to a 

scan rate of 600 mV/s. In this work, fast scan rates between 100 and 1000 mV/s were selected to avoid 

significant changes in the bulk concentration of corrosion products due to ongoing corrosion during CV 

scans.2 Nevertheless, this foundation permits the use of established analytical models, such as the Randles-

Sevcik and Berzins-Delahay relations, to extract the concentrations of CrF3
- and CrF6

3- species from the 

slope of the ip versus v1/2 plot over the range of scan rates utilized in this work. For the Cr/ CrF3
- peak, the 

Berzins-Delahay relation, or Eq. (4), was used since the Cr(II) or Cr(III) when reduced on the Pt wire 

surface are considered to be soluble in the FLiNaK salt 12,33,34. For the CrF3
- /CrF6

3- peak, the Randles-

Sevcik relation, or Eq. (5), was applied to obtain the concentration of CrF6
3-: 11,12,33,35 

 

𝑖𝑝 = 0.61𝑧𝐹𝐶𝑏 (𝑧𝐹𝐷 
𝑅𝑇

)
1/2

𝑣1/2     (4) 

 

𝑖𝑝 = 0.446𝑧𝐹𝐶𝑏 (𝑧𝐹𝐷 
𝑅𝑇

)
1/2

𝑣1/2     (5) 

 
where D is the diffusion coefficient in molten salts for the oxidizing or reducing species in cm2/s; z is the 

number of electrons exchanged to complete the half-cell reaction a single time; F is the Faraday’s constant 

96485 C/mol e- ; Cb is the bulk concentration in mol/cm3 ; D is diffusivity in cm2/s; v is the scan rate in V/s; 

T is the temperature in Kelvin; and R is the universal gas constant 8.314 J/mol⋅K. The diffusivities of CrF3
- 

and CrF6
3- at 600oC in FLiNaK salts were reported to be 2.55⋅10-5 cm2/s and 7.74⋅10-6 cm2/s, respectively11.  
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Corrected half-cell oxidation and reduction potential 

The peak potential values measured from the CV are defined by the concentration of CrF3
- and CrF6

3- 

species at the location of the Pt electrode (WE#2) measured along the semi-infinite diffusion profile (will 

be discussed in the Results section). However, the Cr(II) and Cr(III) activities will be greater at the actual 

Cr surface due to the concentration gradient assuming no stirring to mix uniformly. Therefore, a slight 

adjustment can be applied to determine the actual oxidation and reduction peak potentials based on the 

slightly greater Cr surface concentration using the half-cell reactions. Nernst Eq. (6) applied to reactions (2) 

and (3) to correct the measured peak potential. In the case of (2): 

 
𝐸1/2 = 𝐸0 + 2.303𝑅𝑇

𝑧𝐹
log (

𝑎𝐶𝑟𝐹3
−

𝑎𝐹−3 )    (6) 

 
The correction factor potential that results from the difference in dissolved species activities between 

the Cr surface (WE#1) and Pt wire surface (WE#2) can be obtained by their respective forms of Nernst 

Equation, resulting in Eq. (7): 

 

∆𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟~ log (
𝐶𝐶𝑟𝐹3

−
𝑃𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛

𝐶𝐶𝑟𝐹3
−

𝑠𝑢𝑟𝑓𝑎𝑐𝑒
)  (7) 

 
A corrected CV peak potential value can be found using Eq. (8). 

 
𝐸𝑛𝑒𝑎𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =  𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 +  ∆𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟   (8) 

Static or open-circuit immersion tests  
To evaluate the validity of the calculated concentration via the coupled CV and diffusion analysis, the 

mass loss of a Cr coupon was separately obtained. A Cr coupon (10 mm × 1.5 mm×3 mm) was exposed in 

a boron nitride crucible for 10, 20, 30, 40 and 50 h. The salt-to-coupon weight ratio of the immersion 

experiments was identical as in the case of electrochemical experiments. The mass of each sample was 

measured before and after immersion tests. Post-exposure samples were sonicated in 1 M Al(NO)3 and DI 

water until visible salt products were removed17. 

 
ICP-OES analysis 

Additionally, to ensure the accuracy of calculated concentration values, inductively coupled plasma-

optical emission spectrometry (ICPOES) analysis was performed on the pre- and post-experiments, 

solidified FLiNaK salts to measure the concentration of dissolved Cr(II) or Cr (III) and check for other 

cation impurities. Salts were ground to obtain a well-mixed powder. Three portions of salts were weighted 

and transferred into a quartz vessel. 10 mL of concentrated nitric acid (HNO3), 1 g of boric acid (H3BO3, 
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measured by the scale in the glove box), and 5 mL of deionized (DI) water (produced by a Milli-Q system 

with a resistivity of 18.2 MΩ-cm) were added to the vessel and stirred. The vessel was assembled by 

applying a fresh silicone cap and placing inside a microwave digestion system. Result of the as-prepared 

FLiNaK salts is shown in Table 1.  
 

Table 1. Chemical composition of as-solidified FLiNaK salts before and after 50 h of Cr 
immersion, mg/kg 

Element K Li Na Cr Ca Ge Rh Zr Pt Ce Sr Te Gd 

FLiNaK as-
prepared 

251291 
±835 

47618 
±67 

23810 
±43 

125 
±3 

628 
±61 

370 
±35 

125 
±8 

54 
±2 

36 
±5 

54 
±8 – 104 

±15 – 

FLiNaK after 
50 h of Cr 
exposure at 

OCP 

329133 
±5269 

79154 
±876 

27633 
±280 

1038 
±12 

301 
±13 

500 
±42 

84 
±16 

17 
±1 – – 4 – 12 

±1 

 
 
X-ray diffraction analysis 

The compositions of FLiNaK as-prepared FLiNaK and after Cr corrosion tests, and regions of solidified 

FLiNaK salts on Cr and Pt, were analyzed by ex situ using the Malvern-Panalytical Empyrean 

diffractometer. Salts were ground to a powder and well-mixed using a mortar and pestle. XRD scans were 

collected using a detector with Cu-Kα radiation [λCu Kα (1.5405 A)] at the region from 10 to 95 2 θ degrees 

with 0.1◦ step size. Diffraction peaks were analyzed using the PDF4
+ database in the HighScore Plus 

software. Rietveld refinements were employed. The peak profile was refined by the pseudo-Voigt function.  

 
Estimation of total Cr Mass Loss 

To estimate the total Cr dissolved during the OCP corrosion process, Eq. (9) can be used: 

 
Δm(Crlost) = Δm(Crfilm) + (Δm CrMS)             (9) 

 
where Δm(Crlost) is the total amount of Cr corroded in mg/cm2 present in the MS and salt film normalized 

to test area where Δm(Crfilm) is the amount of Cr precipitated per unit area of the sample surface, calculated 

from the XRD Rietveld refinement in mg/cm2 ; Δm(CrMS) is the mass per unit area of Cr(II) and Cr(III) 

dissolved in the molten salts, determined by the CV method in mg/cm2.  
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Results 

In-situ corrosion product detection  

 
Figure 2. Cyclic voltammogram of Pt in unpurified FLiNaK salts at 600 oC 8 mm away from the 
Cr metal at 100 mV/s. (a) shows the baseline CV curve before Cr immersion. The orange box 
highlighted the CV potential scan range for (b) through (f) shows the Pt-CV curve from 0 to 50 h 
of Cr exposure. The current peaks pertaining to the half-cell redox reactions of Cr/Cr(II), 
Cr(II)/Cr(III), Cr(III)/Cr(II), and Cr(II)/Cr were marked on the CV curves with the black arrows.    
 

The X-Ray diffractogram of the residual salt after 50 h of Cr exposure is shown in Figure 3. Compounds 

pertaining to the CrF3
- and CrF6

3- species were identified from the fitting of diffraction peaks. The CrF3 - 

species has a Cr oxidation state of + 2 and was also found as the KCrF3 (peak 9). The CrF6 3- specie has a 

Cr oxidation state of + 3 and was manifested in the form of K3CrF6 (peak 8). There are other CrF3
- and 

CrF6
3-  containing compounds as identified by XRD such as K2NaCrF6 (peak 7) and NaCrF3 (peak 6). These 

two species (CrF3
- and CrF6

3-) validate the choice of Cr half-cell reactions (2) and (3) to describe the 

corrosion process. Figure 2 depicts the CV curves on a Pt wire in FLiNaK during each hour of Cr exposure 

in FLiNaK salts at 600 oC. The 0 h curve shows no presence of any redox couples indicated by absence of 

reduction/oxidation current peak maximums.a Between 1 and 8 h, a noticeable development of the two 

redox couples described by reactions (2) and (3) were observed by their increasing peak current densities, 

corresponding to the characteristic Cr/Cr(II) (2) and Cr(II)/Cr(III) (3) reactions11,12,28,31,36. Both peak 

 
a A small amount of Cr(III) could be dissolved from the native air oxide film formed on the surface of the Cr 
sample. Assuming that film is Cr2O3 [38,39] of 5 nm thick the concentration of Cr(III) released into FLiNaK is 
about 10 µmol/L. 
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potentials gradually shifted to a more positive magnitude (shown by the arrow in Figure 2) over time due 

to the increasing activities of the oxidized Cr species as predicted by the Nernst theory37. This also indicates 

that the Pt wire (WE#2) detected the oxidized species released from the corrosion of Cr (WE#1). The 

reduction peak for Cr(III)/Cr(II) was observed; however, the peak was shallow. This may be because CrF6
3- 

has a diffusivity in FLiNaK that is about one order of magnitude slower than that of CrF3
- at 600 oC. The 

oxidation and reduction peaks at above + 1.7 VPseudo K+/K are attributed to reactions involving impurities (e.g. 

O2- because of moisture). These redox peaks were expected to decrease with time as they were depleted and 

new corrosion products with Cr(II) and Cr (III) were formed. 

  
Figure 3. X-Ray diffractogram of residual unpurified FLiNaK salts after 50 h of Cr corrosion at 
600 °C (cooling rate ~20 °C/min).  
 

Starting from the 9 h to until the 20 h (Figure 2c), WE#2 current density returned to a steady, non-

faradaic region at potentials significantly different from the oxidation and reduction peaks. The non-

faradaic current may correspond to double-layer charging [40]. This can be seen in Figure 2b in the 2 to the 

8 h scans. However, at the onset of 30 h (Figure 2d through f), the Pt wire (WE#2) did not return to the flat 

non-faradic region seen in the beginning cycles. This may suggest the formation of an electrochemically 

reactive, electrically conductive, surface film with a finite resistance deposited on the electrode substrate28. 

It should be noted that the non-faradaic current (where Cdl*scan rate = inon-faradaic) will increase with scan 

rate and an ohmic voltage (EIR=inon-faradiacRfilm) is now present giving rise to voltage changes with E + EIR 
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and E-EIR depending on scan direction. While Cr was corroding (i.e., adding Cr(II) and Cr(III) to the salts 

in the form of their fluorides), the CV on the Pt wire was continuously performed in the range between 2.25 

and 0.85 VPseudo K+/K (marked by yellow rectangule in Figure 2a) and terminated at 2.25 VPseudo K+/K after 

each scan. Recall that the oxidation peak for Cr(II)/Cr(III) (3) stabilized near 2.0 VPseudo K+/K. Here it is 

possible that an excess concentration of Cr(III) species remains near the Pt surface that resulted in the 

formation of the salt film, and such effect became more favorable as more Cr was added to the salt by 

corrosion. This experiment was replicated with a clean Pt foil as the second WE#2 to identify the presence 

of any surface film. Upon removal from the molten salt, the existing surface of the Pt foil was analyzed 

with the XRD method as shown in Figure 4.  

 

Figure 4. X-Ray diffractogram of the salt film formed on the Pt foil after 50 h of Cr exposure in 
unpurified FLiNaK salts. 
 

The diffraction patterns in Figure 4 show the presence of metal fluoride compounds, including Li2CrF6 

(peak 6), K2NaCrF6 (peak 7), K3CrF6 (peak 8), KCrF3 (peak 9), and Li2NaCrF6 (peak 10), that confirm the 

presence of a salt film. As a proof-of-concept, an identical CV experiment was replicated with only the 

modification that the Pt wire (WE#2) was inserted into the molten salt at the end of the 50 h Cr exposure 

instead. The comparison between the cyclic voltammogram measured with a Pt wire (WE#2) continuously 

exposed and freshly inserted (scan rates between 100 and 1000 mV/s) is displayed in Figure 5. It can be 
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seen in Figure 5b that when the freshly inserted Pt wire (WE#2) yields a cyclic voltammogram with 

enhanced clarity of the Cr/Cr(II) and Cr(II)/Cr(III) redox peaks and an absence of surface-film related 

background E-i behavior. Despite the shape disparity of the cyclic voltammograms, identical peak current 

densities for the Cr(II)/Cr reduction reaction (black dot in Figure 5c) and Cr(II)/Cr (III) oxidation reaction 

(red dot in Figure 5c) can be obtained from the graphical analysis33. However, it is obvious that the resistive 

non-faradaic salt film presence gives rise to E-i response creates a background E-i profile that could obscure 

accurate extraction of peak potential and current densities for further quantitative analysis. 
 

 
Figure 5. Cyclic voltammograms of a platinum wire (a) that was continuously exposed to or (b) 
separately inserted into the FLiNaK salts at 50 h at various scan rates. (c) shows the peak current 
densities plotted versus the square root of scan rates.  
 
Assessment of total Cr(II) and Cr(III) supplied by electrodissolution 

The calculated concentration of Cr(II), Cr(III), and their combined value during the 50 h of Cr exposure 

in FLiNaK are presented in Figure 6. From 5 to 20 h, the concentration of Cr species increased linearly with 

time, which marks the initial, rapid Cr corrosion. Onward to the end of exposure at 50 h, the detected Cr 

species began to approach a plateau of 0.035 M, which is close to the CrF3 saturation value of 0.055 M, as 

indicated by the dashed line in Figure 6a. It was reported that the CrF6
3- species is more thermodynamically 

stable than CrF3
-,41 and yet still exhibits an equilibrium relationship with the CrF3

-species11. This is 

consistent with Figure 6a in that the CrF6
3- concentration is larger than that of CrF3

-. (Table 1).  
 

Table 2. Concentration (mol/L) of dissolved Cr in FLiNaK salts determined through CV and ICP-
OES methods 

Method Pt Wire CV – Method ICP-OES Analysis 

Cr 0.0355 0.0399 

CrF3- 0.00309 - 

CrF63- 0.0324 - 
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Figure 6. (a) Calculated concentrations of CrF3-, CrF63- species and their combined value from 
cyclic voltammetry results are shown in Figure 2. (b) shows the semi-infinite diffusion profile for 
Cr species reconstructed using results from (a) between 10 and 50 h.  
 

The concentration determined by the Pt-CV method was compared with that measured using ICP-OES 

analysis as shown in Table 2. The post 50 h Cr exposure FLiNaK salt was found to exhibit 0.0399 M of Cr, 

which exhibited only a 12.4% difference from the concentration of Cr obtained by the Pt-CV method. In 

order to fully explore the electrodissolution of Cr and the accumulation of Cr(II) and Cr(III), the fate of all 

oxidized Cr must be ascertained. The optical photograph of Cr sample after 50 h of corrosion in FLiNaK 

(Figure 7a) shows the solidified salt layer on the Cr surface, much darker than the usual color of post-

exposed FLiNaK (white with a slight green color shade). It could be seen that the layer contained two 

different bilayers – Region (a) – the inner one of green color, and Region (b) – the outer one of dark green 

color. These layers were carefully fractured to reveal different regions that are not visually and chemically 

homogenous, and examined by XRD.  

The X-Ray diffractograms presented in Figure 7c show the composition of solidified pure FLiNaK as 

a baseline and compositions of the salt bilayer at Regions (a) and (b) from Figure 7a. The analysis of the 

XRD patterns revealed the chemical differences in layers. Both the inner green layer at the Region (a) and 

the outer dark green layer at the Region (b) contained the initial FLiNaK salt components (KF, NaF, LiF) 

and Cr(II) and Cr(III) species in the forms of KCrF3 (peak 5) and K2NaCrF6 (peak 4), respectively. The salt 

layer from the Region (a) was 2.5 times richer in K2NaCrF6 than the salt layer from the Region (b) (36.7 

wt% vs. 14.3 wt%) while the content of KCrF3 was found less than 0.1 wt% for Regions (a) and (b) 

according to the Rietveld refinement calculation. The growth of the salt film layer thickness on the Cr 

surface was obtained microscopically27, gravimetrically, and by XRD for 50 h of OCP corrosion with a step 

of 10 h, and the determined Cr mass is presented in Table 3.  
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Table 3. Salt film layer thickness and Cr mass in the film determined microscopically, 
gravimetrically and by XRD 

Time (h) Salt film layer thickness, mm Cr mass in the film, mg 

10 0.30±0.04 5.0±0.67 

20 0.39±0.04 6.5±0.66 

30 0.72±0.13 12.1±1.31 

40 0.97±0.19 16.2±3.17 

50 1.24±0.17 17.9±2.39 
 

 
Figure 7. (a) Photograph of post-exposure FLiNaK salts fractured to reveal the location of Cr 
metal, bulk salt “Region (a)”, salt film “Region (b)”, and the location of a Pt electrode; (b) shows 
the schematics illustrating the development of a corrosion product concentration profile; (c) shows 
the X-Ray diffractogram of the different regions highlighted in (a) and unpurified FLiNaK before 
corrosion (black line) for comparison.  
 

The distribution of Cr in the salt are proposed in Figure 7b. In the first case, the distribution and salt 

film formation begin after reaching the saturation limit of Cr(III) in FLiNaK. In the second case it starts 

from the very beginning of Cr corrosion. Each case shows that Cr species distribution into FLiNaK as well 

as the formation of salt films on Cr and Pt increases with the time of corrosion. This became the basis for 

the development of a diffusion model that could help to explain the concentration profile and to reconcile 

the Pt-CV measured Cr concentrations with those determined by ICP-OES and mass loss.  

Cr(II) and Cr(III) species could be detected throughout the entire volume of the salt on both working 

electrodes. However, as the Cr metal was statically exposed to FLiNaK, the highest concentration of Cr 

corrosion products was found near the surface of the Cr working electrode (see Figure 7a). A concentration 

profile develops for both Cr(II) and Cr(III) in an unstirred cell, suggesting that the Pt wire of radius r was 
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only sampling dissolved Cr(II) and Cr(III) at one point along the concentration field of the chromium 

fluorides diffusing out into the molten salt. Therefore, Eq. (10) was utilized as the most straight forward 

approach to describe the time-dependent concentration profile of corrosion products. In this case, diffusion 

is assumed to occurs under semi-infinite planar diffusion for Cr planar electrode:  

 
𝐶(𝑥, 𝑡) = 𝐶𝑠(𝑡) 𝑒𝑟𝑓𝑐( 𝑥

2√𝐷𝑡
)    (10) 

 
Boundary conditions applicable to Eq. (10) are listed from (11) to (13):  

 
𝐶𝑠(𝑥 = 0) = 0 @ 𝑡 = 0     (11) 

𝐶𝑠(𝑥 = 0) = 𝐶𝑠𝑎𝑡 @ 𝑡 = ∞    (12) 

𝐶 (𝑥 = ∞) = 0 𝑎𝑡 𝑎𝑙𝑙 𝑡             (13) 
 

where x is the distance from the Cr metal surface (WE#1), C(x,t) is the concentration at x for time t, D is 

the diffusivity of the chromium fluoride species (assumed to be 10-5 cm2 /s for calculation), Cs is the surface 

concentration, and Csat is the 0.055 M solubility limit of CrF3 in FLiNaK at 600 ◦C. Since the surface 

concentration Cs was expected to change during Cr corrosion until saturation is reached, Cs was re-

calculated over time using Eq. (10) with a known Cr-F species concentration (Figs. 6a) and 8 mm distance 

between the Cr metal (WE#1) and Pt wire (WE#2). The Cr electrode is treated as a flat sheet, and diffusion 

may be approximated using a one-dimensional expression assuming infinite diffusion perpendicular to a 

planar electrode. Using the solution to Eq. (10) when C(x,t) = 1/2, Cs yields Eq. (14) as an initial estimate, 

diffusion of chromium fluoride corrosion products will require 9 h to reach the near side of the crucible 

wall and 322 h for the most distant cell wall. Therefore, the calculation of the first 9 h may be slightly 

underestimated since the ionic diffusion of corrosion products may obey a finite diffusion model. However, 

such an effect does not constitute major differences in the calculation of the concentration field. 

 
𝑥 = √𝐷𝑡      (14) 

 
Figure 6b displays the calculated concentration profile of CrF6

3- species in FLiNaK, 600 ◦C relative to 

the position of Cr surface. Only the diffusion profiles between 10 and 50 h were plotted since the semi-

infinite diffusion model likely is a fair approximation for this period. The yellow dots highlight the 

experimentally measured CrF6
3- concentration and the vertical dotted line shows the location of the Pt wire. 

The total amount of dissolved corrosion products (M) and the salt film oxidized Cr content is equivalent to 

the total mass loss from the Cr coupon which can be determined at any time t. The Pt-CV-diffusion 

measurement and concentration analysis can be utilized to calculate the total dissolved mass loss due to the 
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Cr corrosion process. This can be approximated by spatially integrating the semi-infinite concentration 

profile (Eq. (15)), which results in an expression that depends only on the surface concentration, time, and 

corrosion products diffusivity, and were further elaborated in Figure 5c. The mass loss of Cr (Δm) is 

proportional to the integration of the Cr(II)/Cr(III) concentration over the salt volume as well as considering 

the surface area of the Cr working electrode (ACr) and the width of the Cr working electrode (w ~ 12 mm).b 

 

𝑀 (𝑚𝑚𝑜𝑙
𝑐𝑚2 ) = 1/2𝐶𝑠 ∫ 𝑒𝑟𝑓𝑐 ( 𝑥

2√𝐷𝑡
)x=∞

𝑥=0 𝑑𝑥   (15) 

  𝑀" (𝑚𝑚𝑜𝑙
𝑐𝑚3 ) = 2𝐶𝑠

𝑤
(𝐷𝑡

𝜋
)

1/2
        (16) 

∆𝑚 ( 𝑔
𝑐𝑚2) = 𝑀"  𝑉𝑐𝑒𝑙𝑙 𝐴.𝑊.

𝐴𝐶𝑟 
      (17) 

Figure 8 shows the calculated mass loss of Cr before (green triangle) and after (red circles) the diffusion 

profile adjustment using Eq. (17) to factor in the bulk concentration.  

 
Figure 8. Mass loss measured by the static immersion method and calculated from the 
electrochemical CV method (with and without diffusion profile correction). 
 

It should be noted that the calculated mass loss after correction is a sum of the amounts of Cr(II) and 

Cr(III) species dissolved. After the diffusion profile correction, the corrected mass loss from the CV method 

has a 4–5-fold increase. To verify the calculated, corrected mass loss results, a separate series of immersion 

experiments were performed on Cr metals over a 10–50 h period in which the weight change was 

gravimetrically measured. Triplicate tests were carried out to obtain a standard deviation bar for gravimetric 

 
b This analysis is correct for a prismatic cell of ACr multiplied by w length of the cell volume. Noted that the glassy 
carbon cell and geometry and volume are slightly different. 
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mass loss. As shown in Figure 8, results demonstrate that the Pt-CV calculated, diffusion profile corrected 

mass shows a reasonable agreement and is within the standard deviation of the gravimetric measurements. 

The rate of mass loss can be converted to penetration rate utilizing the density of Cr. The Cr dissolution 

rate was maximum (up to 36 mm/ yr) between 15 and 20 h as can be seen from both CV and mass loss 

experiments (Figure 8). Table 4 shows that mass loss reached 70 ± 5 mg/ cm2 in 40 h (both CV calculated 

and gravimetrically measured mass loss) of the OCP corrosion experiment and plateaued in the last 10 h of 

the corrosion test. 
 

Table 4. Mass loss measured by gravimetric method and calculated from electrochemical CV 
method (with and without diffusion profile correction) 

 

Figure 9 shows the Cr-OCP (black line) during the static exposure of Cr in molten FLiNaK at 600 ◦C. 

The OCP is the coupled potential between at least one cathodic reaction and one anodic reaction, 

thermodynamically and kinetically determined. The OCP gradually shifted towards more positive electrode 

potentials between 0 and 12 h, experienced a sharp increase in potential between 12 and 17 h, and stayed 

steady between + 1.4 VPseudo K+/K and + 1.5 VPseudo K+/K for the remaining period of exposure. The potential 

spikes occurring at each hour show the small potential excursion of the Pt-CV measurements. The rises in 

OCP are likely attributable to the accumulation of Cr corrosion products (CrF3
- , CrF6

3- or CrF3) which 

shifts the anodic half-cell oxidation potential in the positive direction27. The behavior observed is due to 

spontaneous corrosion of Cr by its electro-dissolution with impurities present as cathodic reactants. 

However, this analysis for half-cell Cr(II)/Cr(III) reaction peaks does not rely on exact knowledge of the 

impurities controlling the cathodic reaction rate. 

Time 
(h) 

Mass Loss, Δm (mg/cm2) 
Calculated from 

CV (Before 
Correction) 

Cr(II)/Cr(III) 
Dissolved in MS 
Δm(CrMS) in (9) 

Calculated 
from CV 

(After 
Diffusion 

Profile 
Correction) 

Calculated 
from the salt 

film 
Δm(Crfilm) 

in (9) 

Total Cr lost 
Δm(Crlost) in 

(9) 

Gravimetric 
measurements 

10 3.8 12.4 5.0±0.67 17.4±0.67 19.0 ± 10 
15 7.6 23.8   - 
20 10.4 32.9 6.5±0.66 39.4±0.66 48.6 ± 18 
25 11.7 37.8   - 
30 12.3 41.0 12.1±1.31 53.1±1.31 64.6 ± 25 
35 13.8 47.2   - 
40 15.6 55.0 16.2±3.17 71.2±3.17 77.5 ± 5 
45 16.0 58.3   - 
50 16.4 61.2 17.9±2.39 79.1±2.39 77.6 ± 3 
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Figure 9. The open-circuit potential of Cr in FLiNaK for 50 h overlaid with square, circular, and 
triangular symbols representing the half-cell redox potentials of Cr/Cr(II), Cr(II)/Cr(III) and  
Cr(II)/Cr couples, respectively. The filled symbols represent surface concentration corrected 
potential values.  
 
Discussion 

The multi-electrodes molten salt electrochemical cell utilizes CV on Pt WE#2 to assess Cr/Cr(II) and 

Cr(II)/Cr(III) redox reactions during the instantaneous dissolution of Cr WE#1, and subsequently 

determining the concentrations of Cr(II) and Cr(III) species. However, the behavior of CV curves after 30 

h of the corrosion experiment was different from the ideal case when the WE#2 current density returns to 

a steady, non-faradaic region at potentials significantly different from the oxidation and reduction peaks33. 

The E-i relationship in Figs. 2d through 2f displayed a roughly linear E-i or ohmic behavior and the extent 

of distortion (relative to a flat, non-faradaic region) when an E-i slope increased with scan rates. This 

behavior has been observed in battery electrode studies and is attributed to the formation of an 

electrochemically reactive, electrically conductive, surface film deposited on an electrode substrate42, which 

provides an additional surface/film resistance that obscured the non-faradaic E-i response.  

The experimental result with freshly inserted Pt WE# 2 after 50 h of freely Cr corrosion (Figure 5b) did 

not reveal any significant difference in the detected peak current values compared to 50 h of instantaneous 
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measured spontaneous corrosion. This suggests that film on the Pt WE#2 does not strongly influence the 

measured current response and the Cr(II) and Cr(III) species concentrations determined. However, the 

difference in the calculated concentration of Cr species obtained by Pt-CV and ICP-OES (Table 2) and in 

the calculated mass loss from gravimetric measurements (Table 4, Figure 8) was found significant.  

Furthermore, the dark green two-layered salt film formed on the surface of Cr WE#1 suggests the 

presence of the concentration gradient (Figure 7). As introduced in our prior work4, FLiNaK salts may 

become saturated upon achieving 0.3 wt%5 of CrF3 at 600 oC.43 Upon saturation, compounds such as K3CrF6 

may form on the Cr metal surface and this is currently being investigated by the authors. The diffusion 

model utilized explained this concentration profile and enabled correlation of the diffusion compensated 

Pt-CV measured Cr concentrations with those measured by ICP-OES and mass loss. After the diffusion 

profile adjustment, the corrected mass loss from the Pt-CV method had a 4–5-fold increase and showed 

reasonable agreement with the gravimetric mass loss, however, it was still lower because of the Cr 

precipitated in the salt film layer on the surface of the sample. The further correction with Cr precipitated 

in the salt film ((Δm(Crfilm) in Table 4) enabled the possibility to determine the total amount of Ct lost 

(Δm(Crlost)) during the OCP corrosion process. The total Cr lost Δm(Crlost)) calculated by Eq. (9) (Figure 8, 

Table 4) showed a good correlation with mass loss data at all tested time frames.  

The mass loss data of 70±5 mg/cm2 obtained in 40 h (remained the same until the end of the experiment) 

from both Pt-CV and gravimetric methods - are higher than those suggested in literature – 57 mg/cm2 at 

700 ◦C after 100 h of exposure in FLiNaK45. However, it should be mentioned, that Cr corrosion was driven 

by impurities (in FLiNaK, oxide, etc.44), the amount of which is likely different in our and cited studies. 

This work aims to evaluate, as a proof-of-concept, the in-situ CV method of corrosion products, and thus 

the FLiNaK salt was not subjected to rigorous purification, and the mass loss for Cr was expected to be 

high. In fact, an impure salt was useful for this analysis. Moreover, after the diffusion profile correction, a 

very good correlation was found between the concentration plateau and the solubility limit of CrF3 0.3 wt% 

in FLiNaK at 600 ◦C. With different impurities, different spontaneous corrosion rates are expected.  

To understand the predominant anodic reactions that dictate the OCP of Cr rise and Cr dissolution, the 

peak potential values may be plotted along with the experimental OCP, which is shown in Figure 9. The 

OCP is the coupled potential between at least one cathodic reaction and one anodic reaction. It is determined 

by thermodynamics and kinetic factors. The identity of the most likely anodic and cathodic reactions can 

now be considered. The cathodic reaction must have a half-cell potential more positive than the OCP while 

the operative anodic reaction is more negative than the OCP. Figure 9 reports dotted lines reporting half-

cell potentials for HF reduction. Recall that the reduction peak potential for Cr(II)/Cr (purple triangles), and 

oxidation peak potentials for Cr/Cr (II) (red dots) and Cr(II)/Cr(III) reactions (green squares). The 

correction factor’s potentials (ΔEcorrection factor) were obtained by Eq. (6) and Eq. (7). The corrected peak 
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potential values were found using Eq. (8). The driving force for electrodissolution is the difference in half-

cell potentials between the anodic and cathodic reactions. The OCP-50 h plot shows as-measured and 

corrected Cr redox potentials along with OCP, which are plotted in Figure 9 as symbols of identical colors 

and shapes without and with fill-in respectively. It could be observed that the oxidation peak potentials for 

Cr/Cr(II) and Cr(II)/Cr(III) reactions are similar in magnitude and very close to the OCP potential within 

the first ~7 h, and the rate is linear with time suggesting charge transfer control. HF reduction and 

Cr(III)reduction exhibit a driving force to oxidize the Cr metal4. Cr(III) reduction and HF reduction are 

both eligible cathodic reactions along with O2 reduction.  

After 7 h, the Cr/CrF3
- oxidation potentials remained relatively steady but were within the statistical 

range in magnitude of the OCP starting at ~20 h. This possibly marks the point at which Cr/Cr(II) may no 

longer be the predominant anodic reaction for Cr dissolution. At the same time scale, the Cr(II)/Cr(III) 

potentials began to rise above the Cr/ Cr(II) potentials and OCP to a steady value near 1.73 Vpseudo K+/K (after 

correction) until the end of the measurement. These observations point to a possibility that Cr corrosion 

was significantly slowed down and eventually stopped starting at ~20 h when the Cr/Cr(II) oxidation 

potential rises sufficiently to minimize the driving force supplied by HF reduction. It can also be speculated 

that O2 and HF reduction potentials become less positive as both species are depleted. Noted that the half-

cell reduction potential for HF/H2 is more positive than that of Cr(II)/Cr(III) over a wide range of realistic 

ion activities4). The OCP trend follows the same trend as that of the gravimetric mass loss (Figure 8) in 

which the mass loss of Cr plateaued beginning 30 h indicating decay to a very slow rate. It is not possible 

to conclusively report whether the pause of corrosion is due to the corrosion system reaching a 

thermodynamic equilibrium where there is little remaining thermodynamic driving force because half-cell 

potentials are similar (Eanodic = Ecathodic) or because of the depletion of oxidizers, e.g. Cr(III) or HF, to the 

point where the driving force just exists but is low and the reaction is limited.  

In any case, this procedure can be followed at various impurity levels and on different alloys to shed 

light on the open-circuit corrosion rate. The impurity level chosen here is not selected to be representative 

technologically but to help elucidate the utility of the methodology and possible analysis of open-circuit 

corrosion. Ultimately, there is a need to improve the concentration field solutions for complex geometries 

of metal working electrodes for molten salt electrochemistry as most published studies utilize a “partially 

immersed metal sample” 46, which provides a complication for such mass transport analysis. Moreover, at 

the surface, there is a precipitated salt layer that also contains Cr (II) and Cr(III). Additionally, a parallel 

effort centers on utilizing EIS analysis to estimate the corrosion rate of metal or alloys in molten salts in-

situ and real-time. This is further detailed in Appendix 1, which explores the use of pure Cr flush-mounted 

disks as the working electrode geometries to enable the accurate measurement of polarization resistance in 

conventionally tested frequency regime (10-2 Hz to 104 Hz) in molten FLiNaK, 600oC environment.  



 111 

Conclusion 
In this work, a high-temperature, multi-electrode corrosion cell was developed to measure the open-

circuit potential (OCP) of a primary working electrode (pure Cr) statically submerged in FLiNaK salts at 

600 ◦C while a secondary working electrode (Pt wire) simultaneously performed cyclic voltammetry to 

capture the dissolved corrosion products in real-time. The viability of using the external auxiliary electrode 

to measure the concentration of corrosion products and half-cell redox potentials pertaining to 

oxidation/reduction reactions of these products was shown by the correlation of these measurements to the 

corrosion regimes and behavior of alloys.  

It was found that the concentration of dissolved corrosion products, in the more likely possible forms 

of CrF3
- and CrF6

3-, might be calculated by established analytical models, such as Berzins-Delahay 

(soluble/insoluble) and Randles-Sevcik (soluble/soluble) equations. The calculated values showed the 

definite concentration of Cr corrosion products as the function of the distance of the external working 

electrode (due to the static corrosion conditions). A semi-infinite diffusion model was employed in this 

study to correct the calculated concentrations according to a concentration diffusion profile. It was shown 

that the semi-infinite diffusion model helps correctly describe this profile between 10 and 50 h, based on 

the geometry of the working electrode and corrosion cell.  

It was found that a salt film containing CrF3
- and CrF6

3- (of K+, Na+, Li+) compounds could be formed 

on the surface of both Cr (working electrode) and Pt wire (detection electrode) due to the low solubility of 

CrF3 in FLiNaK salts. This surface film can obscure the current signals during CV measurements by 

providing an additional layer possessing uncompensated resistive and capacitive responses.  

The mass loss of the Cr metal was approximated by spatially integrating the concentration profiles. 

This can be useful for quantifying corrosion of select metals and alloys if the molten salt is unmixed. The 

result of Cr mass loss separately obtained from gravimetric measurements showed a reasonable agreement. 

Furthermore, the concentration of Cr ions in the residual FLiNaK salt after 50 h of exposure determined by 

ICP-OES correlated with the electrochemically and gravimetrically obtained mass loss data. In addition to 

this, the oxidation and reduction peak potentials pertaining to Cr/Cr(II) and Cr(II)/Cr(III) redox reactions 

(measured on Pt wire) were comprehensively compared with the OCP (measured on Cr) to provide insights 

on the predominant anodic reactions. 
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Abstract 
The dealloying corrosion behavior of the FCC Ni20Cr (wt%) in molten LiF-NaF-KF (FLiNaK) salts at 

600 °C under varying applied potentials was investigated. Using in-operando electrochemical techniques 

and a multi-modal suite of characterization methods, we connect electrochemical potential, thermodynamic 

stability, and electro-dissolution kinetics to the corrosion morphologies. Notably, under certain potential 

regimes, a micron-scale bicontinuous structure, characterized by a network of interconnected pores and 

ligaments riched with the composition of the more noble (MN) element, becomes prominent. At other 

potentials both MN and less noble (LN) elements dealloy but at different rates. The dealloying process 

consists of lattice and grain boundary diffusion of Cr to the metal/salt interface, interphase Cr oxidation, 

accompanied by surface diffusion of Ni to form interconnected ligaments. At higher potentials, the 

bicontinuous porous structure undergoes further surface coarsening. Concurrently, Cr(II), Cr(III), and Ni(II) 

begin to dissolve, with the dissolution of Ni occurring at a significantly slower rate. When solid-state 

transport of Cr is exceeded by the interfacial rates, dealloying depths are limited. 

 

Introduction  
Molten salt reactor (MSR), whether in modular or industrial-scale configuration, is on the cusp of 

commercial deployment, representing a substantial step forward in the evolution of next-generation nuclear 

power systems. In essence, MSR employs a molten chloride or fluoride salt blend for nuclear power 
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generation and energy storage applications.1 The corrosion protection of structural alloys in these 

applications necessitates resistance both to molten salt corrosion for salt-facing materials and to air 

oxidation for external surfaces.2–5 Ni-based superalloys and stainless steels (304 and 316) are often 

considered for use in structural applications in hot water reactors and MSR. However, Cr(II)-O and Cr(III)-

O species are not as thermodynamically stable as Cr(II)-F and Cr(III)-F species, such as CrF2, CrF3, CrF3
- 

or CrF6
3- 6,7. The unavoidable presence of oxidizing impurities, such as moisture-induced hydrofluoric acid 

(HF) and chromium cations (Cr(III)),7,8 induce a potential-dependent thermodynamic driving force to 

dissolve LN from the alloy. 

One example is the corrosion of NiCr alloys in molten fluorides.6,7,9,10 In this system, the dissolution of 

Cr and Ni from the alloy can occur via reactions (1) and (2) to their stable fluoride forms. The notation 

“MS” represents the ionic molten salt phase. In molten fluorides, Cr is the LN and Ni is the MN. 2 The LN 

can leach from the alloy preferentially through short-circuit diffusion pathways, such as grain 

boundaries.11,12 The driving force for (1) and (2) is described in terms of their half-cell redox potentials 

(Eredox) and can be manipulated through chemical or electrochemical methods. 
 

𝐶𝑟 (𝑠) + 3𝐹−(𝑀𝑆) → 𝐶𝑟𝐹3
− (𝑀𝑆) + 2𝑒−    (1) 

 

𝑁𝑖 (𝑠) + 2𝐹−(𝑀𝑆) → 𝑁𝑖𝐹2
  (𝑀𝑆) + 2𝑒−    (2) 

 

To introduce a controlled concentration, or activity, an oxidizer with a higher reduction power than (1) 

and (2), such as HF/H2 (reaction 3) and EuF3/EuF2 (reaction 4) can be added to the salt.13,14 The coupled 

anodic and cathodic reactions thermodynamically and kinetically establish the corrosion potential (Ecorr), 

which is a mixed potential under open-circuit conditions. An earlier work by the authors has tabulated and 

compared a range of possible half-cell redox reactions suitable for identifying LN and MN elements in an 

alloy as well as oxidizing species, such as HF and EuF3, that may drive spontaneous corrosion.9 However, 

controlling the activity of an oxidant in-situ during a corrosion experiment is challenging as it is being 

continuously consumed during exposure7 and difficult to maintain in a large and complicated system where 

several other factors need to be balanced. Some other approaches include changing temperature15 and 

applying a precise electrochemical potential relative to the thermodynamic phase stability of the salt 

system.6,9 Through these approaches, electrode potential can be regulated to enable selective dealloying of 

Cr (i.e., Eredox
Cr/LN < ECorr

Alloy < Eredox
Ni/MN)  or simultaneous dissolution both Ni and Cr (i.e., ECorr

Alloy >

Eredox
Cr/LN𝑎𝑛𝑑 Eredox

Ni/MN).   

𝐻𝐹 (𝑀𝑆) + 𝑒− → 1
2

𝐻2 (𝑔) + 𝐹−(𝑀𝑆)     (3) 

 

𝐸𝑢𝐹3 (𝑀𝑆) + 𝑒− → 𝐸𝑢𝐹2
  (𝑀𝑆) + 𝐹−(𝑀𝑆)    (4) 
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The selective dealloying of Cr in NiCr alloys results in Ni enrichment on the surface, which 

undergoes surface diffusion, collection and coarsening of surface features, leading to the formation of a 

micron-scale bicontinuous porous structure.15–21 The phenomenon of dealloying corrosion is of particular 

concern as the dealloyed layer can become vulnerable to stress corrosion cracking22 and/or hot spot 

formation13 during heat transfer that endangers the Generation IV reactor application. The phenomenon of 

dealloying corrosion has garnered considerable interest, particularly due to its prevalence at high 

homologous temperatures. A high homologous temperature (TH: 0.3–0.5) is within the practical service 

temperature range of the MSR between 500 °C and 900 °C23, where rapid bulk solid-state diffusion of LN 

element can become the rate-limiting mechanism for corrosion dealloying. The multiple solid-state 

diffusion processes include LN element outward bulk lattice diffusion, short-circuit diffusion via grain 

boundaries and dislocation pipes or accelerated by radiation-induced defects,24 MN element surface 

diffusion which uncovers unreacted Cr in underlying layers, and long-range ionic diffusion of dissolved 

metal cations or oxidizers, influenced by the solubility and fluid dynamics of the molten salts.16,25–27 The 

bulk diffusion-assisted dealloying is observed to reduce the parting limit of dealloying in binary NiCr and 

FeCr alloys to approximately 20 at% of the LN in molten salts,16,25–27 a sharp contrast to the 50–60 at% 

typical in RT aqueous solutions.22 In contrast, at lower TH such as during Ag-Au dealloying at RT, the LN 

bulk diffusion (Ag in this case) becomes negligible relative to its rate of oxidation. A LN element 

concentration limit to enable a connected silver path with Ag essentially frozen in place can be defined by 

a percolation or advanced percolation processes28. The implication of bulk diffusion-assisted dealloying is 

that the corrosion process is now governed by a myriad of factors at different length scales that introduces 

further variability to the corrosion morphology,29 including grain size, point defect solute interaction30,31 

and electrochemical potential.25 For instance, if the grain boundary diffusion of LN element is much faster 

than bulk lattice diffusion (e.g. due to finer grain size27), severe grain boundary corrosion can be anticipated. 

Within the grain surface, the surface diffusion of MN element occurs simultaneously with LN oxidation 

and bulk diffusion, leading to the formation of a three-dimensional, bicontinuous porous morphology. 

In a collection of investigations led by Chen-Wiegart et al.,16–18,32,33 using in-situ synchrotron X-

ray nano-tomography, the authors observed the formation of bicontinuous porous structure on Ni20Cr (wt%) 

microwires and thin foils at both nano and micron scale when statically exposed to molten chlorides (e.g. 

KCl–MgCl2) between 500 °C and 800°C. The dealloying process in their cases relied on moisture and other 

impurities as oxidizers to drive the Cr dealloying process.16–18,32,33 The electrode potential of the NiCr was 

not controlled. More recently, Ghaznavi, Persaud, and Newman15,19,20 employed a single potentiostatic hold 

approach applying a small overpotential of 30 to 100 mV to prompt the dealloying of Cr in molten LiCl-

KCl and LiCl-KCl-MgCl2 from Fe52Ni48 (at%), Fe30Cr22Ni48 (at%), Ni78Cr22 (at%), and other model 

alloys between 350 °C and 700°C. Specifically, the authors elaborate on the bicontinuous dealloying 
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process mechanism relative to the effects of temperature,15 alloy composition,20 and crystallographic 

orientation. Both authors recognize the role of bulk diffusion at high TH in dealloying.15–20 While both 

methodologies offer numerous advantages, challenges in controlling corrosion-driving forces persist. This 

aspect is critical as the process is highly dependent on the condition of ENernst
Cr/LN < E 

Alloy < Eredox
Ni/MN, where 

it is commonly assumed that only LN dissolves, although in certain instances, both elements may dissolve. 

In many instances of impurity-driven corrosion, the depletion of impurities and accumulation of dissolved 

corrosion products can alter the driving force for half-cell cathodic reactions (according to the Nernst 

equation) as a function of exposure time, though this behavior is difficult to predict.7 

A fundamental knowledge gap exists in systematically considering tight control of electrode potential 

that alters the corrosion morphology. This issue is multi-faceted at high TH, owing to the vast combination 

of possible influencing factors, including but not limited to temperature,15,32 composition,20,34,35 time,16,36,37 

microstructural properties (such as grain size and grain orientation),26,27,31,38 and salt impurities.14,39 The 

corrosion potential determines which alloying species are thermodynamically favorable to dissolve as well 

as their rates during activation-controlled electrolytic dissolution2. Critically, the primary mechanism 

limiting dealloying may shift during this potential-dependent dissolution process. For example, initial fully 

activation-controlled dissolution of Cr can lead to Ni surface enrichment, which then serves as a barrier to 

slow down the bulk diffusion of Cr,40 and may change the primary rate-limiting mechanism from interfacial 

reaction-control to Ni surface diffusion or bulk diffusion regulated mass transport-controlled.15 Another 

scenario that requires further investigation is whether a bicontinuous structure will still form in a molten 

salt medium if both Ni and Cr dissolve under sufficient driving force. There is a need for comprehensive 

studies correlating variations in applied electrochemical potential with the thermodynamic regions for 

stability of selected soluble metal salt species and the associated alloy dissolution kinetics.6,9 Our previous 

work, which investigated the corrosion behavior of pure Cr in molten FLiNaK,25 demonstrated that Cr can 

exhibit a diverse range of potential dependent corrosion morphologies—from micro-porosity to surface 

faceting to salt-film induced smoothing –depending on the applied potential. Extending this approach, the 

present study explores the morphological evolution of Ni20Cr in FLiNaK under various applied potentials 

that enable dealloying.  

This work aims to study the morphological evolution of Ni20Cr in molten FLiNaK salts at 600 °C due 

to various applied potentials where preferential dissolution and dealloying occur. By modulating the applied 

potential, the corrosion behavior of Ni20Cr experiencing various controlled driving forces can be 

investigated. The objective is to pinpoint the potential effects and mechanisms responsible for morphologies 

such as bicontinuous dealloying, as well as identify the governing thermodynamic and kinetic regimes. 
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Materials and Methods 

Materials preparation 
Ni20Cr alloys (80 wt%Ni-20 wt%Cr) were prepared by mixing high purity Ni (99.98%, Thermo 

Scientific) and Cr (99.99%, Thermo Scientific) at a desired stochiometric ratio, then subjecting the alloys 

to a vacuum arc-melting process (>10−5 torr). The Ni20Cr alloys were re-melted three times to ensure a 

homogenous composition. Additionally, the Ni20Cr alloys were also solution homogenized at 1050°C for 

6 h in an encapsulated Ar-filled quartz tube and were then quenched in room temperature water. The as-

homogenized Ni20Cr alloy was a random solid solution that exhibits an average grain size of 351 ± 154 

μm. The Ni20Cr samples were then machined to a rectangular plate with the dimension of 2 ± 0.5 × 1 ± 0.5 

× 0.5±0.3 cm, polished to 1200 grit surface finish using silicon carbide paper, and lastly sonicated in 

deionized water (18.2 Ω·cm2) and isopropanol for 3 min prior to experimentation. Baseline microstructural 

characterization was carried out on fabricated Ni20Cr samples and can be seen in Figure S1. 
 

Salt preparation 
The LiF-NaF-KF (46.5–11.5–42 mol%) eutectic salt (FLiNaK) was selected as the salt electrolyte. 

Fluoride salt constituents, including LiF (99.99% purity, Fisher Scientific), 11.5 mol% NaF (99.99% purity, 

Fisher Scientific), and 42 mol% KF (>99.5% purity, Fisher Scientific) salts, were obtained from commercial 

vendors, dried in a vacuum oven at 100oC for 48 h, transferred to an N2-filled (with oxygen and H2O 

controlled below <0.1 ppm) glove box (UNIlab MBraun, USA), and mixed into their targeted stoichiometric 

ratio. 30 g of FLiNaK salt was used for each test. This study employs a two-step drying process. The salt 

mixture was first heated to 600 °C under the flow of ultra-high purity (UHP) N2 gas with 99.999% purity 

for a minimum of 6 h. This was done to ensure the removal of any trapped oxygen and moisture. After 

cooling and solidifying, the salt mixture was reheated to the target temperature and maintained for 3 h 

before the electrochemical experiment.  

No additional purification steps (e.g. HF purging39) were performed to enable the removal of all metallic 

cations, O2, or moisture. Thus, the salt may be considered as unpurified. Nevertheless, our recent work 

focusing on the validation of molten salt electrochemistry25 reveals that during anodic polarization on the 

working electrode, impurities such as metallic cations, moisture, and molten K+ ions can be consumed by 

reduction at the counter electrode to support the ionic current flow. This phenomenon merely suggests that 

the driving force of Cr/Cr (III) and/or Ni/Ni(II) reactions responsible for Ni20Cr dealloying is supported 

by the potentiostat instead of relying on the oxidizing impurities (e.g. HF/H2). While the effect of impurities 

may still be present during an anodic polarization scan, this has not been investigated in the current study 

and will be addressed in future work. 
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Molten salt electrochemistry experiments 
The electrochemical experiments were conducted in a 4-electrodes cell in a glove box environment. 

Schematics and additional details on the electrochemical cell configuration as well as electrode design are 

outlined in our earlier work.7 A high purity boron nitride crucible (>99.6%, MSE Supplies) was utilized as 

the salt container. A graphite rod (0.25 inch in diameter) was used as the counter electrode (CE) and a high 

purity 5 mm diameter Pt wire (99.95%, Fisher Scientific) as the pseudo-reference electrode. Two working 

electrodes (WE) were employed in this work. The primary WE was the Ni20Cr sample, on the end of which 

a Ni20Cr wire (99.99%, Fisher Scientific) was spot-welded. This wire was threaded through an alumina 

tube, and the welded spot was covered with boron nitride paste. The secondary WE was another high purity 

Pt wire (99.95%, Fisher Scientific). It is noted that no gas flow was maintained during the electrochemistry 

experiments. Prior to testing the Ni20Cr samples, cyclic voltammetry (CV) experiment was performed at 

100 mV s−1 in the potential range from 0 VPt to −2.0 ± 0.3 VPt to identify the equilibrium K+/K potential as 

well as any redox reactions that may suggest the presence of metallic cation impurities within the potential 

range (Figure S2).6,7,25,41,42 It is noted, however, that the K+/K electron transfer kinetics are significantly 

faster than the typical range of scan rates utilized in CV experiments (up to 500 mV s−1 ),6 and therefore the 

effect of scan rate on the equilibrium K+/K potential value is minimal (see Figure S2). It is noted that the 

K+/K potential can also be obtained by a dynamic reference electrode (DRE) method in which the pseudo 

reference electrode is cathodically polarized;19,25,41 however, F2 bubble evolution may occur from F- 

oxidation that adds infinite resistance to disrupt the polarization experiments.25 In this work, the K+/K 

potential was determined immediately prior to the electrochemical scan on a Pt wire. The K+/K potential 

measurement was performed during the experiment to ensure the continuous verification and/or calibration 

of the applied potential in relation to the established K+/K potential.  

In this study, three sets of electrochemical experiments were conducted. Each experiment was 

performed in triplicate to ensure replicability:  

Experiment #1: Ni20Cr alloys were subjected to a 60 s open-circuit potential (Eoc) measurement 

coupled with linear sweep voltammetry (LSV) (or potentiodynamic polarization) at 1 mV/s from −0.4 V to 

+1.5 V vs. Eoc. The 60 s period was deemed enough time to dissolve oxides based on previous work.43 The 

fast scan rate precludes significant dissolution. The same scan was also conducted on pure Ni and Cr for 

baseline comparison. Electrochemical thermodynamic calculations were performed following previously 

established methods2,6,9,42 to relate the potential regimes to the phase stability of Cr, Ni, Ni(II), Cr(II), and 

Cr (III) species in molten FLiNaK. Additionally, the anodic polarization portion of the E-log(i) result was 

also corrected with iR drop and for the presence of cathodic current densities.25,44 

Experiment #2: Potentiostatic polarization was carried out on Ni20Cr samples at applied potentials 

(Eapplied) over a 1 V range from +1.75, +1.90, +2.10, +2.30, +2.50, to +2.75 VK+/K for 10 ks. During each 1 
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ks interval, electrochemical impedance spectroscopy (EIS) was performed on the samples at the specified 

Eapplied, spanning a frequency domain from 10 kHz to 10 mHz, with an AC perturbation of 20 mV. An 

electrical equivalent circuit (EEC) model was used to calculate the interfacial charge-transfer resistance 

(Rct). Simultaneously, CV scans were also performed on the secondary WE Pt wire at each 1 ks interval 

with a scan rate of 100 mV s−1 to identify the presence of dissolved Cr(II), Cr(III), and Ni(II) species remote 

from the Ni20Cr electrode. Additionally, to estimate the dissolved NiCr depth of attack (hdissolved) neglecting 

porosity during the potentiostatic hold, Faraday’s Law of mass and charge conversion was utilized, as 

outlined in Eq. 5: 7,25 
 

ℎ𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑  = 𝐸𝑊∙𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐∙𝑡
𝐹∙𝜌

     (5) 

 

where ielectric is measured current density in A cm−2 , t is time in seconds, F is the Faraday constant of 96500 

C mol−1 , ρ is the density in g cm−3 , and EW is the equivalent weight (EW). The method of determining 

EW can be found in the ASTM G102–89 standard via Eq. 6: 45 
 

𝐸𝑊 =  ∑ 𝑊𝑖
𝑛𝑖𝑓𝑖

       (6) 

 

where 𝑊𝑖 represents the atomic weight, 𝑛𝑖 is the oxidation state, and 𝑓𝑖 is the weight fraction of the ith 

alloying elements. Noted the dissolution flux (Je) was also calculated in terms of ie via Je = ie/nF.  

Experiment #3: Experiment #2 was replicated on Ni20Cr alloys in FLiNaK with 1 wt% NiF2 addition 

(97 wt%, Alfa Aesar) at the Eapplied of +1.90 and +2.10 VK+/K for 10 ks. A series of CV diagnostics was 

performed on a Pt wire in FLiNaK with the addition of 0.05 wt% to 1.00 wt% NiF2 to approximate the half-

cell redox potential of the Ni/Ni(II) reaction in molten FLiNaK at 600 °C as shown in Figure S3.  
 

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) 
Both the surface and cross-section of the corroded Ni20Cr samples were examined using a FEI Quanta 

3D FEG scanning electron microscopy (SEM) equipped with an Oxford Energy Dispersive Spectroscopy 

(EDS). Upon experiments, the electrodes were removed immediately from the salt bath and N2 cooled in 

the glove box. The samples were then sonicated in deionized H2O until visible residual salts on the surface 

were removed. Upon surface SEM analysis, the corroded Ni20Cr coupons were sectioned and mechanically 

polished sequentially from 400 to 1200 grit using SiC metallography pads, and finally polished via a 

vibratory polisher in a 0.5 μm colloidal SiO2 polishing suspension. This paper focused on the planar 

dealloying front. 
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Electron backscattered diffraction (EBSD)  
Electron Backscatter Diffraction (EBSD) (Thermo Fisher Scientific, Scios 2, field emission gun SEM) 

was performed to observe the selective dissolution along the grain boundaries. The specimen was polished 

to 0.05 μm using an alumina suspension and at sonicated for 10 min in ethanol. For EBSD, the sample was 

mounted on 45 degrees using a pre-tilted polarizer and totally tilted to 70 degrees. An acceleration voltage 

of 20 kV was set for the EBSD analysis, and the vacuum pressure was maintained below 1·10−5 Torr. 

EBSD analysis with a step size of 0.5 μm was conducted in the 50 × 80 μm2 analyzed area. EDS and EBSD 

maps were processed and rendered using Oxford AZtec and AZtecCrystal (Aztec, Oxford Instruments, 

High Wycombe, UK) analysis software packages. 
 

X-ray diffraction analysis 
The chemical and phase composition of the residual salt was examined using the Malvern-Panalytical 

Empyrean diffractometer [wavelength Cu Kα (1.5405 Å)]. The PDF4+ database was employed as the 

reference data. For Rietveld refinement, the software HighScore Plus was utilized where the pseudo-Voigt 

function was used to refine the peak profile. It is important to recognize that XRD data from residual salts 

may not accurately reflect the molecular structure of species in their molten state, given that cooling could 

induce phase transitions upon solidification. However, analyzing these data enables the detection of the 

presnce of Ni and Cr species, which is one primary focus of this work.  
 
Inductively coupled plasma-mass spectrometry (ICP-MS) analysis 

To quantify Cr and Ni contents in FLiNaK salts using the ICP-MS method, approximately 0.22 g of the 

FLiNaK samples were dissolved into 100 ml of deionized (DI) water. This solution was subsequently 

analyzed using the mass spectrometer. To ensure accuracy and calibration, standard solutions of Ni 

(MSNI100PPM-125 ml, Inorganic Ventures) and Cr (MSCR(3) −100PPM-125 ml, Inorganic Ventures) 

consisting of 2vol.% of nitric acid were used as baselines. Multiple standard solutions were then fabricated 

by dilution in DI water and subsequently sonicated for 15 min to achieve homogeneity. Concentrations for 

these standards were set at 100, 50, 25, 10, and 1 ppb for both Ni and Cr. DI water was employed as a blank 

so that any background readings emanating from the instrument can be subtracted. The result is shown in 

Table S1. Additionally, the ICP-MS result of the as-prepared FLiNaK salts was also consistent with the Ni 

and Cr composition specified in the certificate of analysis provided by the commercial supplier shown in 

Table S2, showing approximately 0.67 ppm of Cr and 2.42 ppm of Ni. 
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Results  

Thermodynamics and kinetics for Ni20Cr dissolution  
The possibility of bicontinuous dealloying in Ni20Cr alloys within molten FLiNaK was initially 

explored through the identification of electrochemical potential ranges where only Cr is dissolved as Cr(II) 

or Cr(III) and Ni remains stable in its zero-valence state. To guide choice of the relevant potential ranges, 

a one-dimensional phase stability diagram for Ni20Cr was calculated at 600 °C for Ni, Ni(II), Cr, Cr(II), 

and Cr(III) in FLiNaK relative to the K+/K potential, presented in Figure 1a.6,9  

 
Figure 1. (a) The one-dimensional phase stability diagram for Cr, Ni, Cr(II), Cr(III), and Ni(II) 
species calculated assuming a F- ion activity (aF-) of 49.3 M at 600 °C and using the activity of 
Cr and Ni in Ni20Cr (wt%). Horizontal black arrows on the diagram represent phase boundaries 
based on an assumed species concentration, while the double-headed vertical arrow highlights 
the range of phase boundary conditions, extending from 10−6 M to bulk saturation. (b) and (c) 
display the experimental polarization curves for pure Ni, Cr, and the Ni20Cr alloy in the form of 
linear sweep voltammograms at 1 mV s−1. (c) illustrate the polarization curve for the Ni20Cr alloy, 
both in its as-measured state and after corrections for iR and cathodic current density 

It is noted that all thermodynamic calculation are first calculated relative to the Eredox of F2/F- assuming 

a zero Eo redox at 600 °C, then the Eredox of all half-cell redox reactions are calculated also considering the 

activity of Cr and Ni in Ni20Cralloy at 600 °C in terms of VF2/F-, which is then calibrated with the calculated 

Eredox of K+/K reaction of -4.63 VF2/F-.9 The Eredox of Cr/ Cr(II), which Cr(II) and Cr(III) are considered as 

CrF3
− or CrF6

3– , 6 is found to be highly favorable above +0.27 VK+/K. The Eredox of Cr (II)/Cr(III) is favorable 

above +0.67 VK+/K.6,46 In scenarios where Ni(II) is absent or an impurity (assumed to be 10−3 M), the Eredox 

of Ni/Ni(II) is calculated to be +1.75 VK+/K. The calculated Eredox of Ni/Ni(II) redox reaction was verified 

experimentally via a series of diagnostic CV on a Pt wire electrode with incremental addition of NiF2 from 

0.05 to 1 wt% in FLiNaK salts. The results, as shown in Figure S3, reveal a bulk saturation limit of 
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approximately ∼0.1 wt% NiF2 with an Eredox of ∼2 VK+/K marked in Figure 1a. For a more in-depth 

elaboration on the kinetic properties of NiF2 or Ni(II) in FLiNaK, readers are referred to a recent study by 

Smith et al.47 These thermodynamic redox potentials can guide understanding of E-log(i) corrosion behavior. 

Figure 1b depicts the E-log(i) curve of Ni, Ni20Cr, and Cr in molten FLiNaK at 600 °C. The LSV of 

Cr in molten FLiNaK was investigated previously.25 High purity Ni displays a very similar qualitative E-

log(i) behavior when compared to Cr except shifted to more positive potentials, characterized by the 

presence of both charge-transfer (CT) and mass-transport (MT) E-log(i) regimes,13,48 The latter may be 

attributed to the formation of K-Ni-F salt film due to the low solubility of NiF2 (<0.1 wt.%)49. The Eoc values 

for Ni and Cr differ by approximately 1.3 V due to their significant difference in thermodynamic stability.2,9 

The anodic polarization regime of Ni20Cr (wt%) is CT-controlled over a ∼300 mV range between +1.72 

VK+/K and +2.05 VK+/K, followed by a mixed CT and MT-controlled regime to +2.32 VK+/K, and eventually 

reaches a limiting current density. Each kinetic regime pertaining to the electrodissolution step is separated 

by a dashed horizontal line and labeled accordingly: (i) cathodic, (ii) CT, (iii) mixed CT and MT, and (iv) 

MT. THe potential domain for cathodic regimes is dependent upon factors, including the oxidizers present, 

temperature, and convection effects.25,50 Figure 1c shows the i-E curve of Ni20Cr before (dark) and after 

(yellow) iR and cathodic current density correction, overlaid with color maps to indicate potential ranges 

where Cr(III) and Ni(II) are stable. As predicted in Figure 1a, the potential up to +1.75 VK+/K is the region 

in which only Cr dissolves. The boundary gradually increases up to +2.134 VK+/K as Ni begins to dissolve, 

saturating in FLiNaK and shifting Eredox. Above +2.134 VK+/K, both Cr and Ni may dissolve. 

Figure 1 indicates that dealloying can occur solely through Cr dissolution, and at a more positive 

potential with Cr exhibiting high rates and Ni showing lower rates, differing by three orders of magnitude. 

The implications align with classical interpretations derived from aqueous studies. Specifically, the greater 

the difference in equilibrium oxidation reactions between Cr and Ni, the easier it is to dealloy, especially 

when there is thermodynamic immunity of Ni. In this scenario, the ratio of dealloying front velocity to 

uniform corrosion front velocity approaches infinity.  
 

Morphological evolution with applied potential  
Ni20Cr (wt %) alloys are potentiostatically held in FLiNaK at 600 °C over a 1 V potential range at 

+1.75, +1.90, +2.10, +2.30, +2.50, and +2.75 VK+/K for 10 ks. The post-corrosion surface morphologies in 

plan view are examined using SEM as shown in Figure 2. In Figs. 2a–2c, which correspond to Ni20Cr 

alloys polarized at +1.75, +1.90, and +2.10 VK+/K, respectively, the plan view surface exhibits microporosity 

coupled with interconnected discrete ligaments. This potential regime falls within the CT-controlled in 

which the oxidation step produces rapid dissolution where ianodic∼exp(Eapp) and Ni remains 

thermodynamically stable (Figure 1a), or dissolves at a significantly slower rate relative to Cr (Figure 1b). 
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The presence of an interconnected pores-ligaments network indicates that bicontinuous dealloying can 

occur in the Ni20Cr alloy in FLiNaK at 600 °C. One point of note is that the ligament features are similar 

to the case of molten chloride dealloying15–20,32,33 and liquid metal dealloying,51 but are significantly coarser 

relative to the features observed upon dealloying of Cu-Zn, Ag-Au, and Pt-Ni alloys in aqueous solution 

such as HClO4, 22 H2NO3, 52 and others,53,54 surmised to be due to the high homologous temperature in the 

case of molten salts. Given that the potentials of +1.75, +1.90, and +2.10 VK+/K indicate bicontinuous 

dealloying, additional electrochemical and morphological characterization was performed, as presented in 

Figure 3–8.  

 
Figure 2. Representative backscattered electron micrographs depicting the top-view surfaces of 
Ni20Cr (wt.%) subjected to potentiostatic polarization conditions: (a) at +1.75 VK+/K, (b) at +1.90 
VK+/K, (c) at +2.1 VK+/K, (d) at +2.3 VK+/K, (d) at +2.5 VK+/K, and (e) at +2.7 VK+/K. The alloys 
were exposed to molten FLiNaK salts at a temperature of 600 °C for a duration of 10 ks 

As the applied potential increases, a gradual diminishment of the microporous morphology is observed, 

transitioning into different corrosion morphologies as evidenced in Figs. 2d through 2f. When polarized at 

+2.30 VK+/K and +2.50 VK+/K for 10 ks, Ni20Cr alloys are found to exhibit grain surfaces that are relatively 

sharp, rough and appeared crystallographically jagged. Some interconnected ligaments are observed in the 

+2.30 VK+/K sample, as shown in Figure S4. Conversely, no porous structure is detected in the +2.50 VK+/K 

sample; instead, grains with sharply visualized facets were seen. These facets are interpreted as 

manifestations of direct and rapid dissolution of both Cr forming Cr(III) and Ni(II), revealing facets formed 

by different crystallographic orientations.25 Between +2.30 VK+/K and +2.50 V K+/K, both Ni and Cr dissolve 
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governed by a mixed CT- and MT- controlled dissolution. Lastly, at 2.75 VK+/K, the dissolution of Ni20Cr 

is controlled by MT at the limiting current density (i.e. maximum dissolution rate), yielding a relatively 

smooth surface containing surface-level micropores.25,55 The smooth surface implies that the Ni20Cr 

substrate could be dissolving underneath a salt film, formed in situ by the saturation of Cr(III)-F and Ni(II)-

F compounds on the surface, whereby the microstructural effect on alloy dissolution is believed to be 

negligible at the MT limit. It is noted that grain boundary (GB) dissolution is observed at the potentiostatic 

polarization potentials between +1.90 VK+/K and +2.50 VK+/K; A follow-on work will be conducted to 

investigate the behavior of grain boundary dissolution during potentiostatic dealloying. 
 

Dealloying at +1.75VK+/K 

At +1.75 VK+/K (Figure 3a), Cr dissolution to Cr(III) dominates while Ni dissolution is negligible. In 

Figure 3a, a constant anodic ielectric is observed and sustained at ∼10−5 A cm−2 until reaching ∼4 ks, at which 

point the ielectric decreases and fluctuates between 10−6 A cm−2 and 10−8 A cm−2.  

 

Figure 3. Ni20Cr (wt%) subjected to potentiostatic hold in molten FLiNaK at 600 °C at +1.75 VK+/K. 
(a) display the current-time relationship, (b) shows the cyclic voltammogram measured the secondary Pt 
WE before (black) and after 10 ks of potentiostatic hold of Ni20Cr. The redox peaks of possible Cr/Cr(II) 
and Cr(II)/Cr(III) reactions are labeled. The inset in (b) highlights the potential range in which the Ni/Ni(II) 
half-cell redox reactions are possible (c) shows the Nyquist plots measured at each 2 ks time increment 
containing the EEC used for fitting analysis and fitting results (black lines) 
 

Up until this point, 0.33 μm of Cr may have dissolved according to Eq. 5 assuming 0% remaining Cr 

in ligaments neglecting porosity. Due to the close proximity of Eoc (∼1.7 VK+/K) to this applied potential, 
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the drop in ielectric is likely associated with the cathodic reduction of Cr(III)/Cr(II) becoming kinetically 

dominant (i.e. more Cr(III) available to be electrochemically reduced), resulting in a decrease in net ielectric 

13,25,41,56,57. This behavior is further validated in Figure S5. Confirmation of this thermodynamic prediction 

is provided by in situ CV measurements on the secondary Pt WE, as shown in Figure 3b. Redox reactions 

associated with Cr/Cr(II) and Cr(II)/Cr(III) are possible in the potential range of +0.1 to +1.2 VK+/K (shaded 

red region), while reactions for Ni/Ni(II) in the potential window from +1.50 to +2.25 VK+/K (shaded blue 

region) are absent. For clarity, only the CV scan conducted before and after 10ks of pstat dealloying is 

shown in Figure 3b to identify the presence of Cr and/or Ni species in salt. All CV plots between 1ks and 

10ks at 1.75, 1.90, and 2.10 VK+/K are shown in Figure S6.1. 

Regarding Figure 3c, the impedance spectra of the test sample can be fitted with an EEC, containing 

Rs as the solution resistance, R1 as the charge-transfer resistance (Rct), and the constant phase element CPE1 

as the double-layer capacitance (Cdl). As the duration of potentiostatic hold progressed, an increase in the 

semicircles on the Nyquist plot was observed, indicating a rise in Rct as detailed in Table S3. This change 

in impedance behavior points to the surface becoming more electrochemically resistive, potentially as a 

result of the depletion or encapsulation of Cr within the Ni ligaments spreading by surface diffusion.19 This 

phenomenon is marked by Ni exhibiting low dissolution rates and/or remaining stable at these potentials. 

It is noted that, for simplicity, only impedance results for intervals from 2 ks to 10 ks (in increments of 2 

ks) are shown here. However, all of these data, along with the fitted Bode plots, can be accessed in Figure 

S6.2 and Tables S4 through Table S5. 

Figure 4a shows that the Ni20Cr surface, potentiostatically polarized at +1.75 VK+/K for 10 ks, revealing 

two distinct grains. One grain exhibits a dealloyed bicontinuous porous structure, while the other appears 

to be partially dealloyed. The dealloyed grain exhibits an interconnected network of nano-pores and sub-

micronsized ligaments, with a measured width of 0.29 ± 0.08 μm. Three distinct locations were analyzed 

with EDS point analysis as shown in Figure 4b and Table I. Point #1, located on a ligament, contained 3.7 

wt % Cr above a Ni-rich substrate (Point #2) with 16.2 wt% Cr, while the partially dealloyed grain at Point 

#3 possessed 7.5 wt% Cr. It is noted that the EDS point analysis serves to qualitatively correlate select 

surface features and approximate composition. Due to the size of the interaction volume relative to the 

submicron dealloying features, the results in Table I are averaged and estimated values. 

The cross-section of the ligament is further examined in Figs. 4c and 4f. The sample exhibits a top 

dealloyed layer with a measured depth of 0.81 ± 0.18 μm, which is higher than the calculated hdissolved 

presented in Figure 3a. The discrepancy, where hdissolved is underestimated, can be attributed to the net ielectric 

at this potential being close to zero due to the progressive dominance of cathodic current densities. This top 

layer reveals nanoporosity that is Ni-enriched (Figure 4d). Notably, the interface between this top layer and 

the bulk Ni20Cr substrate was characterized by interconnected micro-voids, suggesting poor adhesion of 
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the Ni enrichment layer to the underlying substrate.15,58,59 Line scan data delineate the concentration profiles 

of Ni and Cr at the near-surface region, revealing the depletion of Cr with a residual presence of about 5 

wt. % within the layer and a concentration profile that is 0.57 μm wide. A critical observation from this 

study is that the bicontinuous morphological evolution is restricted to the top layer, with no significant 

penetration into the deeper alloy substrate at this dealloying potential and time. The role of grain boundaries 

is to be addressed elsewhere. 

Figure 4g shows the inverse pole figure (IPF) map from a different cross-sectional area of the sample. 

Two adjacent grains both nearly aligned with the (001)FCC are shown in Figure 4g. Submicron sized 

segments that take on various crystal orientations are displayed within the top enrichment layer. It is noted 

that Ni deposition (i.e. the reduction reaction from Ni(II) to Ni) is negligible at this potential. Therefore, 

the shift of crystallographic orientation of grain cross-section near the top surface may be triggered by the 

combination of surface rearrangement and grain boundary reorientation for the minimization of internal 

energy once Cr is depleted; a similar behavior was observed by Ghaznavi, Persaud, and Newman.15,19,20 

 

Figure 4. Ni20Cr (wt.%) potentiostatically polarized at +1.75 VK+/K for 10 ks. (a) Plan-view SEM 
image showing surface morphology. (b) Composite EDS elemental maps overlaid on SEM image, 
highlighting Ni (red) and Cr (green) distribution. Specific locations were marked for point 
analysis. (c) Cross-sectional SEM image of the sample. (d) and (e) EDS maps for Ni (red) and Cr 
(green), respectively. The semi-transparent rectangle in (c) indicates the area subjected to EDS 
line scan analysis, with corresponding elemental profiles for Ni and Cr presented in (f). EBSD 
analysis is shown via the inverse pole figure (IPF) plot of a separate cross-sectional surface in (g). 
The stereographic triangle in (h) marks the orientation of the grains present in (g) 
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Dealloying at +1.90VK+/K 

At +1.90 VK+/K (Figure 5d), the anodic ielectric remains relatively constant at ∼10−2 A cm−2 throughout 

the 10 ks polarization duration, estimating an hdissolved of 11 μm based on Eq. 5. At this potential, both Ni 

and Cr are thermodynamically favorable to dissolve, though Ni dissolves at least three orders of magnitude 

slower than Cr, as evidenced in Figure 1b at the potential of +1.90 VK+/K. Figure 5b illustrates the occurrence 

of Cr/Cr(II)/Cr(III) redox reactions within the potential window of +0.1 V to +1.0 VK+/K, and Ni/Ni(II) 

redox reactions in the range of +1.50 to +3.00 VK+/K. 47,56 Several oxidation peaks are visible observed in 

vicinity to the Ni/Ni(II) peaks. This may be attributed to the polycrystalline nature of the Pt wire and the 

possible formation of Ni-Cr-F complex species, which has yet to be investigated in this salt environment. 

The Nyquist impedance spectra (Figure 5f) can also be fitted with an EEC comprising of Rs connected 

in series with two-time constants (CPE1/R1 & CPE2/R2). The first time constant (CPE1/R1) is used to 

describes the slightly depressed semicircle at the high frequency region, possibly attributed to the dispersion 

or nanoporosity, whereas the second time constant (CPE2/R2) described the low frequency semicircle that 

exhibits a very similar impedance magnitude as seen at +1.75 VK+/K. The origin of the second time constant 

is still being investigated, but another possible origin is the formation of localized salt film in FLiNaK.7,16,25 

Due to this uncertainty, the Rct was estimated by the summation of R1 and R2.  

 
Figure 5. Ni20Cr (wt%) subjected to potentiostatic hold in molten FLiNaK at 600 °C at 
+1.90VK+/K. (a) display the current time relationship, (b) shows the cyclic voltammogram 
measured the secondary Pt WE before (black) and after 10 ks of potentiostatic hold of Ni20Cr. 
The redox peaks of possible Cr/Cr(II), Cr (II)/Cr(III), Ni/Ni(II) reactions are labeled. The inset in 
(b) highlights the potential range in which the Ni/Ni(II) half-cell redox reactions are possible (c) 
shows the Nyquist plots measured at each 2 ks time increment containing the EEC used for fitting 
analysis and fitting results (black lines) 
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As illustrated in Figure 6a, the post-dealloying surface of Ni20Cr at +1.90 VK+/K for 10 ks presents a 

coarser interconnected ligament structure with a width of 0.95 ± 0.15 μm. Beneath these coarser features, 

finer submicron ligaments are visible. According to the EDS point analysis detailed in Table 1, the ligament 

consists entirely of pure Ni (Point #1), an undealloyed bare surface with 11.9 wt% Cr (Point #2), and the 

grain boundary, which contains 2.3 wt% Cr (Point #3). It is important to note that, in contrast to Figure 4a, 

the ligaments appear somewhat directional, indicating a possible influence of crystallographic orientation 
19,21, which will be discussed later. 

 
Figure 6. Ni20Cr (wt.%) potentiostatically polarized at +1.90 VK+/K for 10 ks. (a) Plan-view 
SEM image showing surface morphology. (b) Composite EDS elemental maps overlaid on (a), 
highlighting Ni (red) and Cr (green) distribution. Specific locations were marked for point analysis. 
(c) Cross-sectional SEM image of the sample. (d), (e), (f) are EDS maps for Ni (red), Cr (green), 
and F (blue) respectively. The semi-transparent rectangle in (c) indicates the area subjected to EDS 
line scan analysis, with corresponding elemental profiles for Ni and Cr presented in (g). EBSD 
analysis is shown via the inverse pole figure (IPF) plot of a separate cross-sectional surface in (h). 
The stereographic triangle in (i) marks the orientation of the grains present in (h).  
 

The cross-sectional characterizations from Figs. 6c–6e unveils a distinct top layer enriched with Ni and 

infiltrated with residual fluoride salts. This layer, with a measured thickness of 10.9 ± 3.45 μm, displays 

notable micro-porosities and curvature, which may correlate with the coarser ligament structure identified, 

and a non-uniform interface between the top Ni layer and the substrate. Additionally, the cross-section 

thickness also closely matches the hdissolved calculated in Figure 5b. Figure 6c also captures a grain boundary 

that exhibits some level of dissolution. Grain boundary dissolution was deeper at this potential, however it 

does not seem to significantly influence the intragranular dealloying process located ∼100 µm laterally 

away from grain boundaries. Furthermore, EDS line scan analysis reveal a complete depletion of Cr in the 

ligaments, with a concentration profile extending 1 μm in width. Figure 6h shows the IPF from another 

cross-section location that contains two adjacent grains with orientations close to (103)FCC and within 5 
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degrees of (101)FCC. Localized segments sized between 0.5 and 2 μm at the alloy surface display different 

crystallographic orientations than their parent grains. For instance, on the (103)FCC grain, small regions 

with directions closer to (110)FCC and (111)FCC are seen. A similar argument can be made regard to the 

minimization of internal and surface energy via Ni coarsening (due to surface diffusion) and CSL grain 

boundary formation.15 Although the possibility of Ni plating onto Ni20Cr at 1.9 VK+/K in FLiNaK was 

initially considered, subsequent findings (Figure S7) refute this assumption therefore attributing the surface 

near orientation to grain restructuring rather than surface plating. 

On the effect of time, Figure 7 displays the plan view morphology of a Ni20Cr sample sequentially 

held at +1.90 VK+/K for 1, 3, 5, and 10 ks in FLiNaK at 600 °C, utilizing the same sample to guarantee 

consistency in observing time-dependent changes. The initial state at 1 ks (Figure 7a) shows minimal 

corrosion, yet a closer inspection at 10,000x magnification (Figure 7b) reveals the formation of granulated 

surface texture, signaling initial material dissolution with an estimated depth of 1.18 μm as determined from 

Figure 5a. After 3 ks, both grains and grain boundaries become visually distinguishable (Figure 9c), 

suggesting some etching effect, although the sample preparation scratches remain. Figure 9d, at 10,000x 

magnification, shows surface features resembling those observed at 1 ks but with a coarser appearance. By 

5 ks, bicontinuous dealloying morphologies emerge, with up to 5.36 μm of total dissolved materials, and 

the grain surfaces exhibit either micron-scale rectangular pits—similar to features noted in pure Cr samples 

affected by salt attacks–or micro-porosities (Figure 7f), with darker spots among the ligaments indicating 

residual salt presence. Lastly, after 10 ks of ligament coarsening, the ligament features became distinct.  

 
Figure 7. Backscattered electron micrographs of Ni20Cr potentiostatically held at +1.90VK+/K for 
(a) 1ks, (b) 3ks, (c) 5ks, and (d) 10ks in molten FLiNaK salts, 600 °C taken at 2,000x magnification. 
(e), (f), (g), and (h) display the 10,000x magnified region of (a), (b), (c), and (d), respectively 
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Dealloying at +2.10VK+/K 

At +2.10 VK+/K (Figure 8a), both Ni and Cr rapidly dissolve at a significant rate, resulting in a hdissolved 

of 44.5 μm. Both Ni and Cr corrosion products were detected by the in situ CV measurements as shown in 

Figure 8b, consistent with thermodynamic predictions. The ielectric starts near 10−1 A cm−2 , gradually reduces 

an order of magnitude to 10−2 A cm−2 starting at 1 ks, but remains overall anodic. In Figure 8c, the Nyquist 

impedance spectra behave as a highly depressed semicircle, in both low and high frequency domains, 

dominated by the CT process due to the accelerated dissolution of both Ni and Cr. It is worth noting that 

the Nyquist plot gradually shifts upward (i.e. larger imaginary and real impedance) as time elapsed. The 

impedance spectra can be fitted with the EEC used for the +1.90 VK+/K sample with possibly identical 

attributes for the first time constant. However, the second time constant is found to exhibit an α value of 

0.45 (see Table S4), suggesting that the low frequency domain (or depressed semicircle) may be attributed 

to the diffusional impedance mediated by the salt film60,61 which imposes mass-transport controlled 

behavior the authors previously observed.25,57  

 
Figure 8. Ni20Cr (wt%) subjected to potentiostatic hold in molten FLiNaK at 600 °C at +2.10 
VK+/K. (a) display the current time relationship, (b) shows the cyclic voltammogram measured the 
secondary Pt WE before (black) and after 10 ks of potentiostatic hold of Ni20Cr. The redox peaks 
of possible Cr/Cr(II) and Cr(II)/Cr(III) reactions are labeled. The inset in (b) highlights the 
potential range in which the Ni/Ni(II) half-cell redox reactions areis possible (c) shows the Nyquist 
plots measured at each 2 ks time increment containing the EEC used for fitting analysis and fitting 
results (black lines). 
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Figure 9a and 9b display bicontinuous dealloying features similar to Figure 6 where the polarization 

was at +1.90 VK+/K. The coarsening and faceting of surface Ni ligaments are more pronounced and, to an 

extent, densified as the microporosities become less distinct. The faceted ligaments are 8.99 ± 1.37 μm in 

width. Grain boundaries show the appearance of trenches comprised of 15.4 wt% of Cr, hinting at 

preferential dissolution from these regions and possible re-supply by fast-path dissolution. Some ligaments 

appear detached from the substrate, resulting in the exposure of the bare Ni20Cr (wt%) substrate as verified 

by the EDS map and the analysis of Point #2 in Figure 9b. 

 
Figure 9. Ni20Cr (wt.%) potentiostatically polarized at +2.10 VK+/K for 10 ks. (a) Plan-view SEM 
image showing surface morphology. (b) Composite EDS elemental maps overlaid on (a), 
highlighting Ni (red) and Cr (green) distribution. Specific locations were marked for point analysis. 
(c) Cross-sectional SEM image of the sample. (d), (e), (f) are EDS maps for Ni (red), Cr (green), 
and F (blue) respectively. The semi-transparent rectangle in (c) indicates the area subjected to EDS 
line scan analysis, with corresponding elemental profiles for Ni and Cr presented in (g). EBSD 
analysis is shown via the inverse pole figure (IPF) of a separate cross-sectional surface in (h). The 
stereographic triangle in (i) marks the orientation of the grains present in (h) 
 

The cross-sectional analysis in Figure 9c reveals a significantly coarsened ligament structure on the top 

surface, which is enriched with Ni (Figure 9d). The thickness of the dealloyed layer is measured at 12.0 ± 

2.83 μm, and the presence of underlying microvoids likely contributed to the poor adherence and 

detachment of ligaments seen in Figure 9a. The EDS line scan in Figure 9g indicated that the top layer is 

completely depleted of Cr. An EDS line scan was also conducted in a region without salt filtration to obtain 

the concentration profile of Cr depletion, with the results further detailed in Figure S9. Underneath the 

coarser ligaments, a region about 3 μm in width shows residual fluoride infiltration. In this region, the 

presence of Ni, Cr, and F suggests the possibility of metal fluoride salt film formation due to salt infiltration 

and Cr and/or Ni saturation (Figure S8).7,49,62 Lastly, at +2.10 VK+/K, the IPF in Figure 9h reveals two grain 

orientations close to the (001)FCC and (101)FCC planes on the top surface. Intriguingly, the dealloyed 
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layer appears to align with the (111)FCC directions within the upper 5 μm and displays a color gradient 

beneath it, suggesting the presence of strain accumulation and the possibly of grain rotation. Given that the 

original grain size exceeds 100 μm, this change in direction is attributable to the dealloying process rather 

than the remnants of another grain. The formation and coarsening of the ligaments may also be affected by 

the crystallographic orientation of the parent grain,15,19,53 though this relationship is not clear in this work. 

It was shown that these features are not a result of possible Ni(II) to Ni plating detailed in Figure S7.  
 

XRD of as-solidified salts 
The X-ray diffractogram in Figure 10 shows that the residual salt after the potentiostatic polarization at 

+1.75 VK+/K contains oxidized Cr species such as KCrF3, Li2CrF6, and K3CrF6, 62  though no Ni species are 

found. This correlates with the results of ICP-MS detection of Cr and Ni (Table S1) and the in situ CV 

presented in Figure 3b, where current peaks corresponding to Cr/Cr(II) and Cr(II)/Cr(III) are detected while 

Ni oxidation and/or reduction peaks are absent. It is noted that the ICP-MS data is collected after the 

experiment and after the salt is frozen, and therefore it is unclear what the isotope/ element concentration 

was during the liquid salt in-operando. With Eapplied of +1.9 VK+/K and +2.1 VK+/K (Figure 10), the presence 

of NiF2 compounds is detected in the salt together with K3CrF6. The obtained results are also in agreement 

with the CV data for +1.9 VK+/K and +2.1 VK+/K where current peaks for Cr/Cr(II) and Cr(II)/ Cr(III) and 

Ni/Ni(II) were found. 

 
Figure 10. X-ray diffractogram of as-solidified salt mixture subjected to Ni20Cr potentiostatic 
hold at (a) +1.75 VK+/K, (b) +1.90 VK+/K, and (c) +2.10 VK+/K in FLiNaK, 600 oC for 10 ks 
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The increase in the Eapplied to +2.3 VK+/K and +2.5 VK+/K do not influence the salt phase composition 

(Figure S9); the salt phase contains Li2CrF6, K3CrF6, NiF2, and NaNiF3 compounds, similar to the salt 

composition after potentiostatic polarization at +1.9 VK+/K and +2.1 VK+/K (Figure 10). However, when the 

potential is held at +2.75 VK+/K, diffraction peaks corresponding to Ni(III) compounds such as Na3NiF6 are 

also detected (dark blue line in Figure S9). 

Table 1. Plan-vew EDS point analysis on Ni20Cr (wt.%) upon potentiostatic hold at +1.75 
VK+/K, +1.90 VK+/K, and +2.10VK+/K for 10 ks in molten FLiNaK, 600 oC.   

Point 
# 

1.75 VK+/K 1.90 VK+/K 2.10 VK+/K 
Ni (wt.%) Cr (wt.%) Ni (wt.%) Cr (wt.%) Ni (wt.%) Cr (wt.%) 

1 96.3 3.7 100 0 98.0 2.0 
2 83.8 16.2 88.1 11.9 79.8 20.2 
3 92.5 7.5 97.7 2.3 84.6 15.4 

 

Discussion 

Dealloying encompasses the outward diffusion of Cr over 10ks from the bulk substrate, across the 

metal/salt interface to the salt through various transport mechanisms. At room temperature Cr mobility is 

limited but Cr can more readily diffuse at 600 °C. This process involves a series of sequential and concurrent 

transport phenomena that elucidate the control mechanisms behind the release of Cr(II) and Cr(III). 

Transport through the bulk and along grain boundaries facilitates the movement of Cr to areas where Cr is 

depleted. Furthermore, the interface between the metal and salt, along with the electrochemical double layer, 

plays a critical role in mediating electrochemical oxidation processes, which are influenced by the CT, MT, 

or mixed controlled polarization behavior. As the applied potential changes, the rate-determining process 

that controls the mechanism of Cr transport and subsequent release is altered. While this process is 

interconnected with the morphology, the ielectric alone is inadequate to account for all the controlling factors. 

The molten fluoride dealloying process supports features characteristic of bicontinuous morphology, 

notably the formation of an interconnected network of micro-pores and ligaments enriched with the MN 

element Ni. Interestingly, the ligaments coarsen with increasing applied potential, from 0.29 μm (+1.75 

VK+/K, 10 ks) and 0.95 μm (+1.90 VK+/K, 10 ks) to 8.99 μm (+2.10 VK+/K, 10 ks), as shown in Table 2. Such 

potential dependent coarsening has been observed elsewhere63–66 and will be discussed. 
 

Table 2. Correlation between applied potential, total charge consumed, and select morphological 
properties in Ni20Cr (wt.%) alloys post 10ks of potentiostatic dealloying in FLiNaK at 600 °C.  

E 
(vs. K+/K) 

hdissolved  

(µm) 
w  

(µm) 
λ  

(µm) 

1.75 1.09 0.81±0.18 0.29±0.08 
1.90 12.2 10.9±3.45 0.95±0.15 
2.10 44.9 12.0±2.83 8.99±1.37 
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Applied potential effect on surface diffusions 
The dealloying process leaves unoxidized Ni-rich material on the sample surface. However, the 

remaining material forms ligament features that do not exhibit nanometer porosity but instead coarsen and 

densify during the dealloying process. To understand whether the coarsening mechanism is solely governed 

by surface diffusion or concurrently assisted by bulk diffusion, Eq. 7 can be utilized to study the relationship 

between morphology and time: 
𝑑𝜆𝑛

𝑑𝑡
= constant  (7) 

 

where n is a coarsening exponent, and t is time. In this work, we chose the feature size to be the 

ligament width measured in plan view based on Figure 7, since these ligaments will have already undergone 

dealloying and their evolution is only governed by coarsening and capillary effects. It is noted that a n value 

of 4 corresponds to a coarsening process that is a surface diffusion mediated process, whereas a value of 3 

indicates bulk diffusion mediated.66–69 

As shown in Figure 11 and Table 3, the ligament width and time display a slope of 0.41 ± 0.14 μm, 

which corresponds to a n value of 2.43 ± 1.26. Therefore, the current data cannot conclusively determine 

whether coarsening behavior is dominated solely by surface or bulk diffusion. Nevertheless, the 

measurement is carried out on the plan view of a limited size of dealloying times while the ligament size 

may vary with the dealloying depth,16 suggesting the need for further study to confirm these findings. 
 

Table 3. Plan view measurements of ligament Width for Ni20Cr potentiostatically polarized at 
+1.90 VK+/K for 1, 3, 5 and 10 ks in molten FLiNaK at 600 oC  

Time (ks) λ (µm) 
1 0.43±0.11 
3 0.65±0.12 
5 0.84±0.14 
10 1.08±0.26 

 
 When ligament coarsening is primarily controlled by Ni surface diffusion and capillary forces for the 

minimization of surface free energy, the surface diffusivity of Ni (Ds
Ni) may be estimated via Eq. 8: 70–72 

 

Ds
Ni = λ4kT

32γta4 (8) 

 

where k is the Boltzmann constant (1.38·10−23 J K−1 ), γ is surface energy of Ni in molten salts (an 

assumed value of 200 mJ m−2 due to the lack of experimental and computational data related to the interface 

between metal and molten salt),70 t is the potentiostatic polarization hold time, T is temperature, and a is 

the lattice parameter of pure Ni at 600 °C (0.356 nm was used).73 The surface energy is estimated based on 

Marcus et al.74 Eq. 8 is only used for the condition of +1.75 VK+/K and +1.90 VK+/K since significant Ni 
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dissolution is seen at +2.10 VK+/K and this effect cannot be ignored. This yields Ds
Ni values of 8.02·10−10 and 

9.93·10−8 cm2 s−1 , which are at least three orders of magnitude higher than the typical range of Ds
Ni values 

reported in room temperature aqueous solution between 10−13 and 10−16 cm2 s−1 .66,75 This increase is 

expected at the elevated temperatures for FLiNaK and is thermally activated. Furthermore, the curvature 

induced by the ligaments (i.e., convex ligaments and concave pores) also drives the further coarsening and 

densification behavior as reported by Henkelmen et al.76 Their experimental observations and kMC 

simulations bear a striking resemblance to those depicted in Figs. 4, 6, and 9. 

Using the nominal diffusion equation (𝑥 = √𝐷𝑡), the calculation shows that in 10 ks at 600 °C and TH 

= 0.522, surface diffusion of unoxidized Ni can readily occur across distances exceeding 1 μm (1000 nm). 

This contributes to the reorganization of Ni into new FCC ligament structures, potentially realigning their 

orientations to alleviate stress and forming new grain boundaries. Another possibility to explain the 

formation of new grain boundaries in the dealloyed layer is the generation and reorganization of dislocations. 

During Cr dealloying, a new semicoherent, void-rich interface is created between the Ni-rich dealloyed 

layer and the parent substrate as evident in Figures 4, 6 and 9, which creates dislocations. This interface 

accumulates strains consisting of the lattice parameter differential between the parent grain (Ni-20Cr, wt%) 

and pure Ni, an increasing length of pure Ni (analogous to the presence of shear strain imposed by a thin 

film on a substrate)91, the presence of thermal and non-equilibrium vacancies etc. The formation of a core-

shell structure within a MN ligament will further escalate this effect15,19. It is an ongoing work to quantify 

the percent strains and the density of dislocation formed during dealloying. Nevertheless, as dealloying 

proceeds, a new interface is created, leaving behind dislocations within the Ni dealloyed layer or ligaments, 

which may possibly reorganize into new grain boundaries, contributing to the phenonmon observed in 

Figures 4, 6 and 9. Lastly, it is also acknowledged that the rapid Ni surface diffusion may potentially 

decelerate both interfacial Cr dissolution (Jelectric) and bulk transport of Cr (JBulk
Cr ) as it alters the alloy surface 

chemistry and microstructure. However, determining the extent of this effect necessitates more sensitivity 

analysis in our future study.  

The following presents a hypothesis to explain the apparent Ni ligament coarsening behavior with 

applied potential. Based on the Terrace-Ledge-Kink model (TLK)77 and the Gibbs-Thomson effect, as 

dealloying occurs Ni adatoms can surface-diffuse to passivate receding sites created by Cr dissolution, 

which include step edges, terrace, and kink sites.52,78–80 As the electrode potential approaches the Ni 

dissolution potential, the diffusion rates of kink sites can increase drastically—an observation made by 

Kolb et al. using scanning tunneling microscope during potentiostatic dealloying of Ag-Au.63 This behavior 

was attributed to the interaction between possible physi-/chemi-absorbed species and the double layer.63–65 

When the dissolution of Ni becomes favorable, two phenomena may occur: (1) structures formed by surface 

reconstruction may be annihilated and lowering the energy barriers for surface diffusion;63–65,81 (2) Ni 
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adatoms preferentially dissolve due to their low-coordination nature,78 leaving Ni atoms situated in the more 

coordinated step edges or terrace sites to passivate vacancies created by Cr dissolution. Either mechanism 

is a function of crystallographic orientation. Higher index, more irrational planes exhibit a different or lower 

γ (thus a higher Ds from Eq. 8), shorter hopping distance, higher number of low-coordination sites,78 and 

possibly leads to faster ligament coarsening. Consequently, despite all three applied potentials having 

identical potentiostatic polarization periods, the Ni ligaments are coarser at high potentials possibly due to 

an enhanced MN surface mobility. 

 
Figure 11. Plan view measurements of ligament width between 1 and 10 ks for Ni20Cr (wt.%) 
for Ni20Cr potentiostatically polarized in Molten FLiNaK at 600 oC. The inset displays a 
simplified schematic of Ni-rich ligament coarsening process. 

 

Applied potential effect on electrolytic dissolution 
In aqueous dealloying, the potentiostatic polarization (also known as chronoamperometry) is a popular 

approach for fabricating bicontinuous dealloying porous structures, particularly in Ag-Au systems.28,34,75,82 

The trend of current decay over time, i.e. i ∝ t-n, can also shed light on possible rate-controlling surface 

diffusion mechanisms, as further elucidated by Sieradzki et al.53,82 However, these relationships are not as 

apparent in molten salt systems. Depending on the applied potentials (such as +1.90 VK+/K), the anodic 

current behavior could remain at a relatively constant magnitude over time. Such behavior has also been 

noted in molten chlorides19 and fluorides25 systems. This may be explained by the recent kMC modeling by 
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Henkelmann et al.,76 who simulated the i-t behavior for surface-mediated primary and secondary dealloying 

behavior on a nanoporous gold alloy.  

Figure 12 illustrates that Qconsumed (=∫ 𝑖 𝑑𝑡𝑡
0 )increases linearly with increasing time at fixed i, exhibiting 

a unity slope and suggesting CT controlled behavior. For the +1.75 VK+K condition, the plateau of the curve 

can be attributed to the net current density dropping to near zero as ielectric switches to cathodic. A unity 

slope suggests that the reaction proceeds at a consistent rate, with both the dissolution rate and the outward 

diffusing supply of receding Cr and/ or Ni remaining steady. Intriguingly, at +2.10 VK+K, the slope shifts to 

0.5 starting at 409 s, as highlighted by the black arrow. A slope of 0.5 points to potential mass transport 

limitations.83 These could arise from bulk Cr lattice diffusion and/or possibly from limitations in the longer 

range, ionic phase mass transport initiated by the formation of fluoride salt film on the metal/salt interface.17 

It is noted that the dissolution of Ni may also contribute to the unity slope seen at the +1.90 and +2.10VK+K . 

Nevertheless, this observation is consistent with the Rct trend (which is inversely proportional to the 

interfacial dissolution rate84) with time extracted from EEC fittings of EIS spectra as displayed in Figure 

13 and Table S6. Both the +1.75 VK+K and +1.90 VK+K conditions exhibit relatively constant Rct values. 

However, the +2.10 VK+K condition reveals an order of magnitude decrease in Rct, coinciding where the rate 

of dissolution is MT-limited through the salt film.  

 

Figure 12. Cumulative charge consumed (Qconsumed) during the potentiostatic hold of Ni20Cr in 
molten FLiNaK salts, 600 oC at +1.75 VK+/K, +1.90 VK+/K, and +2.10 VK+/K for 10 ks 
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Figure 13. Charge transfer resistance (Rct) of Ni20Cr in molten FLiNaK salts, 600 oC 
potentiostatically held at +1.75 VK+/K, +1.90 VK+/K, and +2.10 VK+/K from 1 ks to 10 ks 

 

Effect of bulk diffusion on dealloying  
We now shift our focus to the transport of Cr in the Ni20Cr alloy. EDS line scans reveal that Cr, being 

the LN element, is retained at the ∼5 wt. % level within the surface ligaments at +1.75 VK+/K. However, at 

higher potentials of +1.90 VK+/K and +2.10 VK+/K, Cr is completely depleted from both the ligaments and 

the dealloyed zone (Figs. 6 and 9). This partial depletion raises questions about the necessity of Ni 

reorganizing into new grains with various crystallographic orientations. At higher TH, the bulk diffusion 

of Cr, via lattice and short-circuit pathways, can become predominant.15,32 A standing question is whether 

the bulk diffusion of Cr can sufficiently maintain the Jelectric —the interfacial dissolution rate measured. The 

following consideration assumes only Cr oxidation is the source of anodic charge that is solely responsible 

for Jelectric. By equating the necessary Jelectric to a hypothetical Cr bulk diffusion flux, represented as JBulk
Cr , 

Bulk Cr the required JBulk
Cr  to match Dielectric can be described as a function of ielectric using Eq. 9: 

 

Jelectric = JBulk
Cr = ielectric

 

zF
   (9) 
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where z represents the oxidation state of the dissolved species (assumed to be 3). The ielectric values were 

measured at each dealloying potential (Figs. 3, 5, 8). At constant Jelectric, the JBulk
Cr can be estimated with 

Fick’s 1st Law assuming a pseudo-steady state diffusion condition, starting with Eq. (10):  

 

JBulk
Cr = −Deff

Cr ΔCCr

Δx
     (10) 

 

where Δx is the diffusion distance and ΔCCr is the difference in bulk and depleted concentrations of Cr 

consumed during selective leaching of Cr from Ni20Cr alloy. This value is taken to be 0.0340 mol/cm³ 

(equivalent to complete Cr depletion). Accordingly, the effective solid-state diffusion coefficient (Deff
Cr ) for 

Cr in FCC Ni20Cr including grain boundaries can be quantitatively assessed using Eq. 11:  

 

 Deff
Cr = (2δ

L
)Dgb

Cr + (1 − 2δ
L

) Dl
Cr   (11) 

 

where Dgb and Dl are the grain boundary and bulk diffusivities of Cr in Ni20Cr in cm2/s, δ is the grain 

boundary thickness (~10-7 cm85), and L is the grain size. Based on published literature, the Dgb and Dl of Cr 

in Ni20Cr are on the order of 9.55·10-11 cm2/s and 8.71·10-15 cm3/s,86-89 respectively. With an average L of 

351 μm (Figure S1), the Deff for Cr diffusion is taken as 9.25·10-15 cm2/s. Eq. 11 does not consider the 

effects of non-equilibrium vacancies nor dislocations that may accelerate solid-state diffusion. It is 

important to note that JBulk
Cr  is also time-dependent. To connect JBulk

Cr  with time (∆t), Δx was estimated using 

the nominal diffusion distance via Eq.12:  

 

∆x =  √Deff
Cr ∆t     (12) 

 

Rearranging Eqs. 10 and 12 results in Eq. 13, which is the time dependent current density (ielectric
required) 

corresponding to a condition where Cr bulk diffusion becomes the rate-limiting mechanism in a series of 

diffusion processes (see Figure 14). 

 

JBulk
Cr = − 

ΔCCr√Deff
Cr

√∆t
    (13) 

Moreover, to compare with the possible mass-transport effect in the ionic phase, the diffusion flux of 

Cr (III) ions in FLiNaK can also be estimated using Eq. 14: 
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JFLiNaK
Cr(III) = DCrCCr(III)

δb
    (14)  

 

where DFLiNaK
Cr(III)  is the diffusivity of Cr (III) ions in FLiNaK at 600 °C (assumed to be 10−5 cm2 /s10,25), δb is 

the boundary layer thickness (estimated to be 10 μm25), and CCr(III) is the concentration of dissolved Cr in 

mol/cm3. Eq. 15 can also be expressed as a function of time: 
 

JFLiNaK
Cr(III) =  

CCr(III)√DFLiNaK
Cr(III)

√∆t
   (15)  

 

The Faraday’s law of mass and charge conversion, akin to Eq. 5, can be used to calculate CCr(III), 

resulting in Eq. 16: 
 

JFLiNaK
Cr(III) =  

EW∗Qconsumed∗√DFLiNaK
Cr(III)

VFLiNaK √∆t
  (16)  

 

where VFLiNaK is 15 cm3 representing the volume of FLiNaK salt used in this study. JFLiNaK
Cr  was calculated 

for each dealloying potential condition. Figure 14 presents a simplified schematic of the multiple diffusion 

processes that occur concurrently during molten salt dealloying.  

 
Figure 14. Schematics displaying a simplified mechanism of molten fluoride dealloying 
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Figure 15 presents a comparative analysis of Jelectric
  , JBulk

Cr  , and JFLiNaK
Cr(III)  over time. At +1.75 VK+/K, 

JBulk
Cr  at first exceeds Jelectric

  for the initial ∼200 s of the potentiostatic hold period, suggesting that the bulk 

diffusion of Cr is sufficiently fast to support the Cr dissolution reaction, but not for extended periods of 

time. This can lead to significant salt penetration by dealloying to develop the observed corrosion pores. 

As time progresses, Jelectric
  decreases slightly and diminishes to nearly zero as Cr is only supplied when Ni 

surface diffusion uncovers unexposed FCC Ni-Cr. Moreover, for the entire 10 ks hold period, JFLiNaK
Cr(III)  is at 

least three orders of magnitude larger than Jelectric
   and JBulk

Cr and thus ionic diffusion of Cr(III) is unlikely 

to act as a rate-limiting step in the process at any potential. This observation holds true for the dealloying 

potentials of +1.75 (Figure 14a), +1.90 VK+/K (Figure 14b) and +2.10 VK+/K (Figure 14c).  

 

Figure 15. Jelectric vs.time for Ni20Cr (wt.%) potentiostatically held at (a) +1.75 VK+/K, (b) +1.90 VK+/K, and 
(c) +2.10 VK+/K for 10 ks. The solid grey line represents the calculated effective bulk diffusion flux (JBulk

Cr ) 
and the dashed line shows the ionic diffusion flux of Cr(III),  JFLiNaK

Cr , ions in FLiNaK at 600 oC 

On the contrary, Jelectric
  is higher than JBulk

Cr  for the entire potentiostatic hold period for +1.90 VK+/K and 

+2.10 VK+/K. This suggests that the dealloying process at constant potential can be rate-limited by the 

insufficient bulk transport of Cr. At potentials higher than +2.10 VK+/K, the dissolution of Cr to Cr(III) and 

Ni to Ni(II) is relatively fast. The combination of insufficient bulk outward diffusion of Cr and an expected 

increase in Jdiss
Ni  causes the uniform dissolution rate to exceed the dealloying rate at these high potentials. 

At some potential both the rate of LN and MN dissolution results in a smooth surface morphology. Here, 

the uniform corrosion front moves at a velocity exceeding the dealloying front. It is noted that JBulk
Cr  can be 

increased by increasing temperature,20 reducing grain sizes,27 cold working,26 radiating the alloy,31 or any 

other means to introduce defects to the alloys.2  

The interaction between the interfacial dealloying process, the underlying microstructure, and how the 

role of crystallographic orientation to modify the rates and mechanisms by which surface diffusion and 

bulk-diffusion controlled dealloying are all current subjects of investigation. The findings of this current 

study provide a foundational methodology and dealloying condition that will allow us to interrogate and 
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isolate these individual effects. Another open knowledge gap is the speciation effect of metallic cations in 

molten salts, e.g. CrF6
3− in molten fluorides,6,9,90 on the development of dealloying structure. For instance, 

speciation can modify the driving force of LN dissolution (thus altering Jelectric),6,9 alter the surface mobilities 

of MN,91 possibly restrict the refinement of pore size due to the larger ionic radii,52,92,93 and/or slow down 

the long-range diffusion of corrosion products in molten salts.18 Lastly, independent in-operando elemental 

measurements (in the liquid salt) have not been conducted and may be the subject of future studies. 
 

Conclusion 

This work investigates the morphological evolution of Ni20Cr (wt.%) in FLiNaK at 600 °C at a 

systematic range of applied potentials between +1.75 VK+/K and 2.75 VK+/K. By employing a framework that 

couples thermo-kinetic analysis, in-operando electrochemistry, and together with a multi-modal materials 

characterization method, the possible mechanism that regulates the rates of Cr dealloying can be pinpointed 

at different potential regimes. At an intermediate potential regime between +1.75 VK+/K and +2.10 V K+/K for 

10ks at high homologous temperature, bicontinuous dealloying is evident through the formation of a 

micron-scale interconnected pure Ni ligament-pores network. Only Cr dissolved at +1.75 VK+/K. With 

increasing applied potential, there is a noticeable bulk diffusion-assisted coarsening and densification of 

the Ni ligaments. 

In this regime, the bulk outward diffusion of Cr (JBulk
Cr ) initially exceeds the dissolution flux (Jelectric

  ) 

at +1.75VK+/K, but subsequently falls below Jelectric
  , suggesting Cr bulk outward diffusion eventually limits 

the dealloying process. At the metal/salt interface under CT controlled dissolution, Cr is instantly oxidized. 

At the higher potentials of +1.90VK+/K and +2.10VK+/K, Jelectric consistently surpasses JBulk
Cr  from the outset, 

signaling that JBulk
Cr  is not sufficient to sustain the dissolution reactions of Cr and Ni. Under these conditions, 

the dissolution of Ni also contributes to Jelectric
  . The ionic phase Cr(III) ion diffusion in FLiNaK is not 

rate-limiting at these potentials. Therefore, it is evident that while the impact of the Cr bulk is significant 

in the context of molten salt dealloying, the rate-limiting step can shift depending on the applied potential 

and the duration of the process. The applied potential (or driving force) determines the dissolution rates of 

Cr and Ni, while time reflects the morphological evolution that affects JBulk
Cr . 

At the elevated potential regime between +2.30 VK+/K  and +2.50 VK+/K, mixed CT- and MT-controlled 

dissolution of both Cr and Ni lead to the formation of a crystallographic faceted structure. At high enough 

potential, the rate of Ni(II) release is nearly as fast as that of Cr(III) and evidence of dealloying disappears 

as uniform dissolution occurs at nearly the same rate as dealloying. Hence the dissolution flux of surface 

Ni (Jdiss
Ni ) also becomes significant. At +2.75 VK+/K, electro-dissolution is completely regulated by MT 

controlled behavior due to the formation of a potentially K-Cr-Ni-F salt film, leading to the smoothing of 
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surfaces. At this potential, Ni (II) and Cr(III) are dissolving at nearly the same rate. The presence of the salt 

film can also be observed on the edges of corrosion pores at the dealloying potential of +2.10 VK+/K. This 

suggests an additional mass transport constraint arising from the diffusion of corrosion products, such as 

Cr(III) and Ni(II), through salt-penetrated channels. 

These analyses point to the bulk outward diffusion of LN(Cr) as the predominant mechanism driving 

molten salt dealloying at high homologous temperatures. The occurrence of bicontinuous dealloying 

necessitates specific combinations of Jelectric
  , JBulk

Cr (including lattice and grain boundary diffusions), 

JFLiNaK
Cr(III)  , Jdiss

Ni , and Jsurf 
Ni . Bicontinuous porosity still forms when Ni dissolves at +1.90VK+/K and +2.10VK+/K, 

likely due to the Jdiss
Ni  being sufficiently low relative to Jdiss

Cr  and Jdiff
Ni . diff Ni The current findings suggest 

that the interplay of rapid bulk diffusion, surface diffusion, and interfacial dissolution of Cr and Ni, 

underlined by a constant current may enable fast dealloying in a specific potential range 
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Supplemental Tables, Chapter 5 Task 4  
 
Table S1. Elemental composition of bulk FLiNaK salts measured using ICP-MS technique: as-
prepared vs. subjected potentiostatic hold of Ni20Cr alloy at 600 °C  

Conditions 
Elemental Composition (ppm) 

Cr Ni 

As-Prepared 0.67 2.42 

1.75 VK+/K 1.36 2.59 

1.90 VK+/K 2.06 40.8 

2.10 VK+/K 21.1 104 

 

Table S2. Weighted fractional elemental composition (in ppm) of LiF, NaF, and KF salts 
according to supplier's certificates of analysis 

Ag Al As B Ba Bi Ca Cd Co Cr W 
0.0292 0.0584 0.0876 0.146 0.146 0.146 0.292 0.292 0.292 0.292 4.3 
Ni Pb Re Sb Si Sn Te Ti Tl V Zr 
3.25 3.25 3.25 3.25 3.26 3.36 3.54 3.54 3.80 4.12 6.32 
Cs Cu Fe Ga Ge In Mg Sr Mo Mn Zn 
0.292 0.292 0.292 0.526 0.584 0.818 0.993 6.757 2.955 1.86 5.00 

 

Table S3. The EEC fitting parameters for impedance spectra of Ni20Cr potentiostatically held at 
+1.75 VK+/K for 10 ks in molten FLiNaK salts at 600oC 

Time Re 
(Ω·cm2) 

CPE1, Q  
(S·sα/cm2) CPE1, α R1 

(Ω·cm2) 
Rct 

(Ω·cm2)   𝛘2*10-3 

1000 0.879 0.022 0.759 210 210 3.23 
2000 0.843 0.028 0.688 494 494 4.34 
3000 0.875 0.010 0.736 508 508 2.55 
4000 0.892 0.005 0.825 384 384 3.32 
5000 0.855 0.007 0.811 829 829 1.14 
6000 0.878 0.007 0.816 853 853 2.63 
7000 0.877 0.006 0.816 854 854 2.69 
8000 0.892 0.006 0.815 812 812 2.73 
9000 0.890 0.004 0.821 758 758 1.88 
10000 0.891 0.004 0.821 667 667 2.09 

*Noted that 𝛘2 represents the goodness of fits.  
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Table S4. The EEC fitting parameters for impedance spectra of Ni20Cr potentiostatically held at +1.90 
VK+/K for 10 ks in molten FLiNaK salts at 600oC.  

Time Re  
(Ω·cm2) 

CPE1, Q  
(S·sα/cm2) 

CPE1, 
α 

R1  
(Ω·cm2) 

CPE2, Q  
(S·sα/cm2) 

CPE2, 
α 

R2  
(Ω·cm2) 

Rct  
(Ω·cm2) 

𝛘2* 
10-3 

1000 0.507 0.242 0.689 18.5 0.023 0.712 10.2 28.7 3.55 
2000 0.533 1.284 1.000 24.7 0.025 0.720 22.9 47.7 2.98 
3000 0.495 0.024 0.710 19.2    19.2 3.09 
4000 0.504 0.274 0.630 35.9 0.048 0.688 7.2 43.1 2.91 
5000 0.519 9.776 1.000 44.5 0.041 0.668 20.6 65.1 2.07 
6000 0.526 0.055 0.702 13.9 0.736 0.895 5.4 19.3 2.05 
7000 0.526 0.251 0.726 20.4 0.161 0.706 6.4 26.7 1.89 
8000 0.537 0.610 0.923 13.9 0.127 0.658 15.7 29.6 1.80 
9000 0.535 0.224 0.905 9.5 0.121 0.619 8.9 18.4 2.29 
10000 0.509 1.753 0.627 19.3 0.096 0.707 10.2 29.6 1.61 

*Noted that 𝛘2 represents the goodness of fits.  

Table S5. The EEC fitting parameters for impedance spectra of Ni20Cr potentiostatically held at +2.10 
VK+/K for 10 ks in molten FLiNaK salts at 600 oC 

Time Re  
(Ω·cm2) 

CPE1, Q  
(S·sα/cm2) 

CPE1, 
α 

R1  
(Ω·cm2) 

CPE2, Q  
(S·sα/cm2) 

CPE2, 
α 

R2  
(Ω·cm2) 

Rct  
(Ω·cm2) 

𝛘2* 
10-3 

1000 0.806 0.658 0.603 0.894 5.207 1.000 1.57 2.46 2.98 
2000 0.813 0.875 0.631 2.137    2.14 2.28 
3000 1.399 0.347 0.624 2.489 0.006 0.799 0.885 3.37 8.53 
4000 2.980 0.244 1.000 5.988 0.032 0.368 10.3 16.24 1.14 
5000 31.020 0.053 0.005 0.425 14.780 0.601 17.8 18.21 0.644 
6000 14.990 0.008 0.470 20.7 0.144 0.830 15.1 35.79 0.053 
7000 21.000 0.007 0.464 21.2 0.086 0.814 16.3 37.53 0.091 
8000 23.250 0.006 0.479 20.7 0.060 0.745 14.4 35.08 0.292 
9000 32.450 0.016 0.235 28.7 0.067 0.829 9.07 37.73 0.266 
10000 39.840 0.036 0.493 24.2 0.006 0.368 8.15 32.37 0.587 

*Noted that 𝛘2 represents the goodness of fits.  

 

Table S6. Charge-transfer resistance (Rct) calculated from eec fitting of impedance spectra for 
Ni20Cr potentiostatically held at +1.75 VK+/K, +1.90 VK+/K, and +2.10 VK+/K from 1 to 10 ks 

Time (s) 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 

Rct 
(Ω·cm2) 

1.75 
VK+/K 

210 494 508 384 829 853 854 812 758 667 

1.90 
VK+/K 

28.7 47.7 19.2 43.1 65.1 19.3 26.7 29.6 18.4 29.6 

2.10 
VK+/K 

2.5 2.1 3.4 16.2 18.2 37.5 35.1 35.8 37.7 32.4 
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Supplemental Figures, Chapter 5 Task 4 

 
Figure S1. Characterization of as-homogenized Ni20Cr alloys. (a,b,c) shows the backscattered 
electron micrographs and (d,e,f) shows the respective inverse pole figures. 
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Figure S2. Cyclic voltammograms of Pt wire in molten FLiNaK salts, 600 oC with scan rates 
between 50 mV/s and 500 mV/s. 

 
Figure S3. Cyclic voltammograms of Pt wire in molten FLiNaK salts with the addition of 
NiF2 salts between 0.05 wt.% and 1.00 wt.%. 
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Figure S4. Backscattered electron micrographs depicting the top-view surfaces of Ni20Cr alloys 
potentiostatically held at +2.30 VK+/K for 10 ks 
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Figure S5. Current-time relationship of Ni20Cr (wt.%) potentiostatically polarized at 
+1.75VK+/K  in molten FLiNaK at 600oC. 

 

 
Figure S6.1. Cyclic voltammograms of Pt wire measured at a scan rate of 100 mV/s before 
and after 10ks of potentiostatic dealloying of Ni20Cr in molten FLiNaK, 600oC with the 
applied potential of (a) +1.75, (b) +1.90, and (c) 2.10VK+/K. 
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Figure S6.2. (a,b,c) Bode Impedance and (d,e,f) phase angle plots for Ni20Cr potentiostatically 

held at (a,d) +1.75 VK+/K, (b,e) +1.90 VK+/K, and (c,f) +2.10 VK+/K, respectively. 
 

 
Figure S7. Ni20Cr potentiostatically polarized at (a,b,c) +1.90 VK+/K  and (d,e,f) +2.10 VK+/K  for 10 ks 
with the addition of 1 wt.% of NiF2. The current-time relationship is shown in (a) and (d). The top view 
surface morphologies of the Ni20Cr are shown in (b,c) for the hold potential of +1.90 VK+/K  and in (e,f) 
of +2.10 VK+/K. EDS point analysis of these surfaces are provided in the supplemental sections. 

 



158 
 

 
Figure S8. Cross-sectional backscattered electron micrographs and overlayed EDS line profile 
of Ni20Cr subjected to 10 ks of potentiostatic hold at +2.10 VK+/K.  

 

  
Figure S9. X-Ray Diffractogram of FLiNaK salts subjected to Ni20Cr potentiostaically held at 
+2.30 VK+/K, +2.50 VK+/K, and +2.75VK+/K for 10 ks. 
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Abstract 
The corrosion dealloying behavior of cold-worked (CW) Ni20Cr alloy (wt.%) was studied in molten 

LiF-NaF-KF (or FLiNaK) salts at 600 °C equal to  a homologous temperature (TH) of 0.522. Alloys were 

cold-rolled to achieve reductions of thickness of 10%, 30%, and 50% introducing a high density of 

dislocations. Potentiostatic holds (Eapplied) were applied in two different electrode potential regimes. At 1.75 

VK+/K, Cr dealloying to Cr(II) and Cr(III) dominates, while at 1.90VK+/K  both Ni and Cr are oxidized in 

molten FLiNaK at 600 oC. Dealloyed NiCr displayed the formation of bicontinuous porosity within the 

grain interior and grain boundaries driven to rapid Ni surface diffusion and Cr dissolution and bulk diffusion. 

Moreover, the depths of dealloying increased up until 30%CW. Such corrosion behavior was attributed to 

the different dislocation substructures present at varying CW%. These linear defects are argued to serve as 

fast paths to guide Cr dissolution by pipeline transport for corrosion dealloying given a high TH. Dealloying 

occurred under charge transfer control at +1.75 VK+/K when the bulk outward diffusion flux of Cr (JBulk
Cr ) 

exceeded the interfacial rate of Cr dissolution regulated by electrode potential (Jelectric
Cr  ). When JBulk

Cr   is 

lower than Jelectric
Cr , dealloying is limited  by Cr bulk diffusion. CW ameliorates this effect by providing 

enhanced Cr bulk diffusion to the metal-salt interface. At 1.90VK+/K, dealloying was easier to achieve 

enabled by simultaneous Cr/Cr(II)/Cr(III) and Ni/Ni(II) dissolutions, albeit at different rates, which further 

coarsened and densified the Ni-rich ligaments. Of all the CW conditions, the dealloying of 50%CW was 

limited by Cr bulk diffusion at 1.90VK+/K. 
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Introduction 
A critical milestone toward the deployment of molten salt reactor (MSR) technology is to ensure the 

durability of structural alloys used for reactor vessels and heat-exchanging loops 1–5. Alloys considered to 

be used in MSR and other salt systems are exposed to an array of harsh environments, such as high-

temperature molten salts, corrosion due to thermal gradients coupled with impurities functioning as 

oxidants, radiation, and stress, posing critical challenges even to nuclear reactor alloys specified in the 

ASME Section III division 5, such as Alloy 800H, Alloy 617, and stainless steel 316H 6. Among these 

challenges, the understanding of corrosion and its associated degradation mechanism is crucial for 

predicting the operational lifespan and thus has been the subject of intensified laboratory research in recent 

years 7–12.  

It is widely reported that intergranular corrosion (IGC) is a predominant form of corrosion attack 

observed across a number of alloy systems in molten chlorides and fluorides 7. While the usually protective 

oxides of structural alloys is unstable in these conditions 13, alloying elements that are thermodynamically 

less noble (LN), e.g., Cr and Fe in Ni-containing alloys, will be selectively “dealloyed” owing to their high 

thermodynamic driving force for spontaneous dissolution at commonly observed corrosion potentials with 

an oxidant and easy solubilization of their metal cations. Dealloying also is aided by Cr availability from 

the bulk via short-circuit diffusion pathways, e.g. grain boundaries (GBs) 14,15 and dislocation networks. 

Which of these elements will be selectively removed depends on the precise electrode potential sensed by 

the alloy relative to the thermodynamic equilibrium of their oxidized species, e.g. Cr(III), Ni(II) relative to 

elemental state (i.e., Cr), unique to each salt chemistry16,17. Apart from IGC attack, the process of dealloying 

also brings about morphological instability due to the coupled effect of LN dissolution and more noble (MN) 

element surface diffusion18,19, leading to the formation of bicontinuous porous structures, termed 

“bicontinuous dealloying”, at both the grain interiors 20–24 and at grain boundaries (GBs) 19,25. Although this 

phenomena is not well investigated for molten salt systems, it has recently been observed on Ni20Cr (wt.%), 

Fe-Cr-Ni, and Fe-Ni alloys in molten chloride salts between 500 oC and 800 oC 20–24,26, and may increase 

the susceptibility to stress corrosion cracking (SCC) 27–30 or transition to creep induced cracking31,32. 

In our recent work, model Ni20Cr (wt%) alloys were subjected to applied potentials in molten LiF-

NaF-KF (FLiNaK) at 600 oC between 1.75 and 2.75 VK+/K 
33. Bicontinuous porosity with remaining µm-

scale surface MN ligaments and dealloying depth was observed at the dealloying potential of +1.75, +1.90, 

and +2.10 VK+/K. These features are attributed to MN elemnt surface diffusion, metal/salt interfacial LN 

dissolution, and LN element bulk outward diffusion, which all occur simultaneously 25–27,33,34. At high 

homologous temperatures (TH = 0.4–0.6), the effect of LN element bulk diffusion is particularly notable 

during molten salt corrosion (TH = 0.4–0.6) 25–27,33,34; the rate of MN element surface diffusion dictates the 

interfacial morphological evolution and has shown to form µm-scale ligaments similar to the case of liquid 
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metal dealloying. 35–37 This situation raises a new question: when the rate and mechanism of LN outward 

bulk diffusion are altered, e.g. introducing new short-circuit diffusion pathways such as GB and dislocation, 

how would the rate and morphology of dealloying be affected?  

Answering this question is especially crucial for MSR alloy development since factors including 

irradiation38, stress induced by thermal gradients 39, thermomechanical processing 40–44, and its residual 

stress 8,45, are known to form non-equilibrium point and line defects and dislocation substructures, such as 

low angle grain boundaries, deformation twins, non-equilibrium vacancies, and even new phases, that 

operate in parallel with bulk diffusion in a perfect lattice with only near-equilibrium vacancies. It is well 

established that plastic deformation in face center cubic (FCC) structured metal alloys is controlled by their 

stacking fault energy (SFE) 46. Ni-based alloys have a relatively high SFE 46 and reduced SF widths, which 

influences their mechanical properties, such as promoting easy cross-slip and reducing the likelihood of 

deformation twinning. The resultant deformation structures typically exhibit dislocation walls or 

microbands 47,48. For instance, transmission electron microscopy (TEM) studies47,48 show that cold-worked 

(CW) Ni-Cr alloy may exhibit planar dislocation pileup and densification into low angle grain boundaries 

(LAGBs) on stacking faults at a low degree of CW (5%). Interconnected dislocation cell (DC) structures 

were observed at a moderate degree of CW (10–30%), eventually forming microbands at high degree of 

CW (>50%) 44,49. These characteristics of severe plastic deformation are also observed by Dudova et al. 49 

and Koukolikova et al. 44.  

In prior studies, CW has been shown to increase the susceptibility of austenitic stainless steels 50, 

316L 43,51, and alloy 690 52–54 to SCC in simulated pressurized water reactor environments. In molten 

Li2CO3-K2CO3-Na2CO3 at 450 °C, cold working impedes the ability of Inconel 601 to form a uniform 

protective oxide film which appears to demonstrate more adherence to highly strained lattice areas and 

dislocation end points 55. According to 43, a high degree of CW (50%) on 316SS has led to grain 

fragmentations and subgrains characterized by the densification of high geometrically necessary 

dislocations (GNDs) and high-angle grain boundaries (HAGBs). These observations correlate with 

significant interganular dealloying and possible bicontinuous dealloying within the grain interior in molten 

FLiNaK, 700 oC. A similar observation was made on 316LSS alloys in molten FLiNaK, 600 oC 56.  

Therefore, there is a notional observation that the susceptibility to bicontinuous dealloying in molten 

salts may be increased by CW. In our prior work 33, the possible diffusion mechanism that controls the 

molten salt dealloying process was identified by calculating and comparing the flux for Cr interfacial 

oxidation to Cr(III) (i.e., Jelectric) to the Cr bulk outward diffusion of Cr (Jbulk) and the ionic diffusion of 

Cr(III) using established kinetic diffusion models. This comparison help to inform whether Cr bulk 

diffusion is sufficiently rapid to support Cr oxidation at an applied potential. In the case of Ni20Cr(wt.%) 

alloy with minimal CW, Jbulk was found rate-controlling in molten FLiNaK, 600 oC 33. A similar and 
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improved approach was also employed in this work to elucidate the role of CW to dealloying, particularly 

confirmation of the hypothesis that CW can increase Jbulk due to the introduction of dislocation densities 49. 

In this work, the potentiostatic dealloying behavior of 10%, 30%, and 50% CW Ni20Cr (wt%) alloy 

was studied in molten FLiNaK salts at 600 oC. The method for potentiostatic dealloying is based on our 

prior work 33 in which +1.75 VK+/K and +1.90 VK+/K were applied to the test alloys for the duration of 10 

ks. A multi-modal suite of characterization methods, including electrochemical impedance spectroscopy 

(EIS), X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), electron backscatter diffraction (EBSD), and S/TEM techniques, were leveraged to 

understand how the material’s grain orientation, microstructure, dislocation substructure and phase 

composition after cold working affected dealloying. The goal is to understand how CW alters the rate-

determining step or steps of dealloying as a function of CW.  
 

Materials and Methods  

Materials Preparation 
Ni20Cr alloys (80wt.%Ni-20wt.%Cr) were fabricated by a vacuum arc-melting process in this study. 

Ni slug (99.98%, Thermo Scientific) and Cr pieces (99.99%, Thermo Scientific) were first mixed at the 

targeted weight ratio, melted, and remelted at least three times under a high vacuum environment of >10-5 

torr. The as-cast alloys were then encapsulated in an Ar-filled quartz tube  and solutionized at 1050 oC for 

6 h followed by water quenching at room temperature. Using this process, the as-homogenized alloys 

demonstrated a uniform composition, characterized by a single FCC phase and a grain size of 351±154 

μm.57 The alloys were then machined into rectangular plates with the dimension of 20±0.5 × 1±0.5 × 1±0.5 

mm, polished to a 1200 grit surface finish using silicon carbide paper. Ni20Cr alloys were cold-worked 

(CW) by cold rolling to achieve a reduction in cross-sectional area by 10%, 30%, and 50%, quantified using 

the change in cross-sectional area ((A0 – Af)/A0·100%). The tests were conducted in the as-rolled conditions 

without further heat treatment. Lastly, the as-homogenized alloys are referred as “0% CW”.  

 

Salt preparation 
The LiF-NaF-KF (46.5–11.5–42 mol%) eutectic salt (FLiNaK) was selected as the electrolyte. The salt 

constituents including LiF (99.99% purity, Fisher Scientific), 11.5 mol% NaF (99.99% purity, Fisher 

Scientific), and 42 mol% KF (>99.5% purity, Fisher Scientific) salts, were used. Table S1 displays a list of 

metallic cation impurities reported from the certificate of analysis from commercial vendors. Salts were 

dried in a vacuum oven at 100 oC for 48 h, and were then transferred to an N2-filled (with O2 and H2O 

controlled below <0.1 ppm) glove box (UNIlab MBraun, USA). 30 g of FLiNaK salt mixture was used for 

each electrochemistry experiment and was prepared by mixing individual salt constituents into their desired 
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stoichiometric ratio. To minimize residual O2 and H2O impurities, the salt mixture was heated in a high-

purity boron nitride crucible  (>99.6% purity, MSE supplies) for at least 6 h under the flow of 99.999% 

ultra-high purity (UHP) N2 gas and allowed to solidify. The salt was then reheated to 600 oC before each 

electrochemical experiment. Concerns regarding the possible influence of salt impurities on 

electrochemical polarization measurements have been addressed in prior work17,58–60.  
 

X-ray diffraction analysis 
X-ray diffraction was performed on as-CW, pre-dealloying and post-dealloyed Ni20Cr alloys utilizing 

a Malvern-Panalytical Empyrean diffractometer [wavelength Cu K (1.5405 Å)]. The analysis was done in 

order to obtain the chemical and phase composition of the residual salt, extract the lattice parameters, and 

calculate the dislocation density in these samples. The PDF4+ database was employed as the reference data. 

For Rietveld refinement, the software HighScore Plus was utilized where the pseudo-Voigt function was 

used to refine the peak profile. To estimate the dislocation densities (𝜌 ) imparted by cold-rolling, the 

following analytical approach is adopted  61–63. Firstly, crystallite size was determined by Eq. 161–63: 

𝐷 = 𝐾𝜆
𝛽cos 𝜃

       (1) 

where D is the average crystallite/grain size in nm, K is dimensionless shape factor = 0.94 for spherical 

crystallites with cubic symmetry, λ is X-ray wavelength = 0.15405 nm (1.5405 Å), θ (is Bragg’s angle in 

degrees, half 2θ, taken from XRD plot, 𝜀𝑚 is the microstrain, β is line broadening at FWHM in radians. Θ, 

β and 𝜀𝑚 were obtained by fitting the XRD diffraction patterns using OriginPro 2023 software. 𝜌  were 

calculated in nm-2 based on obtaining D by Eq. 2: 
 

𝜌 = 2√3𝜀𝑚
𝐷𝑏

        (Eq. 2) 
 

Moreover, the FCC lattice parameter, a, and interplanar spacing, d,  were determined with Bragg’s law 

using Eq. 3 and Eq. 4: 
 

a = d · √ℎ2 + 𝑘2 + 𝑙2     (3) 

d = 𝜆

2 sin(𝜃
2)

       (4) 

where d is the perpendicular distance between designated crystal plane (hkl) or  the distance between planes 

of atoms that give rise to diffraction peaks found by fitting the XRD diffraction patterns using Origin 2021 

software,. h, k, l are miller indices obtained from the HighScore Plus database. The results are shown in 

Supplemental Section A Figure S1 and Table 1.  
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Table 1. The calculated dislocation densities and lattice parameters from the X-ray diffractogram 
of Ni20Cr 10%, 30% and 50% CW samples  

%CW 𝜌 (cm-2) aNi20Cr (nm) 

10% CW 4.54·1011±2.75·1011 0.3543 

30% CW 4.95·1011±2.57·1011 0.3554 

50% CW 7.49·1011±5.98·1011 0.3555 

 

Molten Salt Electrochemistry  
Electrochemical experiments were conducted in a custom four-electrode cell, utilizing the same 

configuration and electrode preparation steps as described in our previous work 60.  In brief, the setup 

consists of a BN crucible (>99.6%, MSE Supplies), a graphite rod used as the counter electrode (CE), a Pt 

wire (99.95%, Fisher Scientific) as the pseudo-reference electrode, a NiCr sample as the primary working 

electrode (WE), and another Pt wire as the secondary WE. The purpose of implementing a secondary WE 

blocking electrode is to detect the release of Ni(II) and Cr(III) corrosion products in-situ60 while measuring 

the equilibrium K+/K potential using Cyclic Voltammetry (CV). The equilibrium K+/K potential was utilized 

as the dynamic reference potential and determined immediately prior to the electrochemical scan and over 

each period of potentiostatic dealloying. The validation of the CV method for K+/K potential determination, 

e.g. assessing sensitivity to scan rate, identifying optimal scan range, and supporting reaction(s) on CE, are 

detailed elsewhere. 17 The result is further discussed in Figure S2. 

Potentiostatic (pstat) polarization was applied in potential range where, according to thermodynamic 

stability diagrams16,57 to selectively dealloy Cr from the Ni20Cr (wt.%) alloys in molten FLiNaK, 600 oC 

occurred. Both as-homogenized and CW Ni20Cr (wt.%) alloys were subjected to applied potentials of +1.75 

and +1.90 VK+/K for up to 10 ks for 1 ks. CV scans on the secondary Pt WE were performed at a scan rate 

of 100 mV/s every 1 ks to detect the release of Ni(II) and Cr(III) and calibrate the applied potential with 

respect to the measured K+/K dynamic reference potential. It is noted that the selection of pstat hold 

potential and time was based on our recent work57, which investigated the electrochemical thermodynamic, 

kinetic, and morphological dependence of the as-homogenized Ni20Cr alloy from +1.75 to +2.75 VK+/K.  

In this work57, dealloying was conducted by pstat polarization at +1.75 VK+/K and +1.90 VK+/K for 10 ks. 

Upon pstat-dealloying, an electrochemical impedance spectroscopy (EIS) scan was performed on the 

samples at the applied potential from 10 kHz to 10 mHz, with an AC perturbation of 20 mV. As-measured 

EIS spectra were fitted and described by an electrical equivalent circuit (ECM) model shown in Figure S3, 

Figure S4, Table S2 and Table S3. Additionally, linear sweep voltammetry (LSV) measurements were 

separately employed to investigate the potential-dependent rate-controlling regimes of Ni20Cr alloy as a 

function of CW. LSV results are further elaborated in Figure S5 and Figure S6. It is noted that upon pstat 
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dealloying, the electrodes were removed immediately from the salt bath and rapidly cooled with N2 gas. 

The sample surface was then sonicated in deionized H2O until visible residual salts were removed.  

 

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) 
Both the plan view and cross-sections of the post-dealloyed samples were analyzed. Scanning electron 

microscopy (SEM) coupled with elemental analysis via energy dispersive X-ray spectroscopy (EDS) 

(Thermo Phenom XLG2 SEM) was utilized. The input of electron energy used are 10–20 kV for surface 

topographic analysis and >20 kV for EDS analysis. Both sets of samples were initially mounted in 

conductive bakelite mounting pucks. Samples were then polished to a 1200 grit finish using SiC paper, 

followed by 6µm and 3µm diamond polishing steps, and a final vibratory polishing step in 0.05 µm colloidal 

Al2O3/SiO2 to produce smooth scratch-free surfaces for high-quality SEM imaging. Between steps, the 

samples were cleaned in deionized water and isopropanol. Finally, samples were cross-sectionally polished 

using a Fischione Fischione model 1061 SEM mill (broad-beam Ar-ion milling) prior to EBSD 

characterization to remove any remnant mechanical deformation produced by the polishing steps. 
 

Electron Backscattered Diffraction (EBSD)  
Electron Backscatter Diffraction (EBSD) (Thermofisher Scientific Scios 2 DualBeam) was performed 

on the post-CW (Figure S7) as well as the post-dealloyed samples, where the analysis focused on the 

microstructural orientation and geometrically necessary dislocation (GND) mapping of the dealloyed layer 

and interfacial region between uncorroded grains and dealloyed regions. Grain orientation of cross-sections 

was conducted by mapping inverse pole figure (IPF) plots relative to documented crystallographic 

orientations. The sample surface was inspected using secondary electron imaging (SEI) at 5 keV and 0.1 

nA. EDS maps were processed and rendered using the Oxford AZtec EDS software package 64. Images 

were then analyzed using the Fiji image analysis software [30]. EBSD scans were acquired at 20 keV and 

1.6 nA at a pre-tilt of 70º and a working distance of ~13 µm. All EBSD data was acquired using Oxford 

AZtec software and analysis was performed using  the AZtecCrystal software package 64. 
 

Optical Microscopy & Electrolytic Etching  
The thermally activated recrystallization behavior of as-CW Ni20Cr(wt.%) was investigated in 

isolation without molten salt exposure when exposed to the same test temperature of 600oC. The samples 

investigated include those subjected to the cold-rolling process (10%CW, 30%CW, 50%CW), and those 

that were cold-rolled and then thermally annealed in an Ar-encapsulated tube at 600°C for up to 10,000 s. 

Firstly, the samples were metallographically prepared to a 1µm surface finish. Secondly, an electrolytic 

etching process was performed in a custom-built setup consisting of a DC power supply, a glassy carbon 

crucible as both the cathode and etchant container and an etchant solution of 1 M H2SO4 solution[65,66]. 
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+6 V was applied to the samples at an increment of 5 s until the underlying grain structure was visible 

[65,66]. Lastly, optical micrographs (Hirox RH-8800) of the plan-view surface of etched samples were then 

taken at various magnifications. Results are further illustrated in Figure S8 through Fig S10. 
 

Kinetic Analysis of Potentiostatic Dealloying 

The pstat polarization results were analyzed based on ref 57. The as-measured current density (ielectric
 ) 

was first corrected from the contribution of cathodic current densities due to impurities (e.g. HF) at +1.75 

and +1.90 VK+/K performed in Figure S658. Thus, the corrected current density (ielectric
anodic  ) will primarily 

represent that due to Cr and/or Ni dissolution. Then, ielectric
anodic  was used to calculate the electric dissolution 

flux (𝐽𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
𝑚 ) via Eq.5:  

 

Jelectric
m = ielectric

anodic,m

zF
      (5) 

 

where the superscript “m” represents either Cr or Cr and Ni to represent the dissolving elements, z was 

assumed to be 3 moles of electrons removed per each mole of Cr atom oxidized to Cr(III) oxidized (i.e., 3 

equiv/mol) since the dissolution of Ni-Cr to Cr(III) is predominant at the potentials studied 16,66, and F is 

the Faraday’s constant taken as 96,485 coulombs/equivalent of electrons. Expressing ielectric
anodic   as a flux 

density of Jelectric
m   allows for a comparison between the observed interfacial oxidation rate of Cr in 

moles/cm2-sec, with the effective bulk outward diffusion flux of Cr (Jbulk
Cr ) or ionic diffusion flux of Cr(III) 

(JFLiNaK
Cr(III) ) across the Cr(III) concentration gradient in the molten salt away from the initially planar interface. 

These distinctions enable a comparison and identification of the rate-determining diffusion steps (rds).  

In this chapter, in contrary to using Fick’s First Law 57, a more rigorous approach is adopted to obtaining 

Jbulk
Cr  based on the corrosion kinetic modeling works by Pillai and Pint 67,68, as well as Larrson et al.69,70, 

who utilized a flux equation (Eq. 6) derived based on Eyring’s absolute reaction rate theory in the lattice-

fixed frame of reference 71:  
 

  Jbulk
Cr = − MCrRT

Ωdx
√xCr

bulkxCr
di sinh(dμCr

2RT
)      (6) 

 

where MCr is the mobility of Cr in Ni-Cr alloys, Ω is the molar volume of Cr in cm3/mol, xCr
  is the mole 

fraction of Cr in the bulk alloy and on the surface, and dμCr is the corresponding difference in chemical 

potential. Eq. 6 can be further simplified to Eq. 7 by considering the Nernst-Einstein relation 

(Deff
Cr = MCrRT), the relation of chemical potential to activity (μCr = μCr

o + RTlnaCr), while considering 

nominal diffusion to estimate the Cr depletion depth (ie., dx = √Deff
Cr t):  
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Jbulk
Cr = − 1

Ω
√Deff

Cr xCr
bulkxCr

di

t
sinh (ln ( aCr

di

aCr
bulk))      (7) 

where DCr
eff , in the unit of cm2/s, is the effective Cr diffusivity accounting for vacancy-mediated self-

diffusion, interface, and t represents the potentiostatic dealloying time in s,  aCr
di  and aCr

bulk are the activities 

of Cr at the dealloying interface and in the bulk alloys, respectively, determined from the ThermoCal TCNI9: 

Ni Alloys v9.1 database72. As an initial estimate, aCr
di  and aCr

bulk are set to be 2.80·10-4 mol/cm3 and 6.33·10-

3 mol/cm3, respectively, corresponding to a Cr depleted interface with 5 wt.% remaining Cr. This assumption 

provides a reasonable basis for Jbulk
Cr  analysis, with further validation presented in the results section. For 

instances, Cr solute may preferentially segregate to dislocation cores 73, increasing the local concentration. 

These effects are acknowledged but not incorporated in Eq. 7 to enable a straight forward comparison 

between Jelectric
Cr , Jbulk

Cr , and JFLiNaK
Cr(III) .  

Previously, Deff  was calculated based the composite rule of mixture (i.e., Deff
Cr = (2δ

L
) Dgb

Cr +

(1 − 2δ
L

) Dl
Cr ) derived based on a square grain embedded in an isotropic FCC polycrystal [57]. Here, 

following the work by Chen and Schuh et al.74, Deff
Cr  was more accurately calculated by considering the 

simultaneous grain boundary, triple point, and dislocation core pipe transport in a realistic FCC polycrystal 

with a more realistic Voronoi polyhedral grain geometry via Eq.8: 

 

Deff
Cr = ftjDtj

Cr + fgbDgb
Cr + flDl

Cr + fdis
ξ

(fl+fdis)ξ−1 Ddis
Cr + Er1 + Er2   (8) 

 
where ftj , fgb , fl , and fdis

   are the fractions of triple point, grain boundary, lattice and dislocation sites, 

respectively (further defined from Eq. 9 to Eq. 12); the power-law scaling term adjacent to Ddis
Cr  models 

dislocations as a Frank network a zero percolation threshold, where ξ is a the scaling factor estimated to be 

1.4 in three dimensions75: 
 

fgb = Hgb
δ
L
       (9) 

ftj = Htj (δ
L
)

2
       (10) 

fdis = ρb2       (11) 

fl = 1 − fgb − ftj − fdis     (12) 
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where 𝐻𝑔𝑏  and 𝐻𝑡𝑗 are grain shape factors taken to be 2.91 and 2.52, respectively, to resemble a Voronoi 

polyhedral 74, δ is the assumed grain boundary thickness (~5·10-8 cm 76), L is the grain size (diameter) in 

cm, ρ is the dislocation density in cm-2, and b is the burgers vector calculated from the lattice parameter 

(=a/√2) for FCC Ni20Cr (wt.%) at 600 oC 77. From Eq. 8, Er1 and Er2 are error factors which capture the 

distribution of polyhedra geometric features for the intragrandular (ia) and integrandular (ie) regions 

defined in Eq. 13 and Eq. 14, respectively; 
 

Er1 =
ftjfgb(Dtj

Cr−Dgb
Cr )

2

ftj(Dtj
Cr−Dgb

Cr )−2(fgb+ftj)Dtj
    (13) 

 

Er2 =
figfv(Dig

Cr−Dv
Cr)

2

fig(Dig
Cr−Dv

Cr)−3Dig
Cr     (14) 

 

where fig  and fv  are the fractions of intergranular (= fgb + ftj)  and intragranular (= fl + fdis ) regions, 

respectively. The intergrandular(Dig
Cr) and intragrandular (Dv

Cr) diffusivities are defined in Eq. 15 and Eq. 

16, respectively 75:  
 

Dig
Cr = 1

fig
(fgbDgb + ftjDtj + ftjfgb(Dtj−Dgb)2

ftj(Dtj−Dgb)−2figDtj
)    (15) 

 

Dv
Cr = (1 − fdis

fv
) Dl

Cr + (fdis
fv

)
ξ

Ddis
Cr      (16) 

 

Based on literature that experimentally measure the intrinsic Cr diffusivites in Ni-Cr alloys or in a 

similar system, Dgb
Cr  may be estimated on the order of 10-11 cm2/s 78–81, Dl

Cr of 10-15 cm3/s 78–81, and Ddis
  of 

10-8 cm2/s82,83 at 600 oC. There is a lack of reported Dtj
Cr values and thus Dtj

Cr is assumed to be 103 larger than 

Dgb
Cr  74,84,85. Moreover, the ρ values for the 10%, 30%, and 50% CW samples are estimated using an XRD 

method before and after dealloying. 

 JFLiNaK
Cr(III)  was calculated based on method presented in chapter 4 and ref 59,86, which utilizes the Fick’s 

1st law incorporating the diffusivity of Cr(III), DFLiNaK
Cr(III)  , in FLiNaK at 600oC (~10-5 cm2/s 87), and the 

nominal diffusion equation to estimate boundary layer thickness (ie., 𝛿   = √DFLiNaK
Cr(III) t ). Additionally, the 

mass of Cr dissolved (mdissolved
Cr ) can be calculated via the Faraday’s Law of electrolysis (Eq. 17):  

 

mdissolved
Cr   = EW∙Q(t)

F
       (17) 
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Where Q(t) represents the cumulative anodic charge released and EW as the equivalent weight (EW). 

ASTM G102-89 standard guides to obtain a solid solution alloy EW via Eq. 18 88: 
 

EW =  ∑ Wi
nifi

          (18) 

where Wi represents the atomic mass of each element participating, 𝑛𝑖 is the number of electrons transferred 

when the oxidizing half cell reaction occurs a single time , and 𝑓𝑖 is the weight fraction of the ith alloying 

elements. An EW of 52 is used for the Eapplied of 1.75VK+/K (where only Cr(II) and Cr(III) dissolution are 

considered). However the EW is 21.5 at 1.90 VK+/K where Ni(II) dissolution is also considered. The 

mdissolved
Cr  can be represented by both CCr(III) using Eq. 19 and the depth of Cr dealloying perpendicular to 

the plane of the surface (hdissolved) using Eq. 20: 

CCr(III) = EW∙∫ ielectric
anodic  dt

F∙VFLiNaKMCr(III)
       (19)  

 

hdissolved = EW∙∫ ielectric
anodic  dt

F∙dNi20Cr∙p(t)
       (20)  

 

where VFLiNaK is the volume of FLiNaK salts, MCr(III) is the molar mass of Cr(III) (calculated based on the 

molecular species of CrF6
3−  )17, dNi20Cr  is the Ni20Cr density in g/cm3, and p(t) is the time-dependent 

porosity of the dealloyed layer estimated using the area fraction of void space. A p for each Eapplied and CW 

conditions was approximated at 10 ks. The steps for obtaining p are outlined in the supplemental sections 

Table S4. Lastly, the surface diffusion flux of Ni (Jsurf
Ni ) was estimated based on the Ni adatom capillary 

diffusion driven by surface curvature K described by the Gibbs-Thomson effect 89, and is derived to Eq. 21 

by Mullins90,91, Herring92, and validated by Erlebacher and Sieradzki et al.93–95: 
 

Jsurf
Ni = ∇Jcap

Ni = −M∇2(∆μ𝑜 + 𝛾𝛺K) = −𝛾𝛺Dsurf
Ni

𝑘𝐵𝑇
 ∇2K     (21) 

where M and Dsurf
Ni  represent the mobility and surface diffusivity of Ni, Csurf

Ni  as the surface concentration 

of Ni in mol/cm2, 𝑘𝐵is the Boltzman constant of 1.38·10−23J/K, 𝛺 is the atomic volume in cm3/mol, 𝛾 is the 

surface energy in J/cm2, ∇K is the curvature gradient in 1/cm2. A range of reported Dsurf
Ni  in literature was 

stated in Table S5, averaging an Ni adatom diffusivity of 10-9 cm2/s at 600 oC. Supplemental section outlines 

the detailed steps to simplify Eq. 21, leading to the derivation of Eq. 22 estimating an averaged Jsurf
Ni  using 

ligament width, 𝜆𝑙𝑖𝑔
 (𝑡): 

 

                      J�̅�𝑢𝑟𝑓
𝑁𝑖 = 𝛾𝛺Dsurf

Ni

𝑘𝐵𝑇 
( 16𝜋4𝐴𝑜

 

1
𝑡 ∫ 𝜆𝑙𝑖𝑔.

4 (𝑡)𝑑𝑡𝑡
0

)       (22) 
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where Ao is the initial amplitude assumed to be 10nm and 𝜆𝑙𝑖𝑔.

 (𝑡) was estimated from experimental results. 

It is noted that Ni adatom diffusion at the early stage of dealloying drives surface coalescence and porosity 

formation, which is related the Cahn-Hilliard (CH) effect 18,94, dominating Jsurf
Ni . However, capturing this 

diffusion rate requires solving ∆μch  coupled with specific assumptions about the initial geometric and 

compositional distribution of surface Ni93. These complexities are beyond the scope of the current study. 

 

Results  

Microstructural Characterization of As-Cold Worked Ni20Cr Alloys 
EBSD analyses for the as cold-rolled 0% (Figure 1a), 10% (Figure 1b), 30% (Figure 1c), and 50% 

(Figure 1d) CW sample conditions prior to the corrosion experiment are summarized in Figure 1. The scan 

was also performed at low magnification over the entire sample surface and is further illustrated in Figure 

S7. The inverse pole figure (IPF), geometrically necessary dislocation (GND) density, and local average 

misorientation (LAM) maps were provided for each condition. GND maps were used to highlight the 

overall lattice curvature across a larger length scale and indicate regions of higher dislocation density and ` 

(i.e. prior GBs, microbands (MBs), etc.). Similarily, the LAM maps were used to indicate regions where 

local lattice distortions, such (i.e. DDWs and subgrain boundaries) and to highlight the local lattice 

distortions over a shorter length scale. XRD was also performed as shown in Figure S1, revealing that cold-

rolling induced a (220) and (220) texture on all samples.   

The 0% CW (Figure 1a) sample contained an equiaxed grain structure. The GND density map indicated 

that the dislocation density is low in grain interiors with a sharp transition to high density at grain boundaries. 

The 10% CW (Figure 1b) sample displayed large grains with increased texture where the in-grain 

orientation gradient within the grain, indicating the accumulation of GND throughout the grain interior, 

connected to increased slip activity. 46 The misorientation in the grain interiors at low % CW condition 

indicated dense dislocation walls (DDWs) and the onset of low angle (< 5º) grain boundaries (LAGB) 

within the grain. These slip traces appeared to terminate at higher angle (> 15º) GBs. The 30% CW sample 

(Figure 1b) contains grains that exhibited a strong texture with elongated grains oriented in the cold rolling 

direction. Much of the same type of dislocation networks (as observed in the 10% CW sample) were visible 

within the grain interior. The severe work hardening conditions correspond to an increase in dislocation 

density within the grains and at sub-GBs as shown in the GND map (Figure 1b, Figure 1c). At 30% CW, 

sub µm-sized networks of dislocation cell blocks (CBs), possibly formed by tangled dislocations, 47,48, were 

observed.  At 50% CW, dislocation CBs were arranged into a microband (MB) typically following pre-

existing GB pathways and were common features in FCC materials undergoing moderate to severe plastic46. 

Upon closer inspection of the 50% CW sample (highest plastic deformation), the size of the MBs has 
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increased, and was not restricted to GBs but rather also forms in the grain interiors. The MB interior 

exhibited a dense µm-sized recrystallized grain structure containing high angle GBs (> 10o) and CBs with 

a low misorientation (1–5o). There was a high fraction of LABGs within the dislocation CB structure. 

Moreover, there is a sparse distribution of twin boundaries (60o) within the highly deformed microstructure. 

All these observartions align with previous findings for cold-rolled Ni20Cr (wt.%) alloy. 47,48 

 

 
Figure 1. EBSD analysis on as cold-rolled Ni20Cr (wt.%) at (a) 0%CW, (b) 10% CW, (c) 30% 
CW, and (d) 50% CW conditions before molten salt dealloying. (left) Inverse pole figure (IPF) 
maps, (middle) geometrically necessary dislocation density (GND) maps with the maximum 
misorientation angle between neighboring pixels was set to 60 degrees, (right) local average 
misorientation (LAM) map angle was set to 0–5 degrees. 
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These results presented here are consistent with prior knowledge that plastic deformation leads to 

the initation of dislocation slip to form sub-grains within the grain interiors and CBs at pre-existing GBs. 

Upon further plastic deformation, MBs emerged at prior GBs and expanded to full pathways within grain 

interiors. These dislocation substructures are postulated in this study as the predominant short-circuit 

diffusion pathway within the bulk alloy, especially when rapid thermally activated processes such as 

corrosion dealloying are involved 57. Connections between these deformation pathways containing high-

density dislocations and corrosion de-alloying are discussed in later sections of this study. 
 

Effect of Cold Work on Dealloying at +1.75 VK+/K  

Morphological Evolution vs. Degree of Cold Work at +1.75 VK+/K 

Figure 2 displays the plan view of Ni20Cr (wt.%) dealloyed at +1.75 VK+/K in FLiNaK, 600 oC for 10 

ks as a function of CW at 2,500× magnification (Figure 2a - d) and 10,000× magnification  (Figure 2e - 

h). At this condition, only Cr was dealloyed irrespective of the CW levels 16,96, which was also verified by 

in-operando CV measurements as shown in Figure S2 where only Cr(III)/Cr(II) peaks were detected. At 

the baseline (w/o CW) condition, dealloying produced a bicontinuous porosity with a “fissure-like” 

ligament width (λligament) of 0.55±0.05 µm 66. Such morphology was modified in the presence of CW. Figure 

2b and Figure 2f show the distinct formation of an interconnected pores-ligament structure with a λligament  

of 0.63±0.15 µm, and residual salts were found to trap within the pores (notably in Figure S12). The 

ligaments at 30% CW appeared to coarsen to 1.03±0.35 µm (Table 2), while reaching 1.13±0.45 µm at 50% 

CW. It is noteworthy that intragranular dealloying does not occur evenly across all surfaces on the 10% CW 

and 30% CW samples. Moreover, the pore geometry also differed across CW levels as those on the 50% 

CW display elongated, stratified pores and ligaments compared to those of other conditions.   

 

Table 2. Plan view measurements of pore width (lpore ) and ligament (λligament), and cross-sectional 
measurements of dealloying depth (hdissolved) for CW and dealloyed Ni20Cr (wt.%)  

%CW 
+1.75 VK+/K +1.90 VK+/K 

lpore  (µm) λligament(µm) hdissolved(µm)* lpore (µm) λligament(µm) hdissolved(µm)* 

0% CW 0.46±0.15 0.55±0.06 1.60±0.25 0.65±0.20 1.08±0.20 8.47±2.36 
10% CW 0.46±0.06 0.63±0.15 2.71±0.61 1.09±0.29 1.04±0.21 12.0±3.04 
30% CW 0.67±0.18 1.03±0.35 13.2±1.95 1.66±0.61 1.69±0.39 28.0±4.97 
50% CW 0.65±0.07 1.13±0.45 9.29±1.16 0.23±0.22 2.47±0.30 30.2±3.90 

  
*It is noted that the hdissolved here represents the depth of Cr depletion measured in Fig. 3 and Fig. 6 
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Figure 2. Plan view backscattered scanning electron (BSE) micrographs of Ni20Cr alloys 
subjected to an Eapplied at +1.90 VK/K+ for 10 ks in molten FLiNaK at 600 °C. Panels (a) through 
(d) depict the samples after 0%, 10%, 30%, and 50% CW, respectively, all captured at 2,500× 
magnification. Panels (e) through (h) present the corresponding micrographs at 
10,000×magnification.  

 

Figure 3 shows the corresponding cross-section with the EDS maps of Cr, Ni, K, and F elements shown 

in Figure S11 to Figure S14. Without CW, a hdissolved of 1.60±0.25 µm exhibits a 'fissure-like' morphology 

as shown in Figure 3a. This morphology shows a gradual decrease in Cr through the EDS line profile, 

retaining approximately 4 wt.% of Cr in the dealloyed layer. It is possible that Cr is retained in the inner 

core of the ligament surrounded by Ni as a shell. 97,98 As shown in Figure 3b, the 10% CW sample exhibited 

a hdissolve of 2.71±0.61 µm and a coarser pore-ligament feature, while retaining similar morphological 

features as the 0% CW sample. For the 30% CW sample, the hdissolved increased ~4 fold to 13.2±1.95 µm 

(Figure 3c). In contrast to the 10% CW condition, this sample exhibited a finer porosities and ligament 

width throughout the dealloyed layer.  The EDS line scan revealed a gradual reduction of Cr to ~1.8 wt.% 

near the outer layer, with numerous spikes of Cr concentration suggesting that the Cr-F salt accumulated at 

the pores. Lastly, the 50% CW sample exhibited a slightly lower hdissolved of 9.29±1.16 µm and demonstrated 

different morphological features (Figure 3d). The outer layer displayed coarsened and stratified pore-

ligament structures that were entirely depleted of Cr, while the inner layer contained fine, sponge-like, 

bicontinuous porosity with ~1.2 wt.% of Cr remaining.  
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Figure 3. BSE micrographs displaying cross sectional view of Ni20Cr alloys subjected to (a) 
0% CW, (b) 10% CW, (c) 30% CW, and (d) 50% CW dealloyed at +1.75 VK/K+ for 10 ks in 
molten FLiNaK at 600 °C. The insets display regions analyzed with EDS line scan 

 
 

Electrochemistry of Dealloying: Potential hold at +1.75 VK+/K 

Figure 4 displays the ielectric vs. t curve under the Eapplied of +1.75 VK+/K for (a) 10% CW, (b) 30% CW, 

and (c) 50% CW Ni20Cr alloys in molten FLiNaK, 600oC. At this potential, Cr dissolution dominates and 

Ni dissolution is negligible (validated in Figure S2) 58,99. Three features are observed: (1) there is  a modest 

effect of CW on ielectric; (2) a time dependent drop in ielectric; (3) and later rapid fluctuations in ielectric. In 

Figure 4a, the ielectric of the 10% CW sample gradually dropped an order of magnitude over the first 1 ks. 

Between 1 ks and 10 ks,  ielectric fluctuated between 10-3 and 10-7 A/cm2. This variation can be attributed 

to two effects. The first effect is the rise of open-circuit potential (Eoc) as it approaches Eapplied and the second 

effect is the depletion of Cr near the dealloyed zone-electrolyte interface. Eoc rises as the half-cell redox 

potential of cathodic reactions increases. In this case, as Cr dealloys, Cr(II) and Cr(III) ions are released, 

raising the surface concentration and thereby increasing the Cr(III)/Cr(II) redox potential 60. This in turn 

affects the corrosion potential (Ecorr) and thus Eoc. When Eapplied ~ Eoc, the net ielectric (= ianodic – icathodic) 

approached zero. Compared to the 10% CW sample, the 30% CW sample (Figure 4b) displays a very 

similar ielectric-t relationship. The 50% CW sample exhibited a greater amount of ielectric-t variation. Between 

~30 and ~300 s, the ielectric dropped two orders of magnitude then fluctuated near 10-3 A/cm2 after 500 s. 
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The non-linear ielectric-t behavior implies a disturbance to the charge-transfer (CT) controlled Cr dissolution 

process. All three ielectric-t curves are similar in magnitude (Figure S5) with slight increase in initial ielectric 

with CW and are consistent with their E-log(i) behavior (Figure S5a). Linear behavior between ielectric and 

t in log-log scale with a slope close to zero confirms that the Cr dealloying process is CT controlled. 

 
Figure 4. The relationship between current density (ielectric) and time (t) during potentiostatic 
dealloying of (a) 10%CW, (b) 30%CW, and (c) 50%CW Ni20Cr (wt.%) alloys in molten 
FLiNaK at 600 oC under the Eapplied of 1.75VK+/K, 10ks. Corresponding plots of calculated 
dealloyed thickness (hdissolved) with best linear fits are shown in (d), (e), and (f).  

 

Using Eq. (20), the hdissolved
   was calculated versus time and displayed as lot-lot plots shown in 

Figure 4e (10% CW), Figure 4e (30% CW), and Figure 4f (50% CW). At +1.75 VK+/K, Ni is negligible 

and thus the ligament formed remained Ni rich. 58,99. The hdissolved calculated for the 10%CW, 30%CW, and 

50%CW samples are 2.12 µm, 9.85 µm, and 9.84 µm, respectively, matching closely with the dealloyed 

depth measured in Figure 3. Slightly declining slopes yield the velocities of the dealloying front (vCr
dealloy) 

of 2.2·10-4 µm/s, 1.1·10-3 µm/s, and 9.9·10-4 µm/s for the 10% CW, 30% CW, and 50% CW samples, 

respectively. It is important to emphasize that the porosity factor, p(t), must be considered when using Eq. 

(20). Figure S15 shows the hdissolved vs. t curves, one calibrated with the porosity factor (solid lines) and one 

assuming only uniform dissolution (short dashed lines). The uncalibrated curves show about an order of 

magnitude underestimation of hdissolved.  
 

Cold Work Effect on Dealloying at +1.90 VK+/K  

Morphological Evolution vs. Degree of Cold Work at +1.90 VK+/K 
Figure 5 shows the plan view of Ni20Cr dealloyed at +1.90 VK+/K in molten FLiNaK at 600 oC, which 

was the potential in which both Cr and Ni were both thermodynamically eligible to electro-dissolve to 
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Cr(III) and Ni(II), respectively (validated in Figure S2), with Ni dissolution occurring at a significantly 

slower rate than Cr66. Compared to the Eapplied at +1.75 VK+/K, the bicontinuous porous structure at +1.90 

VK+/K underwent further coarsening with Eapplied 66.  

 
Figure 5. Plan view BSE micrographs of Ni20Cr alloys subjected to an Eapplied at +1.75 VK/K+ 

for 10 ks in molten FLiNaK at 600 °C. Panels (a) through (d) depict the samples after 0%, 10%, 
30%, and 50% CW, respectively, all captured at 2,500× magnification. Panels (e) through (h) 
present the corresponding micrographs at 10,000×magnification 
 

Introducing 10% CW resulted in a slight reduction in the λligament and produced a similar, uniform porous 

morphology across the exposed intragranular surface as seen in Figure 5b and 5f. As the degree of CW 

increased, the ligaments coarsen from 1.04±0.21 µm (10%CW) to 1.69±0.39 µm (30%CW) to 2.47±0.3 

µm (50% CW). The ligament is Ni rich even though some Ni dissolved at 1.90 VK+/K. The plan view 

ligament morphology also differed among the different %CW. The 30% CW sample exhibited more distinct 

dissolution at the GBs (Figure 5c).  At higher magnification, Figure 5g revealed a relatively faceted, porous 

surface, similar to findings in 34 on the same material dealloyed in LiCl-KCl-MgCl2 salts at 700°C. Lastly, 

Figure 5d shows that the 50% CW sample exhibited a non-uniform, porous surface. Some regions were 

severely coarsened as displayed in Figure 5h.  

Figure 6 shows the corresponding cross-section views. In Figure 6a, the 0% CW sample exhibited a 

8.47±2.36 µm deep dealloyed layer comprised entirely of high purity Ni. It can inferred that the interface 

between the Ni-rich layer/ligaments and the bulk alloy substrate is semicoherent with poor adhesion.  
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Figure 6. BSE micrographs displaying cross sectional view of Ni20Cr alloys subjected to (a) 0% 
CW, (b) 10% CW, (c) 30% CW, and (d) 50% CW dealloyed at +1.90 VK/K+ for 10 ks in molten 
FLiNaK at 600 °C. The insets display regions analyzed with EDS line scan 

 
The red arrow in Figure 6a shows a microporous region which possibly indicated the onset of 

bicontinuous dealloying. At 10%CW, multiple microporous regions appeared beneath the Ni-rich top 

coarsened layer, achieving a dealloyed thickness of 12±3.04 µm, while retaining about 5 wt% Cr, as 

confirmed by the EDS line scan shown in Figure 6b. The corresponding EDS maps are shown in Figure 

S16 through Figure S19. As shown in Figure 6c, the 30% CW sample exhibited a dealloyed layer 28±4.97 

µm thick almost entirely depleted in Cr, characterized by pores and ligaments that were uniformly sized 

and spaced within the top ~20 µm. Deeper within the layer, the pores appeared interconnected, wider, and 

extended laterally. Adjacent to the alloy substrate, the dealloyed region appeared coarser, in contrast to the 

fine microporous regions observed in Figure 6b, retaining roughly 2 wt.% of Cr. Moreover, non-uniform 

corrosion dealloying was observed in some instances that petrates much farther into the sample than the 

surface-level pore-ligament structure. One particular example of this non-uniform dealloying behavior is 

provided in the Supplemental Section A Figure S20 where dealloying along GBs converges at a triple point 

~100 µm from the salt-facing sample surface. This non-uniform dealloyed zone at GBs is also connected 

to recrystallized sub-grain structure observed at the triple point and is a current focus of a follow-on study. 

For the 50% CW sample, the dealloyed layer remained near 30±3.90 µm thick yet the dealloyed 

morphology showed sharp contrast relative to the other samples. Along the top ~20 µm, the ligaments were 
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coarsened, stratified, and completely depleted of Cr while extending laterally. In contrast, at the 20 µm 

depth, the structure exhibited bicontinuous porosity exhibiting ligaments that were sub-µm in width. Some 

Cr possibly remained in these ligaments, as suggested by the spike observed in the Cr EDS profile in Figure 

7d. However, quantifying this was challenging due to the small size of the ligaments. Nevertheless, 

dealloying the different %CW samples at +1.75 VK+/K (Figure 3d) and +1.90 VK+/K (Figure 7d) resulted in 

a similar dealloying morphology, with the higher Eapplied produced a more coarsend and deeper bicontinuous 

porous structure after 10 ks tests. Moreover, based on a reasonable assumption that Ni dissolves at a constant 

rate, i.e. under CT controlled, the depth of Ni thickness dissolved versus time was calculated using Eq. (22), 

applying the ielectric of pure Ni at 1.19·10-4 A/cm2 (Table 3). The results are shown as dashed lines in Figure 

7d through Figure 7f. Here, the dissolution velocity (vNi
diss) of Ni is also 4.06·10-5 µm/s, which is two orders 

of magnitude lower than the vCr
dealloy for Cr dealloying. Thus a dealloyed layer develops proportional to the 

difference between vCr
dealloy and  vNi

dis. 

 

 
Figure 7. The relationship between current density (ielectric) and time (t) during potentiostatic 
dealloying of (a) 10%CW, (b) 30%CW, and (c) 50%CW Ni20Cr (wt.%) alloys in molten FLiNaK at 
600oC under the Eapplied of 1.90VK+/K, 10ks. Corresponding plots of calculated dealloyed thickness 
(hdissolved) with best linear fits are shown in (d), (e), and (f). 
 
 

Electrochemistry of Corrosion Dealloying: Potentiostatic at +1.90 VK+/K 

At +1.90 VK+/K, both Cr and Ni are favorable to dissolve 66. To quantify the effect of Ni dissolution, the 

ielectric of pure Ni, pure Cr, Ni20Cr with 0–50% CW samples are presented in Table 3. At +1.90 VK+/K, the 

ielectric of pure Ni is lower than those of the Ni20Cr alloys by an order of magnitude, regardless of their 
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degree of CW. While the contribution of Ni dissolution to ielectric is not substantial enough to alter the overall 

order of magnitude, it warrants recognition due to its measurable contribution and effect of morphology.  

Figures 7a to 7c display the ielectric vs. t behavior under the Eapplied of +1.90 VK+/K for 10%, 30%, and 

50% CW Ni20Cr alloys in molten FLiNaK, 600oC. All three CW conditions show a nearly constant ielectric 

with time over the 10ks pstat hold, except for the 50% CW after 1ks in which a gradual drop in ielectric is 

observed. Increasing %CW also slightly increases ielectric in the same order (Figure S5c). Using Eq. (20), 

the corresponding hdissolved  was calculated versus time as shown in Figure 7d, 7e, and 7f. The hdissolved at 10 

ks was calculated to be 13.1 µm for 10% CW, 38.3 µm for 30% CW, and 31.5 µm for 50% CW samples, 

overestimating their Cr depletion profiles measured in Fig 6 on the order of 10%, that is attributed to the 

effect of Ni dissolution. For both the 10% and 30% CW samples, the logarithmic slopes of hdissolved vs. t are 

close to unity, suggesting that their dealloying process is CT controlled as this implies that ielectric is constant 

with time. The vCr
dealloy for all three CW samples is on the order of 10-3 µm/s with a 2 fold increase from 

10% to 30% CW then slightly reduced at 50% CW. However, for the 50% CW sample, a logarithmic slope 

of 0.5 was measured after ~1ks of dealloying, suggesting that the subsequent dealloying may become MT 

or bulk diffusion controlled, reducing vCr
dealloy by a factor of 2. 

 

Table 3. Comparison of ielectric measured on pure Ni, pure Cr, and Ni20Cr alloys between 0 and 
50% CW at 1.90VK+/K in molten FLiNaK, 600oC 

 
 

Dealloying at +1.90 VK+/K on Morphology and Composition over time  

Despite the 30% CW and 50% CW samples display a similar dealloying thickness, they exhibit a very 

different dealloying morphology at both Eapplied. This necessitated further study into the morphological 

evolution of this sample as a function of time. Figure8 shows the surface and cross-sectional morphologies 

of 50% CW Ni20Cr (wt.%) dealloyed at +1.90 VK+/K between 0.5 ks and 10 ks coupled with qualitative 

EDS analysis. The cross-sections were also subjected to EBSD analysis (Figure9) to track changes in near-

surface crystallographic orientation during dealloying. At all dealloying times, the plan view surface 

displayed μm-sized pores and ligaments as tabulated in Table 4. The ligament width coarsened at a rate of 

0.43±0.12, suggesting ligament coarsening is possibly controlled by surface diffusion 100–103.   
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Table 4. Time-dependent changes in lpore, λligament, and hdealloyed of 50% CW Ni20Cr alloy dealloyed 
in FLiNaK, 600 oC at +1.90 VK+/K 

Time (ks) lpore (µm) λligament (µm) hdealloyed (µm) 

0.5 0.39±0.08 0.66±0.05 3.77±0.48 
1.0 0.39±0.19 0.67±0.27 5.99±0.85 
5.0 0.49±0.12 1.19±0.09 25.3±4.84 
10 0.23±0.23 2.47±0.30 30.2±3.90 

Slope - 0.43±0.12 - 
 

Conversely, the cross-sections display markedly evolving dealloying morphologies over time. After 0.5 

ks, a 3.77±0.48 µm Ni-rich, salt-infiltrated, micro-porous layer (Figure 8e) can be observed. These 

dealloying features are exacerbated at 1 ks showing a 5.99±0.85 µm layer that is even at the top, yet consists 

of salt-infiltrated regions and dissolved fine ligaments deeper into the sample. The grain orientation of this 

micro-porous layer is displayed by the IPF maps acquired by EBSD at 0.5 ks (Figure 9a) and 1 ks (Figure 

9c). Both of these sample conditions exhibit sub-micrometer sized facets that constitute different 

orientations from their parent grains. Moreover, these recrystallized regions also contain a high density of 

GNDs, indicating relatively high strain localization. As hypothesized in our earlier work [15], there are 

multiple sources of strains during Cr dealloying. This includes strain created due to a difference in lattice 

parameter between Ni and Ni20Cr alloy, shear strain exerted by the growthing thickness of pure Ni, the 

presence of a core-shell structure which creates another semicoherent interface, and the presence of non-

equilibrium defects including vacacnies and dislocations [15]. These phenmona contribute to the formation 

of dislocations, which will reorganize themselves into grain boudnaries or other low energy substructures. 

Additionally, grain boundaries may also be created by Ni surface diffusion and reorganization, yet it is 

unclear whether this formation mechanism will result in a high angle grian boudnaries seen in Figure 9. 

This phenoonon of new GB formation in dealloyed layer will be investigated in our future work.  

At 5 ks, a gradient dealloying morphology emerged with the top ~5 µm layer exhibiting fine ligament-

pore features followed by ~7 µm of coarse middle layer and ~10 µm of salt-infiltrated inner layer. Within 

the grain interior, grains sized between 5 and 10 µm could nucleate from the recrystallization of severely 

plastically deformed grains to relieve the high dislocation density, seen at both 5ks and 10ks. It is noted that 

all three %CW samples display grains possibly nucleated from recrystallization were exposed to Ar gas at 

600 oC for 10 ks instead, with the largest reduction seen for the 50% CW sample (Figure S8-S10). At 10 

ks of dealloying, Ni pore-ligament networks stratified, only leaving behind a fine porous region in the inner 

layer. The dense and highly curved nature of the porous ligament structures present in the dealloyed layer 

made it difficult to obtain clear Kikuchi diffraction patterns at each scan position for uniform EBSD 

mapping, however the sub-grain structure identified initially via channeling contrast is consistent with the 

sharp changes in orientation and higher angle GBs in the EBSD-IPF maps (Figures 9e and 9f). 
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Figure 8. Cross sectional morphology of 50% CW Ni20Cr subjected to an Eapplied at +1.90  in 
molten FLiNaK salts, 600 oC for (a,e) 0.5 ks, (b,d) 1 ks, (c,g) 5 ks, and (d,h) 10 ks. Panels (e-h) 
show overlaid EDS elemental maps with Ni in red, Cr in green, F in blue, and K in purple, 
corresponding to panels (a-d), respectively. Panels (e-h) also a semi-transparent grey arrow 
representing the region analyzed with compositional line profile (wt.%)         
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Figure 9. EBSD analysis on 50% CW Ni20Cr sample potentiostatically polarized in molten 
FLiNaK salts, 600 oC at +1.90 VK+/K for (a,b) 0.5 ks, (c,d) 1 ks, and (e,f) 5 ks, (g,h) 10 ks. (left) 
IPF maps and (right) GND maps 

 

Discussion 

Results indicate that the dealloying morphology of Ni20Cr in molten FLiNaK is strongly influenced by 

the degree of CW, Eapplied and time. In other words, bulk diffusion is central to the mechanism of molten salt 

dealloying. Fundamentally, the evolution of bicontinuous porosity at high TH is governed by various 

competing mass transport processes that regulate Cr electro-dissolution and thus morphological evolution. 

As simplified in Figure 10, during Cr dealloying, an electrochemical driving force for Cr/Cr(II)/Cr(III) 

oxidation, Jelectric
Cr  (gray solid lines), is present due to an Eapplied (or in practical cases by a chemical oxidizer), 

leading to a Cr dealloying front highlighted as vdealloy
Cr  (red dashed lines). Jelectric

Cr  may be predicted by the 

Butler-Volmer equation 104. Depending on the Eapplied, Ni dissolution may occur (Jdiss
Ni ), causing a velocity 

of Ni dissolution (vdiss
Ni ). When Eapplied is sufficiently high, such as when vdiss

Ni  equals or larger than vdealloy
Cr , 

the plan-view corrosion morphology will manifest as unform corrosion without dealoying characterized by 

granular facets. This was demonstrated in our prior work at the Eapplied of +2.50VK+/K for the same test 

conditions 57. The Cr electro-dissolution occurring at a high enough Jelectric
Cr  creates a concentration gradient 

in the solid, thereby driving the bulk outward diffusion of Cr (Jbulk
Cr ), which is a dissolution flux that is 

primarily controlled by microstructural features. CW introduces a high degree of lattice strain and 

dislocation substructures within the grain interior as well as likely entanglements at the prior GBs, providing 
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more rapid diffusion pathways for Cr bulk diffusion. However, the effect of CW may also be constrained 

by alloy grain size (L). Figure 11 displays the relationship between L and Deff
Cr  analogous to the diffusion 

mechanism maps developed by Chen and Schuh et al.74. The curves are constructed w/ and w/o considering 

the effect of CW and overlayed with a range of Dsurf
Ni   values at 600 oC based on Table S6. A notable 

observation is that when L > 1µm, Deff
Cr  begins to be dominated by intragrandular features, notably volume 

and dislocation diffusions. In contrast, when L < 1µm, the effect of Ddis
Cr  is negliable as two curves overlap, 

suggesting that diffusion is primarily dominated by intergranular features (e.g. GBs, TPs). A similar Deff
Cr 

  

does not equate to an identical corrosion mechanism; however, this may change the relative severity of 

intergrandular corrosion and intragrandular bicontinuous dealloying. This analysis implies that when 

micrometer-sized recrystallized grains form, the influence of dislocation density on Cr bulk diffusion—and 

consequently on the conditions for MT controlled dealloying – may be reduced compared to samples with 

larger grains.  Dsurf
Ni  remain high all most practical grain sizes (0.1–100 µm).  

 
Figure 10. (a) displays a simplified diagram illustrating the presence of diffusion fluxes through 
the bulk alloy, dealloyed layer and the bulk molten salt; (b) shows a schematic highlighting the 
role of various microstructural features, including grain boundaries, dislocation substructures 
due to CW, lattice, recrystallized grains, critical to the molten salt dealloying process. 
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Over time, the Jbulk
Cr  can reduce as the Cr depletion profile widens and the surface is completely depleted 

of Cr, ultimately leading to bulk diffusion limiting the rate of the Cr dealloying (termed Jdiss
Cr  in Eq. 23). 

 

  
1

𝐽𝑑𝑖𝑠𝑠
𝐶𝑟 = 1

𝐽𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
𝐶𝑟 + 1

𝐽𝑏𝑢𝑙𝑘
𝐶𝑟         (23) 

 

 

 This is the case without CW57. It is noted that Jelectric
Cr  and Jbulk

Cr  are processes which occur in series 

because an insufficient Jbulk
Cr  can cause Jelectric

Cr  to decrease over time. Additionally, the Cr dissolution drives 

Ni adatoms diffusion to passivate those sites in principle based on the Cahn–Hilliard effect18,94. At a later 

stage, as Ni ligaments coarsen due to the Gibbs-Thomson effect 89. Subsequently, Ni surface diffusion (Jsurf
Ni ) 

competes with Cr dissolution at uncovered sites.  Lastly, as Cr(III) and Ni(II) products will diffuse from the 

metal surface to the bulk salts at a rate of JFLiNaK
Cr(III)/ Ni(II). 

This mechanistic description provides a basis to answer two key questions critical to molten salt 

dealloying: (1) Is Cr bulk diffusion sufficiently rapid to support Cr oxidation once it arrives at the alloy 

surface? (2) Can the rds be modified by CW? Figure 12 compares the calculated JBulk
Cr , Jelectric

Cr , JFLiNaK
Cr(III)  , 

and JSurf
Ni  versus time for all the CW conditions at the Eapplied of +1.75VK+/K (Figures 12a-c) and +1.90VK+/K 

(Figures 12b-d). The Deff
Cr  values used to calculate JBulk

Cr  are listed in Table 5 based on Eq. 8. The JS̅urf
Ni  was 

estimated using Eq. 22 with an Ni adatom surface diffusivity of 10-9 cm2/s (See Table S6)1 and the linear 

intrapolation between 𝜆𝑙𝑖𝑔
  and time in Table 4. 

To simplify the complexity presented in Figure 12, a key observation to note is that across all %CW 

and Eapplied, JFLiNaK
Cr(III)   and then J̅Surf

Ni   are the fastest diffusion fluxes, suggesting they are likely not rate-

controlling. The attention is thus drawn to the comparison between between JBulk
Cr (w/CW)  and Jelectric

Cr  . 

Here, recall that Jelectric
Cr is measured and other fluxes are estimates.At +1.75VK+/K, if no dislocations are is 

considered, JBulk
Cr  w/o CW (yellow dashed lines) may fall below Jelectric

Cr  and may be rate-limiting. This has 

been observed in our prior work 57.  When CW is considered, JBulk
Cr (w/CW) exceeds Jelectric

Cr  at all %CW 

levels, confirming the dealloying is interfacial CT controlled as demonstrated in Figure 4. It is noted that 

Cr dealloying can proceed no faster than Jelectric
Cr  regardless of the JBulk

Cr values under CT controlled regime.  

 
 

  

 
1 It is challenging to calculate Jsurf

Ni  owing to its dependence on the surface curvature, salt/alloy surface 
energy, and surface diffusivities (Ddiff

Ni ), which is also a function of crystallographic orientation89. Our future 
work seeks to provide a more accurate representation of Jsurface

Ni  values. 
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Table 5. Summary of diffusivities used for the calculation of JBulk
Cr , Jelectric

Cr , JFLiNaK
Cr(III)  , and JSurf

Ni .. 

 

 
Figure 11. Effective diffusion coefficients (Deff

Cr  ) as a function of grain size (L) and grain 
boundary fraction (fgb) calculated using Eq.9 w/ and w/o considering CW effect. Kinetic 
parameters used are D𝑙

 =10−15 cm2/s, D𝑔𝑏
Cr  =10−10 cm2/s, D𝑡𝑗

Cr =10−10 cm2/s, D𝑑𝑖𝑠
Cr =10−8 cm2/s, ρ = 

1011 cm-2, b = 2.51·10-8 cm and δ =5·10-8 cm. Red shaded regions indicate where Deff
Cr   is 

dominated by intergranular diffusion (i.e. GBs, TPs), while purple regions show dominance by 
intragranular diffusion in which the dislocation density manifests. The size of recrystallized 
grains observed and the grain size of the as-homogenized Ni20Cr alloy are also marked by two 
brackets. A range of D𝑠𝑢𝑟𝑓

𝑁𝑖  from literature (Table S6) is highlighted in orange, with an averaged 
value of 10-9 cm2/s shown by a dashed line.  
 



 
 

186 

 

Figure 12. The comparison of JBulk
Cr , Jelectric

Cr , JFLiNaK
Cr(III)  , and JSurf

Ni  during 10,000 s of potentiostatic 
dealloying of Ni20Cr (wt.%) in molten FLiNaK, 600 oC. (a), (b), and (c) correspond to the 10%CW, 
30%CW, and 50%CW conditions under the Eapplied of 1.75VK+/K, respectively. (d), (e), and (f) 
follows the same order of annotation under the Eapplied of 1.90VK+/K. It is noted that JBulk

Cr   was 
calculated with (solid line) and without (dashed line) considering CW effect. For (d), (e), and (f), 
the labeling of Jelectric

Cr,Ni  and JFLiNaK
Cr(III),Ni(II)  are used instead to indicate Ni dissolution.  

 
The JBulk

Cr  value is changing during the dealloying process bounded by the conditions w/ and w/o CW. 

The CW alloys exhibited high dislocation densities, which enhance Deff
Cr  according to Eq. 9; however, some 

of these defects would be thermally annihilated at the TH of 0.52 at 600 oC for 10ks. To clarify this possibility, 

the dislocation densities (𝜌) of post-CW, post-dealloyed samples were analyzed from XRD measurements 

(Figure S20). As shown in Table S7, 𝜌 was reduced by a factor of 2 after the experiments, and did not 

tangibly affect the Deff
Cr  values. This is also confirmed by a series of low magnification EBSD analysis on  
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post-dealloyed Ni20Cr samples, showing that a high density of GND remain in the bulk alloy after 

dealloying (FigureS22). 

At +1.90VK+/K, starting with the 10% CW (Figure 12d) and 30% CW (Figure 12e) samples display a 

similar time-dependent behavior for Jelectric
Cr & Ni  and JBulk

Cr , respectively. The Cr dealloying process for the 10% 

CW samples remains the interfacial CT controlled. For the 30% CW sample, JBulk
Cr  (w/ CW) is comparable 

to Jelectric
Cr & Ni , making it inconclusive whether the dealloying process is controlled by CT or solid state Cr MT 

based on diffusion flux comparisons. However, the analysis presented in Figure 4 suggests it is likely CT-

controlled. For the 50%CW samples, JBulk
Cr   (w/ CW) exceeds Jelectric

Cr & Ni   only in the first ~200s. After this 

period, the JBulk
Cr  (w/ CW) fell slightly below Jelectric

Cr & Ni  indicating that outward diffusion of Cr might not keep 

up with the the rate of Cr oxidation. This analysis suggested that at relative high degree of CW and Eapplied, 

JBulk
Cr   was likely the primary rds. In all CW conditions, the JFLiNaK

Cr(III),Ni(II)   exceeded Jelectric
Cr & Ni   at all times 

indicating no mass transport limitation in the salt to the overall rate.  

As shown in Figure 1 and Figure S1, 10–50% CW introduces ρ ~10¹⁴ m⁻², with similar Deff
Cr  values 

differing by less than a factor of 2 (Table 5). Therefore, it is postulated that the difference in morphological 

features may be attributed to the initial dislocation substructures as illustrated in Figure 10b. The 

geometries of these dislocation substructures represent short-circuit diffusion paths, and thus preferential 

direction of Cr dissolution. Dislocation pile-ups at the surface, GBs, or triple points (TPs) can also 

accelerate Cr dissolution locally. Such behavior has been observed in Figure S20 and will be presented in 

a follow-on work. Moreover, the grain reorientation and fragmentation created by CW also lead to a higher 

number of new grain and/or sub-GBs exposed to the salts, which mean more short-circuit diffusion 

pathways for Cr transport 43,56.   

Diffusion along dislocation cores is thought to be predominately driven by the reduction of lattice strain 

105. Intrinsic dislocation diffusion is regulated by the nucleation and spreading of jogs, or a pipe of atoms 

migrating a few Å away from the core 106,107 at a diffusivity that may reach 10-8 cm2/s 82,83. The Ddis
Cr  

can also vary on the local 𝜌 and dislocation character (e.g., edge vs. screw) 82,108. At high TH, a large 

population of thermal vacancies are expected, and therefore their interaction with dealloying front and 

dislocation cores should also be considered. Particularly, these sites of dislocation entanglement in high 

SFE FCC alloy, such as Lomer-Cottrell locks, are found to exhibit a lower formation energy for vacancies 

and interstitals 109, which aids the vacancy-mediated Cr diffusion process necessary for dealloying.  

This may offer a hypothesis behind the connection between the dislocation substructures and dealloying 

morphologies. For instance, Cr dissolved via the CB substructures (30% CW) is likely to create a mesh-

like interconnected network of salt-penetrating channels. Following this rationale, the minimum width of 

these corrosion channels is determined by the corresponding cellular wall thickness (at the nanometer scale) 
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and possibly the size of the Cr-F ion complexes 110. For the 50% CW sample, Cr dealloying preferentially 

proceed through the localized paths of CBs, MBs and GBs, possibly leading to the stratified morphologies 

observed in Figure 3d and Figure 6d. Dislocation-guided dealloying is expected to be continue until either 

the dislocation substructures are annihilated or a change in the bulk microstructure occurred (e.g. nucleation 

of new grains). A higher Jelectric
Cr  (i.e. higher Eapplied) equating to more dissolved Cr and/or Ni sites. This 

correlates with a greater depth of dissolution, earlier Ni coarsening, and thus sharper dealloyed features. 
 

Conclusion  
In this work, model Ni20Cr (wt%) alloys were cold-rolled to achieve 10%, 30% and 50% CW and then 

dealloyed at the Eapplied of +1.75 VK+/K and +1.90 V K+/K in molten FLiNaK, 600 oC for 10 ks. Under these 

conditions, dealloying occurs via mixed IGC and bicontinuous porosity, yet the varying degree of CW leads 

to different morphologies. The morphological evolution is a result of competing diffusion fluxes occurring 

simultaneously in the solid state, metal/salt interface, and ionic phase media, encompassing JBulk
Cr , Jelectric

Cr , 

Jsurface
Ni  , and JFLiNaK

Cr(III)  , all influenced to varying degrees changing by Eapplied and CW. Specifically, the 

following conclusions can be drawn:  

• A high density of dislocation and its substructures are introduced as a function of CW, notable 

features are DDW and dislocation pile-up at 10% CW, cellular substructures at 30% CW as well 

as microbands and recrystallization formation at 50% CW. All degrees of CW also introduce 

texturing toward the (220) direction and introduction of subgrain boundaries. 
 

• All degree of CW introduces sufficient dislocation densities that enable Cr outward bulk diffusion 

(JBulk
Cr ) to support Cr dissolution (Jelectric

Cr ) at the two Eapplied studied. Therefore, at +1.75 VK+/K,, the 

Cr dealloying process for the 10%, 30%, and 50% CW samples is rate-limited by the CT, interfacial 

dissolution of Cr to Cr(III). This remains true for the 10% and 30% CW samples at the higher 

Eapplied of +1.90 VK+/K. Only for the 50% CW sample at +1.90 VK+/K, the mechanism of dealloying 

was initially limited by CT (or Jelectric
Cr ) during the first ~1 ks, and then controlled by MT in the 

bulk solid phase (or JBulk
Cr ).  

 

• Each degree of CW produces different dealloying morphology. It is proposed that the 

morphological evolution is dictated by the dislocation substructures relative to their level of CW, 

which facilitate and confine Cr diffusion from high-density dislocation regions, creating non-linear 

corrosion channels for salt penetration that become corrosion sites. Increasing Eapplied coarsens and 

densifies the structure further. 
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• The 50% CW sample exhibited a sharp evolution of dealloying morphology over the 10ks of pstat 

hold. At first 1 ks, sub-µm sized, Ni-rich, high GND density grains form on the top layer that take 

on different crystallographic orientations relative to the parent grains, and are textured in line with 

a (111) direction. After 5 ks, strain-induced recrystallization was observed in the grain interior. The 

dealloying morphology consists of stratified Ni-rich coarsened layers in the top layer and fine 

bicontinuous porosity in the inner layer. 
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Supplemental Tables, Chapter 6 Task 5 
 
Table S1. Weighted fractional elemental composition (in ppm) of LiF, NaF, and KF salts 
according to supplier's certificates of analysis 
Ag Al As B Ba Bi Ca Cd Co Cr W 
0.029
2 

0.058
4 

0.087
6 

0.146 0.146 0.146 0.292 0.292 0.292 0.292 4.3 

Ni Pb Re Sb Si Sn Te Ti Tl V Zr 
3.25 3.25 3.25 3.25 3.26 3.36 3.54 3.54 3.80 4.12 6.32 
Cs Cu Fe Ga Ge In Mg Sr Mo Mn Zn 
0.292 0.292 0.292 0.526 0.584 0.818 0.993 6.757 2.955 1.86 5.00 

 
 

Table S2. The EEC fitting parameters for impedance spectra of 10%, 30% and 50% CW Ni20Cr 
alloy potentiostatically dealloyed in FLiNaK, 600 oC at +1.75 VK+/K and +1.90 VK+/K 

Parameter 
(unit) 

+1.75 VK+/K +1.90 VK+/K 

10% CW 30% CW 50% CW 10% CW 30% CW 50% CW 

CPE1, Q  
(S*sα/cm2) 

2.41×10-3 

±3.99×10-5 
1.69×10-2 

±1.12×10-3 
2.51×10-3 

±3.94×10-4 
1.53 

±6.51 
2.11×10-2 

±9.11×10-4 
7.33×10-2 

±1.95×10-2 

CPE1, α 0.676 
±0.00719 

0.653 
±0.0089 

0.901 
±0.146 

0.572 
±0.14 

0.673 
±0.0094 

0.744 
±0.0141 

R1 (Ω-cm2) 449 
±8.19 

27.6 
±7.63 

5.09 
±6.73 

1.61 
±29.2 

16.1 
±2.07 

8.96 
±4.58 

CPE2, Q  
(S*sα/cm2) 

6.06×10-4 

±1.40×10-4 
7.04×10-2 

±2.57×10-2 
2.14×10-3 

±3.02×10-4 
1.63×10-1 

±2.70×10-2 
1.38×10-1 

±2.80×10-2 
2.77×10-1 

±1.84×10-1 

CPE2, α 1 
±0.049 

1 
±0.184 

0.843 
±0.065 

0.814 
±0.055 

0.898 
±0.00944 

0.945 
±0.364 

R2 (Ω-cm2) 8.572 
±1.26 

31.7 
±15.7 

42.5 
±7.71 

20 
±5.04 

30 
±6.73 

17.38 
±21.82 

Warburg 
Coeff.,σ 

(Ωcm2s-1/2) 
- - - 6.49×10-1 

±1.60×10—1 
4.98×10-1 

±2.58×10—1 
2.52×10-1 

±7.41×10-2 

Rs (Ω-cm2) 0.735±0.019 1.076±0.013 0.736±0.012 1.00±0.199 0.952±0.011 1.13±0.0097 

χ2 1.91×10-2 1.33×10-3 3.44×10-3 5.21×10-4 2.64×10-3 6.55×10-4 
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Table S3. Ionic diffusivity (𝐷𝑂𝑥) of corrosion products calculated from the Warburg diffusion 
coefficient from Table 4 using Eq. 12 

Eapplied 
(vs. K+/K) 

Dox (cm2/s) 

10% CW 30% CW 50% CW 

1.75 - - - 

1.90 3.47×10-6 5.90×10-6 2.30×10-5 

 

Table S5. Results of digital image porosity analysis for Ni20Cr at varying % CW dealloyed in 
molten FLiNaK at 600 oC for 10 ks at the Eapplied of 1.75 and 1.90 VK+/K.The porosity of post-test 
specimen surfaces was estimated using digital image processing techniques applied to the cross-
sectional SEM micrographs. First, the region of interest (ROI), which was the porous, dealloyed 
surface, was manually isolated from the bulk substrate. Open-source image analysis software was 
then used to binarize the remaining alloy and voids within the ROI via a global thresholding 
algorithm. The porosity was calculated as the ratio of the void area to the total image area 
 

Eapplied 
(VK+/K) 

% CW 
 

% Porosity 
 

1.75 0 42.3 
1.75 10 29.9 
1.75 30 15.6 
1.75 50 33.5 
1.90 0 27.9 
1.90 10 23.0 
1.90 30 24.7 
1.90 50 46.6 
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Table S6. Ni adatoms surface diffusivities reported at 600 oC 

Citation 
Mobile 
species 

Atom 
type 

Plane 
species 

Orientation Media Ds (cm2/s) 
Re
f 

G. Ayrault, et al. 1974 Ni Adatom Ni (110) [110] Vacuum 3.75× 10−7 S1 

G. Ayrault, et al. 1974 Ni Adatom Ni (110) [001] Vacuum 2.56 × 10−9 S1 
Blakely and Mykura. 

1961. 
Ni Adatom Ni ~(111) Vacuum 5.95× 10−7 S2 

Blakely and Mykura. 
1961. Ni Adatom Ni ~ (100) Vacuum 

3.63×
10−10 

S2 

Maiya and Blakely. 1967 Ni Adatom Ni (100) [110] Vacuum 3.19× 10−9 S3 

Maiya and Blakely. 1967 Ni Adatom Ni (110) [001] Vacuum 1.17× 10−9 S4 

Maiya and Blakely. 1967 Ni Adatom Ni (110) [110] Vacuum 
5.18×
10−10 

S4 

Latta and Bonzel Ni Adatom Ni (110) [233] Vacuum 1.66× 10−7 S5 

Chan et al. 2024 Ni N/A Ni Polycrystallin
e 

Molten 
FLiNaK 

8.02×
10−10 

S6 

Chan et al. 2024 Ni N/A Ni 
Polycrystallin

e 
Molten 
FLiNaK 

9.93× 10−8 S6 

 
[S1]. G. Ayrault, G. Ehrlich, Surface self‐diffusion on an fcc crystal: An atomic view, The Journal of Chemical 
Physics 60 (1974) 281–294. https://doi.org/10.1063/1.1680781. 
[S2]. J.M. Blakely, Surface physics of materials, Academic Press, New York, 1975.  
[S3]. P.S. Maiya, J.M. Blakely, Surface Self‐Diffusion and Surface Energy of Nickel, Journal of Applied Physics 38 
(1967) 698–704. https://doi.org/10.1063/1.1709399. 
[S4]. H.P. Bonzel, E.E. Latta, Surface self-diffusion on Ni(110): Temperature dependence and directional 
anisotropy, Surface Science. 76 (1978) 275–295. https://doi.org/10.1016/0039-6028(78)90098-5.  
[S5]. E.E. Latta, H.P. Bonzel, Anisotropy of Surface Self-Diffusion on Ni(110), Phys. Rev. Lett. 38 (1977) 839–841. 
https://doi.org/10.1103/PhysRevLett.38.839. 
[S6]. H.L. Chan, E. Romanovskaia, S.H. Mills, M. Hong, V. Romanovski, N. Bieberdorf, C. Peddeti, A.M. Minor, 
P. Hosemann, M. Asta, J.R. Scully, Morphological Evolution and Dealloying During Corrosion of Ni20Cr (wt.%) in 
Molten FLiNaK Salts, J. Electrochem. Soc. 171 (2024) 081501. https://doi.org/10.1149/1945-7111/ad6037. 
 
Table S7. The calculated dislocation densities (𝜌) in the as cold-rolled conditions and after 
potentiostatic dealloying  

%CW 
As cold rolled After dealloying 

(1.75VK+/K for 10ks) 
After dealloying 

(1.90VK+/K for 10ks) 
𝜌 (cm-2) 𝜌 (cm-2) 𝜌 (cm-2) 

10% CW 4.54*1011±2.75*1011 4.20*1011±4.11*1011 4.69*1011±2.19*1011 

30% CW 4.95*1011±2.57*1011 3.79*1011±1.79*1011 3.39*1011±2.22*1011 

50% CW 7.49*1011±5.98*1011 5.64*1011±3.99*1011 3.66*1011±1.47*1011 
 

https://doi.org/10.1063/1.1680781
https://doi.org/10.1063/1.1709399
https://doi.org/10.1016/0039-6028(78)90098-5
https://doi.org/10.1103/PhysRevLett.38.839
https://doi.org/10.1149/1945-7111/ad6037
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Figure S1. (a) displays the X-ray diffraction patterns for both the as-homogenized and the CW 
samples at 10%, 30%, and 50%. (b) shows the calculated dislocation density (ρdislocation) and 
lattice parameter (aNi20Cr) at different cold work levels.  

 

 

 
Figure S2. Cyclic voltammogram of a Pt wire measure at a scan rate of 100 mV/s in FLiNaK 
at 600 oC relative to the K+/K potential. Scans were recorded prior to the dealloying of Ni20Cr 
(grey), and after potentiostatic hold +1.75 VK+/K and (green) +1.90 VK+/K for 10 ks (orange). 
The red and blue boarder insets show the potential window for Cr/Cr(II)/Cr(III) and Ni/(II) 
redox reactions, respectively. (a), (b), and (c) shows the results measured at 10%, 30%, and 
50% CW, respectively 
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Figure S3. (a) and (b,c) display the Nyquist and Bode plots of Ni20Cr (wt.%) dealloyed at 
+1.75VK+/K measured at the 10ks mark. The inset in (d) displays the electrical equivalent 
circuits (EECs) used for fitting analysis 

 
 
 

 
Figure S4. (a) and (b,c) display the Nyquist and Bode plots of Ni20Cr (wt.%) dealloyed at 
+1.90VK+/K measured at the 10ks mark. The inset in (d) displays the electrical equivalent 
circuits (EECs) used for fitting analysis 
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Figure S5. Electrochemical characterization of Ni20Cr in the as-homogenized and 10%, 30%, 
and 50% CW. (a) displays the linear sweep voltammogram (LSV) measured at a scan rate of 1 
mV/s in molten FLiNaK, 600 oC. (b) and (c) display the current-time relationships of the CW 
samples potentiostatically held at +1.75 VK+/K and +1.90 VK+/K for 10 ks, respectively  
 
 
 

 
Figure S6. Analysis of LSV results shown in Fig. S3. As-measured LSV plots (black squares) 
are first IR-corrected (red rhombus). The cathodic Tafel regions are then fitted and plotted as 
icathodic (orange triangle). The anodic current density (ianodic) is then calculated and fitted with a 
linear line representing the anodic Tafel region (solid blue lines). 
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Figure S7. Microstructural characterization of Ni20Cr alloys, subjected to varying degrees of 
cold work. Panels (a), (b), (c), and (d) show the BSE images, maps of GNDs, IPF and its 
corresponding stereographic triangle and for the samples with 10% CW, respectively. Similarly, 
panels (d), (e), (f), (g) as well as panels (i), (j), (k), (l) are organized in the same order for the 
30% and 50% CW samples, respectively.  

 

 
Figure S8. Optical micrographs of (a) 10% CW and (b) 30% CW Ni20Cr samples. The same 
samples subjected to electrolytic etching in 1M H2SO4 at +6 V for ~15 s as displayed in (c) 
and (d), respectively. 
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Figure S9. Optical micrographs of (a) 50% CW Ni20Cr sample. (b), (c), (d), and (e) show the 
electrolytically etched surface (1M H2SO4 at +6 V for ~15 s) of a 50% CW sample annealed in 
Ar gas at 600 oC for 0.5 ks, 1 ks, 5 ks, and 10 ks, respectively. 

 

 
Figure S10. Bar chart comparing the average grain interior area of as-homogenized, 10%, 
30%, and 50% CW samples annealed in Ar gas, 600 oC for various duration 
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Figure S11. Morphological and compositional analysis of the as-homogenized Ni20Cr  alloy 
subjected to a potentiostatic hold at +1.75 VK+/K for 10 ks: (a) reveals the dealloyed porous 
surface; (b) shows the corresponding elemental distribution highlighting the predominance of 
Ni (red) over Cr (green); (c) provides a cross-sectional view; while (d) and (e) present the Ni 
and Cr elemental maps, respectively. The white semi-transparent rectangle in (c) indicates the 
region subjected to EDS line scan, the results of which are depicted in (f). Figures S12 
through 19 share this caption format, with additional variations specified for each figure.  
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Figure S12. 10% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.75 VK+/K for 10 
ks in molten FLiNaK at 600 oC (See Figure 4 for full captions) 

 

 
Figure S13. 30% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.75 VK+/K for 10 
ks in molten FLiNaK at 600 oC (See Figure 4 for full captions) 
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Figure S14. 50% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.90 VK+/K for 10 
ks in molten FLiNaK at 600 oC (See Figure 4 for full captions) 
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Figure S15. Calculated hdissolved during 10,000s of potentiostatic dealloying of Ni20Cr (wt.%) 
in molten FLiNaK, 600oC. (a), (b), and (c) correspond to the 10%CW, 30%CW, and 50%CW 
conditions under the Eapplied of 1.75VK+/K, respectively. (d), (e), and (f) follows the same order 
of annotation under the Eapplied of 1.90VK+/K. The dashed lines show the uncorrected, as-
calculated hdissolved using Eq. 22, and the solid line shows the curved corrected with the 
porosity factor and cathodic current density (icathodic) contribution.  
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Figure S16. 0% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.9 VK+/K for 10 ks 
in molten FLiNaK at 600 oC (See Figure 4 for full captions) 

 

 
Figure S17. 10 % CW Ni20Cr alloy subjected to the potentiostatic hold at +1.90 VK+/K for 10 
ks in molten FLiNaK at 600 oC (See Figure 4 for full captions) 
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Figure S18. 30% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.90 VK+/K for 10 
ks in molten FLiNaK at 600 oC (See Figure 4 for full captions) 

 

 
Figure S19. 50% CW Ni20Cr alloy subjected to the potentiostatic hold at +1.90 VK+/K for 10 
ks in molten FLiNaK at 600 oC (See Figure 4 for full captions) 
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Figure S20. Cross-sectional SEM analysis of 30%CW Ni20Cr alloy dealloyed at +1.90VK+/K 
in molten FLiNaK at 600oC for 10ks. (a) show the BSE micrograph. (b) and (c) show the 
corresponding IPF and EDS analysis. Green in (c) indicates the relative fraction of Ni.  
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Figure S21. X-Ray diffractogram of Ni20Cr (wt.%) for the (a) 10% CW, (b) 30% CW, (c) 
50% CW samples. In each curve, the dark grey line represents the as-cold rolled (“as CW”) 
conditions. After the dealloying experiments, one side of the sample was polished to 1200 grit 
surface finish to remove the surface dealloyed layer and residual salts, termed “polished”. The 
green and purple curves represent the “polished” conditions after potentiostatic dealloying at 
+1.75VK+/K and +1.90VK+/K in molten FLiNaK at 600oC for 10ks , respectively.   
 
 

 
Figure S22. EBSD analysis on 10% CW Ni20Cr sample potentiostatically polarized in molten 
FLiNaK salts, 600 oC at +1.75 VK+/K 10 ks. (a) shows the IPF and (b) shows the GND map.  
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Supplemental Section  – Derivation of Surface Diffusion Rates  
 

In general, the surface diffusion rates of Ni (Jsurf
Ni ) can be expressed as Eq. S1 [S7]: 

 

Jsurf
Ni =  −M∇ ∑ μ𝑖      (Eq. S1) 

 

where M represents the mobility of the Ni species and the summation of all driving forces that 
contribute to Ni surface diffusion. In the case of Eq. 21, only the Gibbs-Thomson (GT) effect [S8] 
is considered. The driving force behind the GT effect, or ∆μ𝑐𝑎𝑝, leads to the capillary diffusion of 
Ni (or Jcap

Ni ), where Ni from a positive curvature, e.g. a bump, diffuses to a negative curvature 
region, or a pit. ∆μ𝑐𝑎𝑝 can be expressed as Eq. S2 [S9,S10]:  

 
∆μ𝑐𝑎𝑝 =  ∆μ𝑜 + 𝛾𝛺K      (Eq. S2) 

 
Combining Eq. S1 and Eq. S2 yield Eq. S3:   
 

Jcap
Ni = −𝛾𝛺Dsurf

Ni

𝑘𝐵𝑇
 ∇ K       (Eq. S3) 

 

It is noted that Jcap
Ni  has a unit of mol/cm*s or atom/cm*s. Thus, to ensure the calculation of Jsurf

Ni  
comparable to other fluxes, a second order gradient must be applied: 
 

Jsurf
Ni = ∇Jcap

Ni = −𝛾𝛺Dsurf
Ni

𝑘𝐵𝑇
 ∇2K = −𝛾𝛺Dsurf

Ni

𝑘𝐵𝑇
 ∂2K

∂x2    (Eq. S4) 
 

Consequentially, the geometric profile during dealloying needs to be known. To simplify Eq. S4, 
only one dimension (along x) is considered. The surface geometric profile during a GT-driven 
surface coarsening are derived by Mullins[S11] and well-summarized by Blakely [S7] in Eq. S5:  
 

      𝑦(𝑥, 𝑡) = 𝐴𝑜 sin(𝑤𝑥) 𝑒−𝐵𝑤4𝑡    (Eq. S5) 
 

where 𝑤 is the spatial wave length (2π/λ), Ao is the initial peak height when GT-driven coarsening 
is dominant. It is assumed to be 100nm based on experimental data[S12]. The wave length here, 
λ, is treated as identical to the ligament width λligament. The definitions of B is shown in Eq. S6 [1].  
 

      𝐵 = Dsurf
Ni 𝛾𝛺2𝑁

𝑘𝐵𝑇
      (Eq. S6) 

 

where 𝑁 is the number of atoms per unit area on the surface, 1019 atoms/cm2. A sensitivity analysis 
using the parameters defined in section 2.8 yields a −𝐵𝑤4 value between 10-4 and 10-10 cm4/s for 
a λligament between 10 nm and 1 µm. Therefore, the exponential term in Eq. S5 is treated as 1. 
Additionally, the mathematical definition of a curvature is shown in Eq. S7: 
 

      K = 𝑦′′(𝑥,𝑡)

(1+𝑦′(𝑥,𝑡))
3/2  ≈  𝑦′′(𝑥, 𝑡)    (Eq. S7) 

 

Here, it is assumed that 𝑦′(𝑥, 𝑡) <<1, simplifying Eq. S7. Thus, ∂
2K

∂x2  can be expressed as:  
 

Jsurf
Ni = −𝛾𝛺Dsurf

Ni

𝑘𝐵𝑇
  𝑦′′′′(𝑥, 𝑡)      (Eq. S8) 
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where 𝑦′′′′(𝑥, 𝑡)  is the forth partial derivative of Eq. S5 relative to x (Eq. S9): 
 

      𝑦′′′′(𝑥,𝑡) = −𝐴𝑜𝑤4 sin(𝑤𝑥)    (Eq. S9) 
 

At maxima, sin(𝑤𝑥)=1, leading to Eq. S10.  
 

      𝑦′′′′(𝑥,𝑡) ≈  −𝐴𝑜𝑤4 = −16𝜋4𝐴𝑜
λ𝑙𝑖𝑔.

4 (𝑡)
    (Eq. S10) 

 

Combining Eq. S4 and Eq. S11 yield:  
 

Jsurf
Ni = 𝛾𝛺Dsurf

Ni

𝑘𝐵𝑇
 16𝜋4𝐴𝑜

λ𝑙𝑖𝑔.
4 (𝑡)

          (Eq. S11) 
 

Here the λ𝑙𝑖𝑔.
 (𝑡) is measured from experimental plan view SEM measurement as a function of 

time (Fig. 9). Due to the complex nature of morphological evolution, it is expected that Jsurf
Ni  will 

vary significant over a broad range of curvature and depth of dealloying. Therefore, an averaged 
Jsurf

Ni , or J̅𝑠𝑢𝑟𝑓
𝑁𝑖 , over time period between 1s and 10ks is calculated:  

 

J̅𝑠𝑢𝑟𝑓
𝑁𝑖 = 16𝜋4𝜆𝑜

 𝛾𝛺Dsurf
Ni

𝑘𝐵𝑇 
( 𝐴𝑜

 

1
𝑡 ∫ 𝜆4(𝑡)𝑑𝑡𝑡

0
)     (Eq. S12) 
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Chapter 7: Conclusions and Future Work 

Summary of findings 
This thesis investigates the electrochemical thermodynamics and kinetics of molten salt corrosion using 

the model corrosion systems of Cr, Ni, and Ni-20Cr (wt.%) alloys in molten LiF-NaF-KF salts at 600°C. 

Result up to date provides critical mechanistic insights that strongly support the initial hypothesis – there 

exists a window of corrosion susceptibility where metal or alloy exhibits different forms of morphological 

damage in molten fluorides. This window varies with electrode potential and microstructure, as 

demonstrated in this work, and may also be influenced by factors not examined here, such as composition, 

temperature and impurity concentration. Throughout this investigation process, a suite of electrochemical 

techniques was applied, developed and/or optimized for molten salt corrosion studies, including:  
 

• The development of E-log(aF-) diagrams for molten fluoride salts, akin to Pourbaix diagram in aqueous 
systems, displayed the effect of applied potential on thermodynamic phase stability of metallic cations, 
such as Ni(II) and Cr(III), and deciphered the spontaneity of metal and alloy corrosion in FLiNaK at 
600oC in the presence of possible oxidizer candidates, e.g. Eu(III), Cr(III), HF (Task 1 & Appendix 1)  

• Using linear sweep voltammetry coupled with potentiostatic hold and electrochemical thermodynamic 
analysis, the dissolution kinetics of Cr, Ni and Ni-20Cr (wt.%) in molten FLiNaK salts was elucidated. 
Specifically, the rate-regulating dissolution mechanism and corrosion morphological was correlated 
with electrode potential regimes, where charge-transfer-controlled behavior, mass-transport-controlled 
behavior (either in the solid bulk alloy phase or ionic phase), or a mixed regime may dominate. (Task 
2 & Task 4). Additionally, the cases where “Tafel Extrapolation” is inappropriate to determine the 
corrosion current density was also studied (Task 2)   

• The development, validation and mathematical corrections needed to implement an in-situ cyclic 
voltammetry (CV) method using a secondary blocking electrode (e.g. Pt) to determine instantaneous 
mass-loss of the corrodent (Task 3). Additionally, the effect of working electrode geometry was also 
studied and optimized such that electrochemical impedance spectroscopy (EIS) may be used to obtain 
accurate polarization resistance (Rp) value in molten salts (Appendix 2) 

These techniques yielded multiple key fundamental insights into factors that underly the dissolution 

rate and morphological damages of metal and alloy systems in molten FLiNaK salts. For pure Cr in molten 

FLiNaK at 600oC, the possibilities were indicated that Cr(II) and Cr(III) cations may form metallic fluoride 

complexes in the form of CrF3
- and CrF6

3-, increasing the thermodynamic favorability for Cr oxidation. As 

shown in Task 1 and Appendix 1, the presence of a sufficient driving force, Cr may spontaneously dissolve 

to CrF3
- via a +2 oxidation state, then to a +3 oxidation state solubilizing as a CrF6

3-compound. The 

electrochemical potential windows of Cr(II) and Cr(III) phase stability were mapped in a E-log(aF-) 

potential activity diagram. This prediction was subsequently validated via X-Ray diffraction of residual 

salts and by corroborating the total charge transferred to total mass loss of Cr metal, which was subjected 

to potentiostatic holds in electrochemical potential ranges in which Cr(II) and Cr(III) were predicted to be 
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stable. Subsequently, in Task 2, the relationship between electrode potential and current density for pure 

Cr in FLiNaK was elucidated by coupling thermodynamic insights from Task 1 and Appendix 1. At low 

overpotential (~100mV mV vs. EOC), the oxidation of Cr to Cr(II) was favorable and controlled by charge-

transfer as indicated by a linear E-log(i) relationship. At this electrode potential regime, the surface 

morphology of pure Cr was dominated by facets, implying an role of crystallographic orientation on electro-

dissolution. At high overpotential (>200 mV vs. EOC), current density was independent of applied potential 

coinciding in an electrochemical potential regime in which Cr(III) was favorable. Cr corrosion in this 

regime resulted in the formation of a stable, millimeter-scale K₃CrF₆ salt film due to surface saturation of 

Cr(III) on Cr, which possibly regulated the rate of Cr oxidation via a mass-transport-controlled mechanism. 

Further examinations reveal that the salt film possibly contained multiple constituents, such as K2NaCrF6, 

KCrF3, and Li2NaCrF6. At high overpotentials, the Cr surface remained relatively smooth, further 

supporting the mass-transport-controlled nature of the process. Based on experimental results, Evan’s 

diagrams were also constructed to simulate the anodic dissolution behavior of Cr and cathodic reduction 

reactions of prominent salt impurities, including the reductions of HF to H2 and Cr(III) to Cr(II). This 

analysis sheds light on possible conditions in which the conventional “Tafel extrapolation” method for the 

determination of Tafel slopes and other related electrochemical parameters may be inaccurate.  

The electrochemical thermodynamic and kinetic foundations developed in Tasks 1 and 2 enable 

corrosion electrochemical techniques to be further developed. In Task 3, a dual-working electrodes method 

was designed and implemented, in which Cr (WE#1) was subjected to 50 hrs of open circuit corrosion in 

molten FLiNaK while a Pt wire blocking electrode (WE#2), in-situ and adjacent to the Cr WE#1, was 

programmed to perform successive CV measurements at an increment of 1 hour at scan rate between 50 

and 1000 mV/s. The EOC-t behavior was interpreted by identifying possible oxidizers and concentrations 

(e.g. HF) that may drive spontaneous Cr corrosion during this period. Meanwhile, CV results were analyzed 

via the Randles-Sevcik (soluble/insoluble) and Berzins-Delahay (soluble/soluble) relations, which enables 

the concentration of Cr(II) and Cr(III) in the bulk salt be identified. By coupling this a time-dependent 

concentration profile analysis of Cr in the salt (i.e. locating the fate of all oxidized Cr species whether they 

are in the bulk salt or in the salt film), the instantaneous mass loss of Cr was determined and corroborated 

with gravimetric mass loss results. Additionally, electrochemical impedance spectroscopy (EIS) was used 

to determine the instantaneous corrosion rate of Cr corrosion. However, conventional rectangular plate 

geometry used for molten salt electrochemistry associates with complex current-potential distribution, 

further amplified by the large double layer capacitance of molten FLiNaK (~mF/cm2). This results in a very 

low frequency (>10-3 Hz) required for polarization resistance to manifest in the EIS spectra, and is out of 

the practical frequency range (10-2 – 104 Hz) used in most molten salt EIS measurements. In Appendix 2, 
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flush-mounted Cr disk electrodes between 100 and 10-2 cm2 were designed and shown to exhibit reliable 

polarization resistance at or above 10−2 Hz in FLiNaK containing1 wt% EuF3 at 600 °C.  

Lastly, theories and methods developed in Tasks 1 through 3 were utilized to study the corrosion 

behavior of as homogenized, large grain (>300 µm), high purity Ni-20Cr (wt.%) binary alloys. In Task 4, 

the effect of electrode potentials on the corrosion rate and morphology was investigated. Based on the LSV 

results of Cr and Ni in FLiNaK, the relative rates of Cr/Cr(II)/Cr(III) and Ni/Ni(II) anodic reactions in Ni-

20Cr (wt.%) may be compared at different electrode potentials, providing insights on whether the process 

follows a continuous rate-dependent transition or exhibits an electrode potential dependent threshold 

('on/off') for dealloying as a function of LN concentration. Between 1.75VK+/K and 2.10VK+/K (electrode 

potential regimes in which in which  both Ni and Cr are oxidized at different rates) bicontinuous porosity 

was observed in Ni-20Cr (wt.%) due to Cr selective dissolution or “dealloying”, with morphological 

features, e.g. ligament width, depth, were also found to increase with applied potential.  

This observation suggests that alloys (e.g. Ni-Cr) may potentially exhibit a parting limit for dealloying 

significantly lower than the conventional 50-55at.% observed in room temperature (RT) aqueous solutions. 

It was hypothesized that the high homologous temperature in which molten salt dealloying occurs (~0.52TH) 

implies that bulk diffusion may be a rate-limiting process, which is typically neglected in RT dealloying 

studies. Subsequently, an original analysis was performed in which the rate of Cr outward bulk diffusion 

(𝐽𝑏𝑢𝑙𝑘𝐶𝑟 ) at a known grain size, the measured rate of Cr oxidation (𝐽𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝐶𝑟  or 𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝐶𝑟 ), and an average rate 

of Ni surface diffusion (𝐽𝑠𝑢𝑟𝑓𝑁𝑖 ) were compared over time, suggesting that 𝐽𝑏𝑢𝑙𝑘𝐶𝑟  is likely the rate-controlling 

process as it slows down the supplies of Cr for oxidation during potentisotatic holds.  

To validate this theory, cold working (CW) was proposed to ameliorate this effect by imparting a high 

density of dislocation to accelerate Cr bulk diffusion. In Task 5, the dealloying morphology of Ni-20Cr 

(wt.%) cold rolled to 10%, 30%, and 50% were studied at 1.75VK+/K and 1.90VK+/K. Dealloyed NiCr 

displayed the formation of bicontinuous porosity within the grain interior and at grain boundaries driven by 

rapid Ni surface diffusion as well as Cr outward diffusion during dealloying. Moreover, the depths of 

dealloying increased with cold work and plateaued around 30%CW. Such corrosion behavior was attributed 

to the dislocation substructures present at varying CW%. These linear defects are argued to serve as fast 

paths which govern Cr dissolution by pipeline transport for corrosion dealloying given a high TH. The 

enhanced Cr bulk diffusion to the metal-salt interface controlled dealloying at these potentials. 

This thesis, by no means, provides all the answers to molten salt corrosion, nor does it claim that the 

laboratory experiments conducted perfectly simulate the actual reactor environments. Nevertheless, the 

techniques and methods developed in this thesis is intended to serve as a foundational framework for 

corrosion studies. In doing so, MSR developers and the broader molten salt community can systematically 

study molten salt corrosion of complex alloys, calculate meaningful corrosion rates, and potentially develop 
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new alloys—avoiding "cook-and-look" approaches and speculative interpretations of corrosion 

mechanisms. In the long run, the successful development of modular molten salt reactors has the potential 

to democratize relatively clean, abundant energy, benefiting both affluent and underprivileged nations alike.  

The following work should be completed and is closely affiliated with this work. 
 

Suggested future work for molten salt electrochemistry fundamental studies  
Currently, the construction of potential-activity diagrams relies on using Gibbs free energy of formation 

(dGf) and fusion of metal fluoride compounds (e.g. NiF2, HF) reported in existing thermodynamic database 

to calculate the reactions free energy, and thus, the half-cell redox potentials (ENernst) relative to a standard 

environmental reference (SER) state. An initial assumption that the dGf of F- at 600oC equals to 0 was 

imposed in our thermodynamic prediction, such that all ENernst calculated could be represented relative to 

the fluorine gas evolution (F2/F-). To resolve further speculations, future work should seek to design a 

reference electrode that relies on an actual F₂/F⁻ salt couple with a flowing F- gas and a known fluoride salt 

(analogous to the Standard Hydrogen Electrode in aqueous solutions). This allows a systematic cyclic 

voltammetry measurement with a controlled concentration of metal fluorides (e.g. NiF2) to be performed 

without concerns regarding the stability of a pseudo K+/K reference potential and thermodynamic 

assumptions imposed in Task 1 (e.g. dGF- = 0 at 600oC), and thus, enabling an accurate Gibbs free energy 

of metal fluorides relative to the F2/F- reaction to be calculated (analogous to work performed in Task 1). 

Additionally, techniques such as in-situ ramen spectroscopy should be considered to incorporate in the 

molten salt electrochemical cell such as the complexation behavior of metal fluorides may be studied.  
 

Suggested future work for molten salt dealloying 
The field of molten salt dealloying (MSD) is an emerging and unique area of study, characterized by 

fundamentally different chemistry compared to aqueous environments. It operates at a high homologous 

temperature (TH ~ 0.5 for most alloy systems), where bulk diffusion plays a critical role—unlike aqueous 

systems where the compositional threshold of dealloying (or parting limit) is described by percolation 

theory. It is, therefore, necessary to explore whether percolation theory is also applicable in describing the 

mechanism of molten salt dealloying given that LN solutes are mobile at high homologous temperature. 

This may be achieved by systematically varying factors that are critical to the fluxes of bulk and surface 

diffusions, including but not limited to composition, temperature, grain size, and irradiation effects. 

Developing a robust theoretical framework for molten salt dealloying is essential to advance the field. Such 

a theory could address unanswered questions, such as how dealloying manifests in ternary alloy systems 

(e.g., NiFeCr) or compositionally complex alloys (e.g., 316SS). For instance, in a ternary alloy system, 

should Fe + Cr be considered the less noble (LN) composition, or just Cr? Alternatively, is a combination 

or variation of these elements more appropriate? Another area of interest is the morphology of dealloyed 
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structures. For example, bicontinuous dealloying has been observed in Ni-20Cr (wt.%), and it would be 

valuable to investigate whether similar morphologies can develop in alloys like 316SS or Hastelloy N under 

comparable electrochemical conditions. Such morphologies could be associated with stress corrosion 

cracking, making their study critical for understanding the structural integrity of these materials in molten 

salt environments. Additionally, exploring the correlation between impurity concentrations (e.g., HF) and 

the electrode potentials of metal and alloy systems could provide insights into the relationship between 

impurity levels and morphological damage. This would help refine predictive models for molten salt 

corrosion and improve the selection of materials for high-temperature molten salt reactor applications.  

Additionally, it is possible that the reduction of dissolved oxygen to oxyanions (i.e. O2 + 4e- -> 2O2-) 

may serve as an oxidizer in the corrosion process. There is yet a comprehensive study that measures or 

estimates the Nernst potentials of this reaction. Preliminary results suggest this potential can be in the range 

between 1.75 and 2.20 VK+/K at concentration as shown in Task 2. If this is the case, oxygen may result in a 

corrosion potential in the dealloying potential range “1.75 - 2.10 VK+/K” depending on the alloy systems. It 

is, thus, crucial to perform a systematic investigation on the effect of oxide impurity on dealloying based 

on the electrochemical corrosion framework developed in this thesis.  

Beyond corrosion, the thermodynamic insights and results from molten salt dealloying open new 

opportunities to create nano-and micro-porous materials that cannot be easily achieved in aqueous 

environments. For example, Ti, which is highly stable in aqueous environments due to the formation of 

TiO₂, reacts readily in molten salts, making it feasible to fabricate porous Ti or Ti-alloy foams. This 

capability could have significant applications in material design. Molten salt dealloying also holds promise 

in the field of electrochemical recycling. The high current densities typical of molten salt systems (ranging 

from tens to hundreds of mA/cm²) contrast sharply with the μA/cm² scale seen in aqueous systems. This 

difference highlights the potential of MSD for processing and recycling materials.  
 

Suggested future work for molten salt alloy developments  
Building on a foundation in corrosion thermodynamics, kinetics, and mechanisms, the next logical step 

is to apply these theories toward developing alloys that are either resistant to corrosion in molten salts 

(under specific potentials) or designed to avoid corrosion morphologies that are prone to stress-corrosion 

cracking. This effort can leverage recent advancements in high-throughput computational methods for 

materials discovery. For example, it may be possible to design an alloy where the less noble (LN) 

component can uniformly passivate across a wide range of operating electrode potentials or impurity 

concentrations, thereby preventing catastrophic cracking. Additionally, methods for cathodic protection in 

molten salt environments could be developed, allowing even commercial alloys to be effectively protected 

in these systems. Such advancements could significantly enhance the durability and reliability of materials 

in extreme environments, paving the way for innovative solutions in molten salt applications. 
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Appendix #1: Deciphering when Metal Corrosion is Spontaneous in Molten Fluorides Using 

Potential-Activity Diagrams 
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Abstract 
The work identifies the conditions for thermodynamically favored spontaneous metal corrosion using 

potential-activity diagrams tailored for high-temperature molten fluorides. These diagrams provide insights 

into the thermodynamic phase stability of both solid and dissolved metal species, such as Cr, Cr(II), Cr(III), 

Ni, Ni(II), Fe, and Fe(II), along with their potential primary oxidizers, including Eu(III), O2, and HF, over 

a broad range of theoretical F− anion activities. The work further examines the practical implications, 

prospects, and challenges associated with the construction of these diagrams. The key objective of this 

project is to pinpoint crucial thermodynamic variables that substantially affect metal corrosion 

electrochemistry in the context of molten salt nuclear reactor applications. 

 

 Introduction  
In the past decade, there has been a notable increase in the publication of corrosion research focused 

on candidate metals and alloys for Gen-IV molten salt reactor applications.1  This trend highlights the 

growing interest in understanding and addressing the corrosion challenges inherent to this technology. 

Numerous studies have intentionally introduced oxidizers, including HF, CrF3, and EuF3, into the salt 

mixture to explore the impact of oxidizing impurities on the corrosion process, the driving force for 

corrosion, the rates of corrosion, and the underlying microstructural damage seen in candidate metals and 

alloys.2-3  However, these studies are often conducted phenomenologically4  and lack conceptualization of 

spontaneous corrosion processes explained by foundational thermodynamic and kinetics theories of 

corrosion.5-7  A step toward improving the thermodynamic foundations involves the construction and partial 

verification of potential-activity diagrams, similar to Pourbaix diagrams used in aqueous systems. These 

diagrams can display the stability regions of species such as Cr, Cr(II), and Cr(III) in molten fluorides, as 

well as indicate the conditions necessary for the reduction of oxidizers and the occurrence of spontaneous 

corrosion.8  However, earlier works were constrained to the discussion of phase stability of Cr species, 

presuming them to be solvated to F− at 600°C. There is a gap in predicting and comparing oxidizer 
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candidates in molten fluorides that can meet the conditions for spontaneous corrosion for a given metal. 

Specifically, which types of oxidizers, at what concentrations, and for which metals (e.g. Cr, Fe, and Ni) 

remain unexplored in many previous studies. Hence, the objective is to expand our original approach to 

define the phase stability of Ni, Fe, and other potential oxidizing elements, such as HF, O2, Eu(III), and 

Cr(III) when present in low finite concentrations. When considered together these help to define the 

conditions for spontaneous corrosion. 

 

Experimental Procedures 
The first assumption of this work is that the corrosion of metallic elements in molten fluorides occurs 

by electrochemical processes governed by mixed potential theory. Corrosion theory applied to molten 

fluorides states that the thermodynamic driving force for oxidative corrosion is determined by the difference 

in the Gibbs free energies of reaction  (∆𝐺𝑟𝑥𝑛
𝑜 ) present between the cathodic half-cell reduction reactions of 

the oxidants, coupled with half-cell anodic oxidation reactions associated with transition metals used in 

structural materials exposed. This difference must be negative for a reaction to occur satisfying the 

condition ΔG < 0 for a spontaneous process given ΔG = –nFΔE. Reaction (1) is the most general approach 

to describe such a half-cell reaction.9  

𝑂𝑥 + 𝑒− ↔  𝑅𝑒𝑑      (1) 

In regards to the anodic reaction, metal dissolution in molten fluorides is often described by the 

oxidation of pure metals to their metal fluoride species represented in reaction (2)2,10–12:  

𝑀 + 𝑥𝐹−(𝑚𝑠) ↔  𝑀𝐹𝑥
𝑛−𝑥(𝑚𝑠) + 𝑛𝑒−    (2) 

where (ms) indicates dissolved species in the molten salt and M represents the dissolving metallic element, 

including Ni, Cr, and Fe. The relative tendencies of metal dissolution depend on the  of the relevant half-

cell redox reactions. In the context of the cathodic reactions, hydrofluoric acid (HF), formed due to H2O 

moisture dissociation and fluorination (3), is often in a molten salt containing this oxidant (Ox) during open-

circuit corrosion leading to (4) in many studies: 

𝐻2𝑂(𝑔)  + 2𝐹−(𝑚𝑠) ↔ 2𝐻𝐹(𝑔) + 𝑂2−(𝑚𝑠)   (3) 

𝐻𝐹(𝑚𝑠)  + 𝑒− ↔ 1
2

𝐻2(𝑔) + 𝐹−(𝑚𝑠)     (4) 

Other relevant oxidizers in spontaneous corrosion studied include dissociated oxygen gas (O2) via (5) and 

europium (III) fluoride (EuF3) via (6)13,14: 

𝑂2(𝑔) + 4𝑒− ↔ 2𝑂2−(𝑚𝑠)     (5) 
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𝐸𝑢𝐹3 (𝑚𝑠) + 𝑒− ↔ 𝐸𝑢𝐹2(𝑚𝑠) + 𝐹−(𝑚𝑠)    (6) 

Metallic corrosion products, such as CrF3 or more generally Cr(III), can also act as oxidizers during 

spontaneous corrosion of structural metals, reducing to a lower oxidation state such as CrF2 or Cr(II) when 

a sufficient driving force is present: 

𝐶𝑟𝐹3  (𝑚𝑠) + 𝑒− ↔ 𝐶𝑟𝐹2 + 𝐹−(𝑚𝑠)     (7) 

The driving forces pertaining to these half-cell redox reactions under non-unity activity can be described 

by first writing the Nernst equation for each participating half-cell reaction (8): 

𝐸𝑟𝑒𝑑𝑜𝑥 =  𝐸𝑟𝑒𝑑𝑜𝑥
0 − 2.303𝑅𝑇

𝑛𝐹
log(𝑎𝑟𝑒𝑑

𝑎𝑜𝑥
)    (8) 

where Eredox is the Nernst potential or activity modified standard potential for an half-cell redox reaction, R 

is the universal gas constant equal to 8.31 J/mol×K, T is temperature in Kelvin, n is the number of 

e− transferred to complete the reaction a single time, F is the Faraday’s constant of 96,500 C/mol e–, ai (= 

γi Ci) is the ion activity, Ci is the molar concentration, and 𝐸𝑟𝑒𝑑𝑜𝑥
0  is the standard electrode potential. As an 

initial estimate, the activity coefficient (γi) of all species in this brief manuscript is assumed to be 1. 

Table 1 lists the Gibbs energy of formation ( dGo
formation) between 600°C and 800°C of all the species 

studied in this work. The Gibbs energy of fusion ( dGo
fusion) was also used in calculating the ΔGrxn.8,13  Given 

that most of these dissolved species are in a molten state at the evaluated temperatures, a minor adjustment 

via (9) was necessary. The ΔGrxn can then be calculated using Equation (10) noting that vi represents the 

stoichiometric number of a species, and to calculate  using (11)9  (note that these thermodynamic data were 

retrieved from the Factsage 13.1TM† pure substance database):15  

∆𝐺 
𝑜

𝑓 =  ∆𝐺𝑓𝑢𝑠𝑖𝑜𝑛
𝑜 +  ∆𝐺𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

𝑜      (9) 

∆𝐺 
𝑜

𝑟𝑥𝑛 =  ∑ 𝑣𝑖∆𝐺𝑓
𝑜(𝑅𝑒𝑑) − ∑ 𝑣𝑖∆𝐺𝑓

𝑜(𝑂𝑥)    (10) 

𝐸𝑟𝑒𝑑𝑜𝑥
0 =  − ∆𝐺 

𝑜
𝑟𝑥𝑛

𝑛𝐹
       (11) 

Corrosion is spontaneous when Eredox for the proposed cathodic reaction is more positive than that for the 

corresponding anodic reaction, where upon ΔG is negative, indicating a spontaneous corrosion cell and 

determining the direction of each reaction (the anode gives up electrons; the cathode gains electrons). This 

relationship is shown in (12). Note that (12) also applies to the 𝐸𝑟𝑒𝑑𝑜𝑥
0  and that the sign of 𝐸𝑟𝑒𝑑𝑜𝑥

  does not 

change with reaction direction. 

  𝐸𝑟𝑒𝑑𝑜𝑥(𝐶𝑎𝑡ℎ𝑜𝑑𝑖𝑐) − 𝐸𝑟𝑒𝑑𝑜𝑥(𝐴𝑛𝑜𝑑𝑖𝑐) {
> 0, 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠
= 0, 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚

< 0, 𝑁𝑜𝑡 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠
     (12) 
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Table 1. Gibbs free energy of select chemical compounds at 600oC12 

Compound ∆Gofusion (kJ/mol) 
∆Goformation (kJ/mol) 

T = 600oC 

F- - 0 
O2- - -243.4 
HF - -277.9 

EuF3 54.4-32*10-3*T(K) -1351.4 
EuF2 - -1046.3 
NiF2 69 - 41.7*10-3*T(K) -521.9 
FeF2 47.4 - 38*10-3* T(K) -593.2 
CrF2 34 - 29.1*10-3* T(K) -665.3 
CrF3 229.1-183*10-3*T(K) -891.2 
KF 28.2 - 25*10-3*T(K) -481.3 
LiF 27.2 - 24.254*10-3* T(K) -531.1 
NaF 33.3 - 26.277*10-3* T(K) -508.3 

 

Table 2 reports some pertinent half-cell redox reactions, 𝐸𝑟𝑒𝑑𝑜𝑥
0 , and the activity modified or Nernst 

equation considered in this work. Further discussions are given below about the application of potential-

activity diagrams for analysis of the propensity for spontaneous corrosion in molten LiF-NaF-KF salts (or 

FLiNaK) with various impurities as the assumed predominant cathodic reactions. For thermodynamic 

reference, it is assumed that the ∆𝐺𝑓
𝑜 of F− at 600°C is 0 and the partial pressure of all gaseous species (F2) 

to be 1 atm. It was noted that metal fluoride species are represented using the Roman numeral corresponding 

to the positively charged cation, e.g., Cr(II) as CrF2 and Eu(III) as EuF3. 
 

Results and Discussion 
To construct a potential-activity diagram, the initial step involves determining an appropriate potential 

window. This is dictated by selecting a potential range spanning the oxidation of F− to F2 species and the 

reduction of molten LiF (or Li+), NaF (or Na+), and KF (or K+) to their respective neutral metal states, as 

illustrated in Figure 1(a). The lower potential boundary is set by the oxidation of metal salt cation 

components which will be assumed oxidized under all potentials. There are two different representations in 

the literature for determining the Nernst potential of salt metal cation reductions: one considers the metal 

fluoride compound (e.g., KF) as a singular entity, leveraging the more developed thermodynamic data for 

these species.10  However, this approach assumes a fluoride-dependent reaction, which remains a subject of 

debate and requires further experimental validation. The other assumes a fully ionized form (e.g., K+).6  

At the vertical dashed line (representing F− activity of FLiNaK), a substantial difference in potential 

of roughly 500 mV between KF/K and K+/K is observed (Figure 1[a]). This implies that the K+/K reaction 

is thermodynamically more inclined to occur. However, this may not be the case for salts with a low 

F– activity. Given this comparison, K+/K will be considered as the lower potential boundary of FLiNaK 

salts in the subsequent discussion. 
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Table 2. A list of half-cell redox reactions, their Nernst potential equation and formal potentials (Eo) 

calculated at 600oC utilized in this work12 

Half-Cell Redox Equation Nernst Equation / 
Gibbs free energy expression 

E0redox 
(vs. F2/F-) 

 

𝐹2 + 2𝑒− ↔ 2𝐹− 𝐸 = 𝐸0 −
2.303𝑅𝑇

2𝐹
𝑙𝑜𝑔(

𝑎𝐹−2 

𝑝𝐹2

) 0 

𝑂2  + 4𝑒−   ↔ 2𝑂2− 𝐸 = 𝐸0 −
2.303𝑅𝑇

4𝐹
𝑙𝑜𝑔(

𝑎𝑂2−
2

𝑝𝑂2
) -1.261 

𝐻𝐹 + 𝑒−   ↔ 1
2

𝐻2 + 𝐹− 𝐸 = 𝐸0 −
2.303𝑅𝑇

𝐹
𝑙𝑜𝑔(

𝑝𝐻2
1/2𝑎𝐹− 

𝑎𝐻𝐹
 ) -2.880 

𝐸𝑢𝐹3  + 𝑒−   ↔ 𝐸𝑢𝐹2 + 𝐹− 𝐸 = 𝐸0 −
2.303𝑅𝑇

𝐹
𝑙𝑜𝑔(

𝑎𝐸𝑢𝐹2𝑎𝐹−

𝑎𝐸𝑢𝐹3
 ) -2.894 

𝑁𝑖 + 2𝐹− ↔ Ni𝐹2
 + 2𝑒− 𝐸 = 𝐸0 +

2.303𝑅𝑇
2𝐹

𝑙𝑜𝑔(
𝑎𝑁𝑖𝐹2

 

𝑎𝐹−
2 ) -2.536 

𝐹𝑒 + 2𝐹− ↔ Fe𝐹2
 + 2𝑒− 𝐸 = 𝐸0 +

2.303𝑅𝑇
2𝐹

𝑙𝑜𝑔(
𝑎𝐹𝑒𝐹2

 

𝑎𝐹−
2 ) -3.000 

𝐶𝑟 + 2𝐹− ↔  𝐶𝑟𝐹2
 + 2𝑒− 𝐸 = 𝐸0 +

2.303𝑅𝑇
2𝐹

𝑙𝑜𝑔(
𝑎𝐶𝑟𝐹2

 

𝑎𝐹−
2 ) -3.403 

𝐶𝑟 + 3𝐹− ↔  𝐶𝑟𝐹3
 + 3𝑒− 𝐸 = 𝐸0 +

2.303𝑅𝑇
2𝐹

𝑙𝑜𝑔(
𝑎𝐶𝑟𝐹3

 

𝑎𝐹−
3 ) -2.430 

𝐶𝑟𝐹3
 + 𝑒− ↔  𝐶𝑟𝐹2

 + 𝐹− 𝐸 = 𝐸0 +
2.303𝑅𝑇

2𝐹
𝑙𝑜𝑔(

𝑎𝐶𝑟𝐹3
 

𝑎𝐶𝑟𝐹2
 𝑎𝐹−

 ) -3.078 

𝐾𝐹 + 𝑒− ↔ 𝐾 + 𝐹− 𝐸 = 𝐸0 −
2.303𝑅𝑇

𝐹
𝑙𝑜𝑔(

𝑎𝐹−𝑎𝐾

𝑎𝐾𝐹
) -4.921 

𝐾+ + 𝑒− ↔ 𝐾 𝐸 = 𝐸0 −
2.303𝑅𝑇

𝐹
𝑙𝑜𝑔(

𝑎𝐾

𝑎𝐾+
) -4.854 

𝐿𝑖𝐹 + 𝑒− ↔ 𝐿𝑖 + 𝐹− 𝐸 = 𝐸0 −
2.303𝑅𝑇

𝐹
𝑙𝑜𝑔(

𝑎𝐹−𝑎𝐿𝑖

𝑎𝐿𝑖𝐹
) -5.442 

𝐿𝑖+ + 𝑒− ↔ 𝐿𝑖 𝐸 = 𝐸0 −
2.303𝑅𝑇

𝐹
𝑙𝑜𝑔(

𝑎𝐿𝑖

𝑎𝐿𝑖+
) -5.379 

𝑁𝑎𝐹 + 𝑒− ↔ 𝑁𝑎 + 𝐹− 𝐸 = 𝐸0 −
2.303𝑅𝑇

𝐹
𝑙𝑜𝑔(

𝑎𝐹−𝑎𝑁𝑎

𝑎𝑁𝑎𝐹
) -5.159 

𝑁𝑎+ + 𝑒− ↔ 𝑁𝑎 𝐸 = 𝐸0 −
2.303𝑅𝑇

𝐹
𝑙𝑜𝑔(

𝑎𝑁𝑎

𝑎𝑁𝑎+
) -5.052 

 

Figure 1(b) shows half-cell redox reactions involving gas generation and consumption if present. For 

instances, F− is reduced to form F2, HF to form H2, and O2– to form O2. Shaded regions represent stability 

fields dominated by the evolution of specific gas species. Concentrations of HF and O2– between 10 ppm 

and 1,000 ppm are considered. These are likely cathodic reactions when coupled with metal oxidation in 

molten salts. Other cathodic oxidations include the reduction of Cr(III) to Cr(II) or Ni(II) to Ni if NiF2 is 

present in the molten fluorides. For spontaneous metal dissolution, the potential should fall within these 

regions, typically aligned with H2 gas evolution. Metals with half-cell electrode potentials in the gray region 



223 
 

will not corrode spontaneously unless an additional oxidizer like Eu(III) is present. The role of O2 as an 

oxidizer has not been investigated in detail due to uncertainties surrounding its solubility in FLiNaK at 

600°C and the possibility for it to be oxidized by F− to form O2–.14  

 

 
Figure 1. Potential-fluoride activity diagrams at 600oC. (a) shows the potential stability window defined 
by the fluorine gas evolution (F2/F-) and stability in the oxidized state for Li+, K+, Na+ species salt cation 
constituents. The vertical dashed line indicates the F- activity in FLiNaK salt at aF- = 49.3 M. (b) displays 
the Nernst potentials of O2/O2- and HF/H2 reactions at 10, 100, and 1000ppm. The diagram was shaded 
with different colors to indicate the type of gas evolution and/or platting of salt cations within the phase 
stability map. 

 

Figure 2 demonstrates the spontaneity and relative driving forces for the dissolution of pure Ni, Fe, and 

Cr. As expected, the Nernst potentials of Ni/Ni(II), Fe/Fe(II), and Cr/Cr(II) follow a descending order 

corresponding to the nobility of each element. Selected cathodic half-cell reactions are included in 

Figure 2 for this discussion of possible corrosion cells that might form. In order for a reaction to be 

spontaneous, the cathodic reaction (e.g., HF/H2, Eu(III)/Eu(II)) must possess a more positive Nernst 

potential than its anodic counterparts. Fe/Fe(II) and Cr/Cr(II) exhibit lower Nernst potentials compared to 

HF/H2 (at 1,000 ppm), indicating the prevalence of impurity-driven corrosion in the presence of trace 

water.1,16  Conversely, Ni/Ni(II) displays a higher potential than HF/H2, suggesting potential immunity to 

HF-driven attack.10  These two observations align with published experimental observations.1  During 

spontaneous metal corrosion, the thermodynamic and kinetic factors associated with their respective 

cathodic and anodic reactions establish a mixed potential, typically termed the corrosion potential. Further 

interpretation is provided in Pizzini and Morlotti.14  It should be noted that Fe(III) and Ni(III) were not 

plotted, but they are other possible species to consider in corrosion cells. 

The reduction of higher valence cations, such as Eu(III) and Cr(III), which also act as oxidizers, is 

hypothetically capable of oxidizing all three elements Ni-, Cr-, or Fe-based on the imposed assumption. 
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Additionally, for Cr, fluoride complexes such as CrF3
− for Cr(II) and CrF6

3– in the case of Cr(III) may also 

form (and change the electrode potential) as suggested by both experimental and computational 

studies.8,17  The effect of fluoride complex formation on these Cr-F phase stability diagrams was 

investigated in our previous work.8  

Our discussion herein of this work highlights some of the further research required to address various 

underlying assumptions. Factors such as activity coefficients, ratios between higher and lower valence 

states, fluoride complex formation, and the possibility of saturation all require thorough investigation. 

Moreover, substrate effects can change thermodynamic driving forces. Crystal orientation and 

nanocurvature can also affect the standard electrode potential.18-19  However, this work provides a 

foundation for understanding the spontaneity of metal corrosion in terms of phase stability diagrams. The 

authors’ latest work demonstrates the practicality of these diagrams in understanding experimental 

polarization curves.6  Beyond these insights, the work also establishes a thermodynamic framework that 

facilitates deeper comprehension of the contributory factors to corrosion, such as radiation. 

 

 
Figure 2. Potential-fluoride activity diagrams displaying the Nernst potentials of F2/F- O2/O2-, 
Eu(III)/Eu(II), Ni/Ni(II), HF/H2, Fe/Fe(II), Cr/Cr(II), Cr(III)/Cr(II),  K+/K, half-cell redox reactions 
calculated at 600oC. The concentration of O2- and HF was assumed to be 1000 ppm (corresponding to the 
molar concentration of 1.00*10-1M and 1.25*10-1M), Cr(II) in Cr(III)/Cr(II) and Eu(II) to be 10-6M, while 
that of Eu(III), Ni(II), Fe(II), Cr(II) in Cr(II)/Cr was assumed to be 10-3M. 
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Conclusions 
This study utilizes potential-activity diagrams tailored for molten fluorides, designed to report in 

graphical form the driving forces behind various half-cell redox reactions forming a spontaneous corrosion 

cell involving one or more anodic and cathodic half-cell reactions. Such diagrams enable a comprehensive 

understanding of phase stability for different metal species and their potential predominant oxidizers during 

corrosion (e.g., Eu(III), O2, and HF) assuming a hypothetical range of fluoride activities. However, the 

study recognizes certain assumptions embedded within this framework and those require further 

experimental validation. Moreover, the diagram represents an equilibrium condition and does not inform 

corrosion kinetics. This framework could potentially predict conditions for spontaneous corrosion and 

serves as a tool for devising strategies for corrosion control and mitigation in these challenging 

environments, contributing to materials sustainability in fourth generation molten salt reactor technologies. 

 

References 
1.  Guo, S., J. Zhang, W. Wu, and W. Zhou, Progress in Materials Science 97 (2018): pp. 448–487. 
2.  Wang, Y.L., Q. Wang, H.J. Liu, and C.L. Zeng, Corrosion Science 103 (2016): pp. 268–282. 
3.  McAlpine, S.W., N.C. Skowronski, W. Zhou, G. (Tony) Zheng, and M.P. Short, Journal of Nuclear 
Materials 532 (2020): p. 151994. 
4.  Hong, M., H.L. Chan, Y. Xie, E. Romanovskaia, J.R. Scully, and P. Hosemann, Corrosion Science 212 
(2023): p. 110913. 
5.  Sulejmanovic, D., J.M. Kurley, K. Robb, and S. Raiman, Journal of Nuclear Materials 553 (2021): p. 
152972. 
6.  Chan, H.L., E. Romanovskaia, V. Romanovski, M. Hong, D. Sur, P. Hosemann, J.R. Scully, J. 
Electrochem. Soc. (2023), https://doi.org/10.1149/1945-7111/ace8c0  
7.  Hong, M., H.L. Chan, J.R. Scully, and P. Hosemann, Journal of Nuclear Materials 584 (2023): p. 
154548. 
8.  Chan, H.L., E. Romanovskaia, J. Qiu, P. Hosemann, and J.R. Scully, Npj Mater Degrad 6 (2022): p. 
46. 
9.  Jones, D.A., Principles and Prevention of Corrosion (Prentice Hall, 1996). 
10.  Zhang, J., C.W. Forsberg, M.F. Simpson, S. Guo, S.T. Lam, R.O. Scarlat, F. Carotti, K.J. Chan, P.M. 
Singh, W. Doniger, K. Sridharan, and J.R. Keiser, Corrosion Science 144 (2018): pp. 44–53. 
11.  Liu, Y., Y. Song, H. Ai, M. Shen, H. Liu, S. Zhao, Y. Liu, Z. Fei, X. Fu, and J. Cheng, Corrosion 
Science 169 (2020): p. 108636. 
12.  Massot, L., M. Gibilaro, D. Quaranta, and P. Chamelot, J. Electrochem. Soc. 168 (2021): p. 026510. 
13.  Guo, S., N. Shay, Y. Wang, W. Zhou, and J. Zhang, Journal of Nuclear Materials 496 (2017): pp. 
197–206. 
14.  Pizzini, S., and R. Morlotti, Electrochimica Acta 10 (1965): pp. 1033–1041. 
15.  Bale, C. W. et al. FactSage thermochemical software and databases—recent developments. 
CALPHAD 33 (2009):p. 295. 
16. Liu, Q., H. Sun, H. Yin, L. Guo, J. Qiu, J. Lin, and Z. Tang, Corrosion Science 160 (2019): p. 108174. 
17. Winner, N., H. Williams, R.O. Scarlat, and M. Asta, Journal of Molecular Liquids 335 (2021): p. 
116351. 
18. Taylor, C.D., P. Lu, J. Saal, G.S. Frankel, and J.R. Scully, Npj Mater Degrad 2 (2018): p. 6. 
19. Romanovskaia, E., H.L. Chan, V. Romanovski, F. Garfias, M. Hong, S. Mastromarino, P. Hosemann, 
R. Scarlat, and J.R. Scully, Corrosion Science 222 (2023): p. 111389.  



226 
 

Appendix 2: Uncovering Accurate Values of the Polarization Resistance in Molten Fluorides 

Using Electrochemical Impedance Spectroscopy 
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Abstract 
High-temperature operation and the presence of oxidizing impurities in molten chloride and 

fluoride salts pose significant corrosion risks to structural alloys in molten salt nuclear reactors. 

Electrochemical impedance spectroscopy (EIS) offers an operando, real-time method to study the 

instantaneous corrosion behavior of these materials non-destructively. However, signal noises may 

originate from sources extraneous to the electrochemical systems that limit the ability to perform quality 

impedance measurements in low-frequency regime where polarization resistance (Rp) dominates. Using the 

exposure of pure Cr in molten LiF-NaF-KF containing 1 wt.% EuF3 at 600 °C as a model corrosion system, 

the extent of Non-Uniform Current and Potential (NUCP) distribution during an AC perturbation associate 

with the disk electrodes is evaluated in terms of two dimensionless correction factors 𝑘𝑓
𝑅𝑐𝑡(= 𝑅𝑐𝑡/𝑅𝑒𝑓𝑓) 

and 𝑘𝑓
𝐶𝑑𝑙(= 𝐶𝑑𝑙/𝐶𝑒𝑓𝑓). Results show that a small area Cr disk electrode increases the transition frequency 

that marks the dominance of Rp to a conventional terminational frequency above 10-2 Hz, enabling a reliable 

charge-transfer resistance (Rct) value to be determined via circle fitting an electrical equivalent circuit model 

(ECM) model. Experimental results were supported by EIS simulations considering commonly used ECM 

models that factor in the NUCP effect of the bulk rectangular and disk geometries.  
 

Introduction 
The pressing need to decrease reliance on petroleum, lower carbon footprints, and satisfy the increasing 

global energy demands has driven the development of alternative energy technologies. Among them, 

molten salt-based technology for nuclear power is a growing subcategory that utilizes a blend of molten 

chloride and fluoride salts1–3, which exhibit high heat capacity, can maintain low vapor pressure, and 

chemically and thermally stable up to 900 °C. These properties make them ideal for applications in heat 

storage, transport, cooling, leading to advances in energy technologies such as concentrated solar power 

(CSP)4,5, molten salt fast reactors (MSFR)6, and ionic liquid/molten salt battery7,8.  
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Corrosion of structural metals and alloys is particularly severe in molten salt environments as compared 

with conventional atmospheric and aqueous media9,10. The combination of elevated operational temperature 

(< 500oC), possible radiation, exacerbated by the presence of dissolved hydrochloric or hydrofluoric acids 

(formed from moisture impurities) pose threats to the lifespan of these structural components 11. Therefore, 

it is crucial to understand the process of corrosion and accurately quantify its rate, which are essential steps 

in developing effective corrosion prevention and mitigation strategies. Many published corrosion studies 

adopt a forensic approach9,10, relying on measuring mass loss and analyzing the post-corrosion morphology 

of test coupons after immersion in a salt capsule or flow-loop environment. However, this approach fails to 

provide instantaneous corrosion rates, thus limiting our understanding of the mechanisms involved, given 

that corrosion is a time-dependent and highly dynamic process depending on the oxidant concentration. 

The use of electrochemical impedance spectroscopy (EIS) can provide in-operando insights to 

interrogate corrosion processes in real-time – a well-established method for application in aqueous systems 

for many years 12–14. However, significant challenges remain in extending, evaluating, and validating the 

applicability of EIS and other electrochemical methods to non-aqueous environments such as molten salts, 

ionic liquids, and liquid metals 14–16.1 These challenges include designing a working high-temperature 

electrochemical cell with a low signal-to-noise ratio, proper grounding/cabling, or identifying stable or 

dynamic reference electrodes 16. Another challenge that is often overlooked is the sensitivity of impedance 

signals at low frequency to extraneous source, such as environmental noise encompassing physical 

disturbance from gas flow, vibrations of motor pumps, fridge, furnace if testing is conducted in a glove box, 

the movement of salts due to natural convection and/or electrode geometry and how the electrode is 

submerged to the molten salts 16. These factors can still limit the ability to measure, fit and extract accurate 

electrochemical parameters when they are only accessible at low frequency regime, particularly the charge-

transfer resistance (Rct), double layer capacitance (Cdl), and/or diffusional impedance 105. To enable a high-

quality impedance measurement, four essential requirements must first be met, ranging from causality, 

stationarity, linearity to reproducibility 13,16,17. In the case of the molten salt system, stationarity and 

reproducibility are of particular concern justified by literature studies.  

By analyzing over 90 published EIS data points performed in molten chloride and fluoride salts (Table 

1)18–86, significant variability was observed in working electrode geometries (WE), exposure area, and 

reported values for parameters with variations spanning three orders of magnitude within the same salt 

system. For instance, the Cdl of a eutectic LiF-NaF-KF salt, or FLiNaK, at 700oC has a reported range of 

values between 0.1 and 1000 mF/cm2 and the corresponding Rs also varies between 0.5 and 5 Ω-cm2 as 

 
1 This manuscript primarily focuses on elucidating the use of EIS in molten salts. Our prior work has revisited and 
discussed the applicability of Pourbaix diagram, Evans diagram, mixed potential theory, as well as extending the use 
of cyclic voltammetry and chronoamperometry for in situ corrosion assessments in molten fluorides.    
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shown in Table 1. The two parameters here are relatively insensitive to the metallic electrode materials as 

their surface finish is similar. The large variation in the Cdl and Rs values, let alone the Rct values, suggests 

the complexity of the issues affecting EIS results. To determine these parameters accurately, an 

experimental EIS scan must cover a sufficient frequency range, e.g. Rct typically requires a termination 

frequency of 10-3 Hz or lower. However, many terminated their EIS scan at a frequency of l0-2 Hz or higher 

and then attempted to fit an experimental impedance spectrum with an ECM to determine Rct without 

sufficient data (e.g., f < 1/2πCdlRct). In this instance, accurate fitting is difficult, resulting in possible errors. 

Some molten salts, particularly fluoride, exhibit a high experimental Cdl in the mF scale as compared to the 

µF scale typical of aqueous or ionic systems 41,87-91. To access a frequency regime where Rct dominates or 

strongly contributes to the impedance data, it becomes necessary to use a lower frequency range.  

One way to overcome this challenge is to simplify the electrode geometry avoiding irregularities such 

as electrode edges as much as possible as well as to employ microelectrodes to fix the diffusion and ohmic 

resistance of the electrode 99-103. This work explores the use of a disk as the working electrode geometry 

over a range of electrode radii. Herein, the electrode geometry with an embedded disk geometry is referred 

to as a flush-mounted disk, which involves embedding a disk within an insulating and chemically stable 

medium, such as alumina for chloride salts and boron nitride for fluoride salts 104. When considering the 

WE as a disk, there is a deviation of experimental EIS results from ideal conditions due to the effect of non-

uniform current and potential distributions (NUCP) at the center or edges. As shown in Table 1, typical 

molten salt electrodes often use thin rectangular plates partially submerged in the salt bath, termed “Bulk 

R”, and the resultant NUCP effect may be very complex. This complexity may be reduced and is 

recommended 99–103 by adopting a mm scale flush-mounted electrode instead.  

Disk geometry distorts the primary current distribution due to edge effects affecting ohmic resistance 

(𝑅𝑠) measurements 12,99,105–109, altering interfacial capacitance due to potential distribution99, and changing 

the concentration profile of relevant redox species that impact the ionic diffusion behavior15. Each of these 

phenomena represents the scenarios of time-constant dispersions influencing impedance responses, and 

which of these becomes predominant depends on factors including disk radius, solution conductivity, and 

Cdl. However, with the disk electrode, these issues can be mathematically quantified as elaborated by 

Newman et al. 110,111, Nisancioglu et al. 99, Fleischmann et al. 102,103, Huang el al. 112,113, Rotenberg et al. 114, 

and by Orazem and colleagues 12,100,101. Experimentally, these phenomena often result in a 'shift' in 

impedance spectra 115–120, allowing the typically low-frequency Rct regime to “shift” and be assessed at 

higher frequencies. This may, in fact, be useful for conducting impedance measurements in molten salts to 

access both charge-transfer and diffusional impedance regimes.  

However, electrochemical parameters such as Rct and Cdl, obtained through this approach, are still prone 

to errors caused by non-uniform current and potential distributions 99,105. Consequently, it is essential to 
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develop additional correction procedures, thereby improving the reliability and applicability of the disk EIS 

method for corrosion studies in molten salts. To address these challenges, we propose the following four-

step approach in this work: (i) Firstly, quantifying the errors in Rct and Cdl measurements as a function of 

frequency and disk radius, utilizing established mathematical models by Nisancioglu et al. 99 to create 

impedance simulations with various ECMs pertinent to molten salt corrosion systems (some include 

diffusional impedance) 86, enabling systematic sensitivity analysis; (ii) Secondly, comparing these 

simulations with experimental EIS scans on model corrosion systems, with the corrosion behavior of pure 

chromium in molten FLiNaK at 600 °C selected as the model system due to extensive prior studies on its 

corrosion process and rate 15,92,121–123. (iii) Thirdly, utilizing results from (i) to correct empirical parameters 

obtained by ECM fitting in (ii); (iv) Fourthly, evaluating the margin of errors associated with the frequency 

range selected for ECM fitting as a function of electrode configurations and geometries, which will inform 

the optimal disk radius, and the minimum frequency required to accurately obtain Rct.  

Table 1. Collected electrochemical impedance spectroscopy data in molten salts 
Material Salt T, °C Time, h Electrode 

geometry** 
fexp, 
Hz 

Rs 
Ω·cm2 

Rct 
Ω·cm2 

Qdl 
S·sn·cm-2 ndl 

Cdl,*** 
mF cm-2 Ref 

SS316L FLiNaK 700 

1 

Bulk R. [10-2, 104] 

3.70 533 53 1 53 

[32] 10 3.70 519 69.5 1 69.5 
50 3.80 402 83.8 1 83.8 
100 3.70 329 195 1 195 

SS316 

FLiNaK 

650 100 Wire [10-2, 104] 

0.718 183 15 0.627 39.8 

[41] 

FLiNaK + 200 ppm 
O2- 0.730 271 16.4 0.734 3.37 

FLiNaK + 500 ppm 
O2- 0.967 534 12.9 0.753 2.68 

FLiNaK + 800 ppm 
O2- 1.03 723 14.3 0.760 3.47 

FLiNaK + 1000 ppm 
O2- 0.862 1775 6.23 0.782 1.45 

Fe80Ni20 (wt.%) 

45 KF + 50 AlF3 + 5 
Al2O3  (wt.%) 700 1 Rod [10-2, 106] 

7.04 10.8 5.94·10-4 0.662 2.80·10-2 

[87] 
Fe57Ni43 (wt.%) 8.98 6.66 1.95·10-3 0.640 0.120 
Fe50Ni50 (wt.%) 7.59 2.79 8.31·10-3 0.601 0.550 
Fe43Ni57 (wt.%) 5.44 2.16 5.94·10-3 0.619 0.330 
Fe20Ni80 (wt.%) 5.78 16.69 1.01·10-3 0.656 5.80·10-2 

Alloy 625 

FLiNaK 

700 48 Bulk R. [10-2, 105] 

0.754 253 4.09·10-3 0.631 0.140 

[92] 

FLiNaK + 0.1 wt. % 
Ta 0.637 4571 4.65·10-2 0.629 5.83 

FLiNaK + 0.5 wt. % 
Ta 1.01 13.9 7.81·10-2 0.606 14.3 

FLiNaK + 1 wt. % 
Ta 0.765 99.8 5.83·10-2 0.728 18.2 

EDM-3 Graphite FLiNaK + 5 wt.% 
H2O 550 1 Rod [10-2, 105] 0.610 13.7 NA NA NA [93] 

Cr 

48 LiF + 52 BeF2 
(mol%) + 0.2 wt.% 

CrF3 600 1 Bulk R. [10-2, 104] 
0.320 79.2 70.2 0.630 4.09·105 

[94] 
FLiNaK + 0.2 wt.% 

CrF3 
0.570 9.13 3.62 0.889 3.93·103 

OSD Steel 
48 LiF + 52 BeF2 

(mol%) 800 1 Disk [10-2, 105] 
NA NA NA NA NA 

[95] 
FLiNaK NA NA NA NA NA 

W FLiNaK 700 1 Bulk R. [10-1, 104] NA 274 6.73·10-3 0.725 NA [96] Mo NA 134 1.40·10-3 0.776 NA 
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HfTaTiVZr 

FLiNaK 600 60 Bulk R. [10-3,105] 

0.785 36.2 19.8 0.605 1.18·105 

[28] TaTiVWZr 0.750 32.2 20.2 0.576 1.46·105 
Inconel 718 0.861 41.8 16.4 0.626 7.89·104 

SS316 0.532 20.4 25.6 0.485 4.02·105 
Ni 

FLiNaK 700 
50 

Bulk R. 
[10-2,7·103] 2.69 319 NA NA NA 

[97] Fe 50 [10-2,103] 4.93 364 NA NA NA 
Cr 18 [10-1,103] 2.94 26 NA NA NA 

Ni-20Cr (wt.%) FLiNaK 600 

2.78 (@ 
1.75VK+/K) 

Bulk R. [10-2, 104] 

0.891 667 3.84·10-3 0.821 1.17 

[98] 2.78 (@ 
1.90VK+/K) 0.509 29.6 9.58·10-2 0.707 27.2 

2.78 (@ 
2.10VK+/K) 32.4 39.8 3.59·10-2 0.493 22.7 

Hastelloy N 

FLiNaK 

700 100 Bulk R. [10-2,104] 

3.67 3.93 4.30·10-3 0.660 11.8 

[35] 
FLiNaK + 0.02 wt% 

graphite 3.24 31.6 6.50·10-1 0.580 1.04·103 

FLiNaK + 0.1 wt% 
graphite 2.89 23.7 6.85·10-1 0.600 1.00·103 

SS316 13.4 NaCl + 33.7 
KCl + 52.9 ZnCl2 

(mol%) 
700 

91 
Bulk R. [10-2,106] 

0.82 2.35 4.00·10-2 0.800 15.8 
[84] 

Inconel 625 100 0.59 9.14 2.20·10-2 0.800 7.31 

Fe40Al0.1B+10Al2O3 
(at.%) NaVO3 700 24 Rod [10-3,3·105] 1.50 156 NA NA NA [47] 

Inconel 625 PbSO4 + Pb3O4 + 
PbCl2 + Fe2O3 + ZnO 

800 
24 Bulk R. [10-3,5·104] 

185 8.80 0.490 0.620 1.17·103 
[66] 700 124 32.7 1.07 0.670 5.49·103 

600 1.23·103 142 0.480 1 4.80·102 

SS321H 53 KNO3 + 7 NaNO3 

+40 NaNO2 (wt.%) 500 24 Rod [10-2, 
5·105] 3.02 1.68 1.51·10-2 1.03 17.1 [21] 

A36 60 NaNO3 + 40 
KNO3 (wt.%)  390 576 Rod [10-2,104] 2.02 125 2.07·10-4 0.670 4.45·10-3 [72] SS304L 3.90 1.09·1040 1.22·10-2 1 12.2 

Ni16Cr13Co4Mo 
(wt.%) 

50 NaCl + 50 KCl 
(wt.%) 650 2 Bulk R. [10-2,104] 

0.982 7.16 2.63·10-3 0.658 0.110 
[83] 43 NaCl + 43 KCl + 

14 Na2SO4 (wt.%) 1.04 4.14 8.98·10-3 0.608 0.380 

Inconel 740H 50 NaCl + 50 KCl 
(mol%) 

700 24 Bulk R. [10-

2,106] 
2.01 13.4 6·10-2 1 6·10-2 [51] 800 2.85 19.7 2.20·10-1 1 2.20·10-1 

SS316 40 NaCl + 60 
Na2CO3 (wt.%) 700 1 Bulk R. [10-1,106] 

1.03 1.60 0.190 0.470 17.24 

[77] 

DS2205 0.620 32.1 5·10-2 0.640 7.01 
CS1008 0.970 0.320 0.110 0.570 7.10 
SS316 33.4 Na2CO3 + 32.1 

Li2CO3 + 34.5 
K2CO3 (wt.%) 

450 1 Bulk R. [10-1,106] 
1.61 3.10 1.24·10-3 0.760 0.15 

DS2205 1.23 544 3.68·10-3 0.770 0.73 
CS1008 1.21 3.08 3.50·10-3 0.500 0.011 

FeCoNiCrAl HEA 
24.5 NaCl + 20.6 
KCl + 54.9 MgCl2 

(wt.%) 
650 

11 Flush 
mounted 

plate 
[10-2,104] 

1.53 20.4 2.35 0.590 5.43·103 
[79] 21 1.42 12.2 3.18 0.610 7.77·103 

41 1.41 32.5 7.40 0.640 2.70·103 

2.25Cr1Mo steel 44 LiCl + 56 KCl 
(wt.%) 500 200 Bulk R. [10-1, 

4.5·103] 0.330 9.50 3.63·10-3 0.710 0.230 [74] 

12CrMoV steel 55 ZnCl2 + 45 KCl 
(wt.%) 400 

2 
Bulk R. [10-2, 

2·104] 
2.96 4.08 5.79·10-3 0.570 0.18 

[27] SS304 10 44.5 22.5 1.48·10-2 0.940 13.4 

SS316 
53 KNO3 + 40 

NaNO2 +7 NaNO3 

(wt.%) 

450 7 
Bulk R. [10-2, 106] 

0.759  36.5 4.19·10-3 0.656 0.200 
[37] 600 13 0.629 23.2 3.80·10-2 1 37.9 

680 1 0.709 3.54 4.63·10-2 0.908 32.2 

P91 steel 60 NaNO3 + 40 
KNO3 (wt.%) 580 24 Bulk R. [10-2, 

5·105] 
3.79 2.10·10-1 3.40·10-4 0.860 7.10·10-2 [52] 1000 3 6.67 2.70·10-4 0.920 0.140 

AA6061 
Mg(NO3)2 120 168 Sheet [5·10-2,105] 

10.0 181. 7.70·10-4 0.818 0.260 
[42] CW024A 11.9 4.92 5.70·10-6 0.921 2.50·10-3 

1050 steel 14.01 1.80 1.43·10-5 0.800 1.70·10-3 

Inconel 718 

Na2SO4 942 

0.5 Rod [10-3,105] 

0.620 48.8 0.173 1 173 

[81] 

80 V2O5 + 20 
Na2SO4 (wt.%) 637 1.91 5.4 0.647 1 647 

NaVO3 679 1.41 23.7 0.118 1 118 
Ash (V2O5 + 

Na2O·V2O4.5·V2O5 + 
NaV6O15) 

806 9.21 6.5 0.157 1 157 
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P92 steel 62 Li2CO3 + 38 
K2CO3 (mol%) 650 4 Rod [10-2, 

5·103] 

0.79 3.54 3.48·10-2 0.490 0.670 
[67] SS304 1 1.67 1.07·10-2 0.470 5.07 

SS310 1 2.85 1.38·10-2 0.630 36.1 

AISI 309 50 V2O5 + 50 
Na2SO4 (mol.%) 700 0 Bulk R. [10-3, 104] 2.7 13.67 6.97·10-7 0.560 1.92·10-8 [44] 120 4.2 22.8 9.08·10-7 0.640 7.39·10-7 

12CrMoV steel (52±48) PbCl2 + KCl 
(mol.%) 450 

48 
Bulk R. [10-2, 

5·104] 

34.6 41.6 2.54·10-4 1 0.254 
[69] 72 34.6 41.6 2.54·10-4 1 0.254 

168 41.9 27.7 5.48·10-3 1 5.48 
SS304 

60 NaNO3 + 40 
KNO3  (wt.%) 550 96 Bulk R. N/A 

2.31 23.7 0.114 0.436 18.0 

[63] SS430 1.84 3.27 9.60·10-3 0.590 0.430 
HR224 1.92 39.9 0.177 0.713 112 
VM12 2.17 75.5 4.64·10-2 0.710 17.9 

Inconel 625 60 NaNO3 + 40 
KNO3 (wt.%) 

500 1 Bulk R. [10-2, 
105] 

4.27 116 1.40·10-4 0.920 7.30·10-2 [56] 
600 3.28 13.4 2.10·10-4 0.850 5.60·10-2 

OC4 60 NaNO3 + 40 
KNO3 (wt.%) 390 24 Rod [10-2, 106] 

1.23 4.56 2·10-4 0.840 3.90·10-2 
[38] 304 2.02 2.12 3·10-3 0.550 2.70·10-2 

T22 6.43 2.28 2·10-4 0.750 1.40·10-2 
Fe 

60 NaNO3 + 40 
KNO3 (wt.%) 400 16 Bulk R. [10-2, 

2·103] 

4.80 57 1.04·10-4 0.790 1.30·10-2 

[39] Ni 5.16 805 2.56·10-4 0.870 9.50·10-2 
Fe-5Cr (wt.%) 10.7 129 3.25·10-4 0.760 5.30·10-2 

Cr 3.89 6.98 0.280 0.420 170 

VM12 57 KNO3 + 30 LiNO3 

+13 NaNO3 (wt.%) 550 1000 Tensile 
specimen 

[2·10-2, 
103] NA NA 7.90·10-3 0.590 NA [71] 

SS304 
57 KNO3 + 13 

NaNO3 + 30 LiNO3 

(wt.%) 
550 

2 
Bulk R. [10-2, 106] 

2.15 8.10 5·10-2 0.980 47.6 
[23] 100 2.23 100 1·10-3 0.990 0.940 

Fe40Al0.5B (at.%) (Li,K)2CO3 650 48 Bulk R. [10-2, 
1.6·103] 1.40 4.92 2.42·10-4 0.611 1.27·10-3 

[86] Pt (Li,K)2CO3 700 1 Bulk R. [10-1, 104] 2 176 4.13·10-3 0.703 0.540 
Ni21.2Al0.1B0.3Cr 

(at.%) (Li,NaK)2SO4 700 2 Bulk R. [9·10-2, 
4·103] 0.87 0.5 8.70·10-2 0.740 24.7 

* Rs, Rct, Cdl numerical values are reported with 3 significant digits except for integers. NA 
means no data available.  
** “Bulk R.” is an abbreviation of a bulk rectangular specimen, representing a rectangular-
shaped specimen that is partially submerged in molten salts.  
*** It is noted that the Cdl are calculated using Eq. 19 based on the reported Rs and Qdl values.  
 

Theory  

Quantifying Geometrically Induced NUCP Effects in Rct and Cdl Measurements  
Firstly, it is useful to define several parameters to quantify the non-uniform current and potential 

distribution effect with various electrode geometries. The Wagner parameter (W), given in Eq. 1, 

qualitatively describes the extent of non-uniform current distributions 107. When W < 0.1, the primary 

current distribution underlined by geometric factors (e.g., edge effects) becomes predominant; whereas 

when W > 10, a more uniform “termed secondary” current distribution governed by finite Faradaic reactions 

and a finite comes into effect 107.  

𝑊 = 𝑅𝑐𝑡
𝑅𝑠

     (1) 

For disk-shape electrode geometry, the R*
s (Rs that is not normalized by area) and Rs (normalized by 

area), with the units of Ω-cm2 , under primary current distribution can be expressed as a function of disk 
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radius (𝑟𝑜) with the unit of cm and solution conductivity (𝜅) with the unit of Ω-1·cm-1 as indicated in Eq. 2 

and Eq. 3 12:  

𝑅𝑠
∗ = 1

4𝑟𝑜𝜅
     (2) 

 

𝑅𝑠 = 𝜋𝑟𝑜
4𝜅

      (3) 

 

Another quantity is the dimensionless current density (𝐽) 12,99, expressed by Eq. 4. Note that 𝐽 and 𝑊 are 

inversely related as shown in Eq. 5 by combining Eq. 2 to Eq. 4:  

 

𝐽 = 1
𝜋𝑟𝑜𝜅𝑅𝑐𝑡

    (4) 

 
1
𝑊

= 𝑅𝑠
𝑅𝑐𝑡

= 1
4𝑟𝑜𝜅𝑅𝑐𝑡 

= 𝜋𝐽
4

    (5) 

 

Moreover, the frequency can also be normalized with respect to 𝐶𝑑𝑙  with the unit of F/cm2, 𝑟𝑜, and 𝜅 to 

produce a dimensionless frequency (𝐾). From this, impedance measurement can be elaborated as a function 

of geometry, electrode kinetics, and ionic conductivity 12,112,113. 

 

𝐾 = 2𝜋𝐶𝑑𝑙𝑟𝑜𝑓
𝜅

= 𝜔𝐶𝑑𝑙𝑟𝑜
𝜅

    (6) 

 

Using Eq. 6, a critical frequency (𝑓𝑐,𝑑𝑖𝑠𝑘) can be derived that marks the frequency onset in which the current 

and potential distribution begins to influence the impedance response derived by setting Eq. 6 to Eq. 1 (i.e. 

when 𝐾 = 1) 12:  

 

𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 = 𝜅

2𝜋𝐶𝑑𝑙𝑟𝑜
   (7) 

 

Nisancioglu et al. 99 developed and outlined a mathematical framework to calculate the errors associated 

with Rct and Cdl on a flat flush mounted disk as a function of frequency. These errors are quantified in terms 

of the ratio of baseline to effective ECM parameter (e.g., Rct/Reff), shown in Eq. 8 and Eq. 9, and are referred 

to as 𝑘𝑓
𝑖  in this work. The Reff is a frequency-dependent, uncorrected, effective resistance that represents the 

Rct measured or obtained by ECM fitting under the influence of NUCP distribution. 
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𝑘𝑓
𝑅𝑐𝑡(𝑓) = 𝑅𝑐𝑡

𝑅𝑒𝑓𝑓(𝑓)
= 4

𝜋𝐽
 [𝐵𝑜𝑟

 (𝑓)−(𝐵𝑜𝑟
2 (𝑓)+𝐵𝑜𝑖

2 (𝑓))
(1−𝐵𝑜𝑟

 (𝑓))2+𝐵𝑜𝑖
2 (𝑓)

]   (8) 

𝑘𝑓
𝐶𝑑𝑙(𝑓) = 𝐶𝑑𝑙

𝐶𝑒𝑓𝑓(𝑓)
= 𝜋𝐾(𝑓)

4
 [(1−𝐵𝑜𝑟

 (𝑓))2+𝐵𝑜𝑖
2 (𝑓)

𝐵𝑜𝑖
 (𝑓)

]  (9) 

 

where 𝐵𝑜𝑟
  and 𝐵𝑜𝑖

  are the real and imaginary components of the coefficient 𝐵𝑛  that is also frequency 

dependent. The subscript “o” represents the electrode surface where z = 0. 𝐵𝑛 can be obtained by solving 

Eq. 10 using a matrix inversion technique suggested by Nisancioglu et al. 99, providing a series of 𝑘𝑓
𝐶𝑑𝑙  and 

𝑘𝑓
𝑅𝑐𝑡 complex coefficients that are frequency dependent.  

 

∑ [𝑎𝑚,𝑛 − 𝛿𝑚,𝑛
𝑗𝐾(𝑓)+𝐽

𝑀2𝑚
′ (0)

4𝑚+1
] 𝐵𝑛(𝑓) = 𝑎𝑜,𝑚 ∞

𝑛=0    (10)  

 

here 𝐵𝑛 represents coefficients in a series of complex potentials, 𝛿𝑚,𝑛 as the Kronecker delta, and 𝑀2𝑛(𝜀) 

as the Legendre polynomial and function of order 2n in which 𝜀 = 0, respectively. The mathematical 

definition of 𝑀2𝑚
′ (0) and 𝑎𝑜,𝑚 can be found from Nisancioglu et al. 99. In this work, 𝐵𝑛, 𝑘𝑓

𝐶𝑑𝑙 , and 𝑘𝑓
𝑅𝑐𝑡 are 

solved as a function of 𝑟𝑜 at selected disk areas of 10-2, 10-1 and 100 cm2 using the reported Cdl of FLiNaK, 

600 oC. It is important to note the 𝑘𝑓
𝐶𝑑𝑙  and 𝑘𝑓

𝑅𝑐𝑡  factors are derived based on an ideal and simplified 

Randles circuit by Nisancioglu et al. 99. Eq. 8 and Eq. 9 can be different when 𝑘𝑓
𝐶𝑑𝑙 and 𝑘𝑓

𝑅𝑐𝑡 are derived 

based on more complex ECM models. Additionally, the following assumptions are applied 124: (1) electrode 

surface is smooth, active, and flush-mounted in an insulating and insert media; (2) the reference electrode 

is positioned far from the disk; (3) the effect of adsorption, desorption or ionic diffusion effects are 

neglected and the current density is responsible solely for changing Cdl and Rct.  
 

Simulating Impedance Responses Using ECM Models  
The global impedance response of the disk electrode given a NUCP distribution effect is predicted. 

This is accomplished by simulating impedance spectra based on ECM models. To incorporate the effect of 

NUCP distribution, Reff and Ceff in the ECM are calculated from Eq. 8 and Eq. 9, respectively, and expressed 

as frequency-dependent terms. With a known ECM model, the real (Zreal), imaginary (Zimg), and the absolute 

value of the impedance (Zmod) as well as the phase angle can then be calculated. Literature research 

identified 5 ECM models, shown in Figure 1, used to study the impedance behavior of pure metals (e.g., 

Cr, Ni, Fe) as well as alloys (316SS, 304SS, etc.) in molten chlorides, nitrates, fluorides, and sulfates 18–86. 

For each ECM, simulation is carried out at disk area of 10-2, 10-1, and 100 cm2.   
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Figure 1. The different equivalent electrical circuits (ECMs) selected for EIS simulation in a 
molten salt system 87. (a) shows an ideal and simplified Randles circuit, (b) a simplified Randles 
circuit with a CPE, (c) shows two-time constants in series, termed “Two-time Constants”, (d) a 
Randles circuit with a diffusional impedance (ZW), and (e) a Randles circuit in series with a second-
time constant also containing a diffusional element. 
 

Figure 1a, termed the “simplified Randles circuit” consists of a Cdl, Rct and Rs. The Rs is calculated 

based on Eq. 3 at different radii. The global impedance (Z) and phase angle (𝜃) of Figure 1a can be 

calculated by Eq. 11 and Eq. 12, respectively: 

𝑍 = 𝑅𝑠 + 𝑅𝑐𝑡
1+𝑗𝜔𝑅𝑐𝑡𝐶𝑑𝑙

    (11) 

 

𝜃 = tan−1(𝑍𝑖
𝑍𝑟

)     (12) 

where j is the imaginary number, 𝑍𝑟  and 𝑍𝑖  are the magnitude of real and imaginary impedance, 

respectively. Figure 1b displays the same circuit as Figure 1a except the capacitor is in place of a constant 

phase element (CPE), quantified by a pseudo resistive-capacitive term 𝑄𝑑𝑙 and an unitless exponent 𝛼, due 

to the surface distribution of time constants 90,113,125. The Z of Figure 1b can be calculated via:  
 

𝑍 = 𝑅𝑠 + 𝑅𝑐𝑡
1+(𝑗𝜔)𝛼𝑅𝑐𝑡𝑄𝑑𝑙

   (13) 

 

Both Figures 1a and 1b represent the scenario where the electrode is dissolving relatively uniformly under 

charge transfer (CT) control without any surface film regulating corrosion (e.g., K3CrF6 film on Cr in 

FLiNaK 121) nor the development of microporosity due to dealloying 126–128. Figure 1c, termed “two-time 

constants”, is used which consists of an additional time constant and is underlined by Eq. 14:  

𝑍 = 𝑅𝑠 + ∑ 𝑅𝑖
1+(𝑗𝜔)𝛼𝑖𝑅𝑖𝑄𝑖

2
𝑖=1    (14) 
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It was also reported that, depending on the corrosion potential and salt fluid dynamics, interfacial 

dissolution can be mass-transport (MT) controlled by the ionic diffusion of corrosion products away from 

the metal/salt film interface, e.g. Cr(III) in chloride and fluoride salts 15,97,121,129. To account for this effect, 

a diffusional impedance element (𝑍𝑤) can be added in series with Rct in both Figures 1b and 1c, resulting 

in Figures 1d and 1e, respectively. 𝑍𝑤 depends on the concentration profile and geometry of the electrode. 

Under a semi-infinite condition coupled with a planar concentration profile, the Warburg impedance term 
130–132 (𝑍𝑤

𝑝𝑙𝑎𝑛𝑎𝑟) can be used that is mathematically described by Eq. 15 and Eq. 16. 𝑍𝑤 applies when the 

diffusion boundary layer δ is much smaller than ro. 

𝑍𝑤
𝑝𝑙𝑎𝑛𝑎𝑟 = 𝜎

√𝑗𝜔
=  𝜎𝜔

−1
2 (1 − 𝑗)    (15)  

𝜎 = 𝑅𝑇
𝑧2𝐹2𝐴 

( 1
𝐶𝑜𝑥𝐷𝑜𝑥

+ 1
𝐶𝑟𝑒𝑑𝐷𝑟𝑒𝑑

)   (16) 

where 𝜎 is termed the Warburg coefficient with the unit Ω s
−1
2 , z is the number of oxidation states yielding 

electrons per ion or mol e- (2.5 of z is used) 15, F is the Faraday’s constant of 96,485 coulomb/mol of e-, R 

is the universal gas constant of 8.31 J/(mol·K), T is the temperature in Kelvin, 𝐴 is the electrode area, 𝐶 

and D are the concentration and diffusivity of the oxidizing (Ox) and reducing (Red) species for each 

participating half-cell redox reaction during natural corrosion, respectively.  

For a disk, the concentration profile of ionic species becomes hemispherical when ro<δ and a different 

𝑍𝑤 term is required. Fleischmann et al. 102,103 utilize Neumann’s integral theorem to solve the equations of 

diffusion impedance considering a three-dimensional Fick’s second law, resulting in Eq. 17: 

𝑍𝑤
𝑑𝑖𝑠𝑘 = 4𝑅𝑇

𝜋𝑧2𝐹2√𝐷𝜔𝑟𝑜
2𝐶𝑜

(𝜑4 (𝑟𝑜
2𝜔
𝐷

) + 𝜑5 (𝑟𝑜
2𝜔
𝐷

) 𝑗)   (17) 

where 𝜑4 (𝑟𝑜
2𝜔
𝐷

) and 𝜑5 (𝑟𝑜
2𝜔
𝐷

) are frequency-dependent integers, which can be found in 103. Table 1 shows 

the ECM simulation parameters selected based on experimental results. The simulated impedance spectra 

of Figure 1a, 1d, and 1e (𝑍𝑤
𝑝𝑙𝑎𝑛𝑎𝑟 ) are illustrated in Figure S1. Simulation results are compared with 

experimental measurements of Cr exposed in FLiNaK, 600 oC when dissolution is CT and MT controlled. 

Lastly, a baseline is established for each ECM without  𝑘𝑓
𝑖  correction to simulate the impedance spectra of 

a bulk macroelectrode with an area of 1 cm². 
 

Sensitivity Analysis of Fitting Errors  

EIS fitting is performed on the simulated spectra in which the lower cutoff frequency (𝑓𝑐𝑢𝑡𝑜𝑓𝑓
 ) is varied 

to determine the degree of error due to changing 𝑓𝑐𝑢𝑡𝑜𝑓𝑓
 . This is performed using a commercially available 
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software package that adopts the maximum likelihood estimation method for fitting 133. For each optimized 

parameter, errors were assessed by computing a variance-covariance matrix that enables the standard errors 

to be derived for each optimized parameter 133.  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = Rct with Fitting Error
real𝑅𝑐𝑡

× 100   (18) 
 

Materials and Methods 
Sample and Electrode Preparation  

High purity Cr (99.995%, Goodfellow) was selected as the model working electrode (WE). In this work, 

five different electrode geometries were fabricated as shown in Figure 2: a macroelectrode (Figure 2a, A = 

1.9 cm2) and two flushed-mounted disk electrodes (Figure 2b, disk A, 0.196 cm2 and Figure 2c, disk B, 

0.0136 cm2). For the macroelectrode case in which the WE will be partially immersed in the molten salt, 

the Cr pieces were first machined into a dimension of 20±2  5±1  1.5±0.5 mm, and polished to a 1200 

grit surface finish using a SiC paper. 

 
Figure 2. Cross-sectional and plan view schematics and optical micrographs of Cr working 
electrodes of different areas fabricated for molten FLiNaK electrochemistry. 

Macroelectro
de 

Disk 
A 

Disk 
B 
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 One end of the electrode was then spot welded to a Ni200 wire, inserted into an alumina tube and 

sealed with a boron nitride (BN) paste (Graphite Store). The BN paste was subjected to thermal annealing 

in flowing industry grade N2 at 100, 200, 300 and 600 oC for 2 h to remove trapped oxygen and moisture. 

For the disk electrode case wherein full immersion of WE is ensured, cylindrical Cr pieces were flush-

mounted in an alumina tube. One end of each piece was spot-welded to a Ni200 wire and sealed with BN 

paste. Upon thermal annealing of BN paste, the disk electrodes were polished to 1200-grit surface finish 

using SiC paper. Noted, that a separate immersion test was carried out on as-dried BN paste in molten 

FLiNaK and no significant mass loss was detected after 24 h.   
 

Salt Preparation 

The eutectic LiF-NaF-KF (46.5-11.5-42 mol%) at 600oC, abbreviated as FLiNaK, is used as the model 

electrolyte. Each salt compound was separately obtained from a commercial vendor: LiF (99.99% purity, 

Fisher Scientific), NaF (99.9% purity, Fisher Scientific), and KF (>99.5% purity, Fisher Scientific). Each 

salt compound was first dried in a vacuum oven (Napco, USA) at 100 oC for 48 h and then transferred in a 

N2-filled glove box (UNIlab MBraun, USA) controlled under O2 and H2O <0.1 ppm. The salt compound 

was weighted into the molar composition of FLiNaK, mixed, and thermally annealed/melted under the flow 

of ultra-high purity N2 (99.999%) thermally at 600 oC for a minimum of 6 h. Additional purification was 

not performed, as maintaining consistent impurity levels across experiments was sufficient for the purpose 

of this work. For each electrochemical experiment, 1 wt.% of EuF3 (99.5% purity, Sigma Aldrich) was 

added to the FLiNaK, serving as a controlled and common oxidizer to dissolve Cr 122,134,135. 
 

Molten salt electrochemical cell 

This work utilizes the identical molten salt electrochemical cell as our prior work 15,123. All 

electrochemical experiment is carried out in the glove box environment. A glassy carbon crucible (99.999%, 

Fisher Scientific) was used as both the salt container and counter electrode. A platinum wire (99.997%, 

Alfa AesarTM) was used as a quasi-reference electrode relying on a controlled O2 level in the salt 

environment (Pt/PtO/O2-). Prior to exposing Cr, a separate Pt wire was inserted to measure the equilibrium 

K+/K potential using cyclic voltammetry (CV). The equilibrium K+/K potential was utilized as the dynamic 

reference potential and subsequent potential measurements on Cr were calibrated based on this value 

(Figure S2). The validation and optimization of CV method on K+/K potential measurement, e.g. 

thermodynamic calculation of K+/K  with respect to F-/F2, electrochemical stability of K+/K in FLiNaK, 

accessing sensitivity to scan rate, identifying optimal scan range, supporting reaction(s) on CE, comparison 

with galvanostatic studies, have been addressed in our previous work 123 as well as in literature 136-140.  
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Molten salt electrochemistry 

The Cr electrodes are exposed to FLiNaK + 1 wt.% EuF3 at 600 oC under open-circuit condition for 24 

h at 600 oC. EIS scan was performed at a frequency range between 10-2 and 104 Hz at the open-circuit 

potential (OCP) condition with an AC amplitude of 20 mV recorded at 10 points/decade. The EIS 

measurement was carried out at the 1 h and 24 h exposure period, corresponding to the CT and mass-

transport controlled regime of Cr dissolution studied in our prior work 15,92,121–123. An ECM is utilized to 

describe the experimental impedance spectra. The Cdl is also estimated from each as-fitted EIS results using 

the Brug’s relationship 14,144:  

𝐶𝑑𝑙 = 𝑄
1
𝛼 ( 1

𝑅𝑐𝑡
+ 1

𝑅𝑠
)

𝛼−1
𝛼   (19) 

 

Correction to the as-fitted ECM parameters relies on having a separately measured Rct and Cdl as the 

baselines. The reference Rct was calculated by Tafel extrapolation of linear sweep voltammogram 15 of Cr 

in molten FLiNaK (See Figure S3 and Table S1), estimating a value of 4.74 Ω·cm2. A reference Cdl was 

estimated by the differential capacitance method 105. This method relies on calculating the slope of 

differential current (Δinon-faradaic) versus scan rates over a non-faradaic region. Measurements were carried 

out on a Pt wire over a scan rate from 5 mV/s to 500 mV/s over a 2 V range (Figure S4a), showing a Cdl of 

13.3 ± 4.1 mF/cm2 (Figure S4b).  

 

Results 
Simulated Impedance Under Charge-Transfer Regime  

Figure 3 shows the calculated 𝑘𝑓
𝐶𝑑𝑙  and 𝑘𝑓

𝑅𝑐𝑡 values based on the electrochemical properties of FLiNaK 

salts, 600 oC as a function of frequency and disk electrode area. The 𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛  point, calculated via Eq. 7, 

marks the onset frequency above which the effect of NUCP starts having a large effect on Reff deviating 

from baseline Rct. As the electrode area decreases, 𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛  is increased. Below 𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛, the 𝑘𝑓
𝑅𝑐𝑡 

stabilizes at approximately 1 (Figure 3a,), indicating negligible error in measuring Rct. However, the 𝑘𝑓
𝐶𝑑𝑙  

values exhibit a systematic error between 10 and 11. An increase in electrode area results in a slightly 

increased 𝑘𝑓
𝐶𝑑𝑙  (despite this effect being virtually negligible). For f > 𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 , both 𝑘𝑓
𝑅𝑐𝑡 and 𝑘𝑓

𝐶𝑑𝑙  values 

increase due to the decrease in the Reff and Ceff values. The decrease in Ceff may imply an increased 

dominance of the capacitive behavior below the 𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 , which is expected to contribute to the 

impedance behavior of the disk electrode. Figure 3 also suggests that in molten FLiNaK, NUCP 

distributions are likely not significant sources of systematic error in Rct measurements when f < 𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 . 
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Figure 3. The errors of (a) charge-transfer resistance, Rct and (b) double layer capacitance, Cdl 
calculated as a function of frequency at different disk electrode areas (Adisk) and a baseline Cdl of 
13 mF/cm2. The vertical arrows mark the ohmic effect critical frequency (𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛). 
 

Simulated and Experimental Impedance Under Charge-Transfer Regime 

Figures 4a and 4b display the simulated Zmod and phase angle response of a simplified Randles circuit 

(Figure 1b) comparing the behavior of a bulk macroelectrode (without 𝑘𝑓
𝑖  correction) and different areas of 

disk electrodes (with 𝑘𝑓
𝑖  correction) between 106 and 10-6 Hz. The simulated macroelectrode (A=100 cm2, 

dashed lines) exhibits a capacitive response due to DL between 100 and 10-4 Hz with the frequency of 2·10-

3 Hz marking the transition below which impedance is dominated by Rp (this frequency is referred as 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑝 ), 

which falls in a regime where experimental assessment is challenging 18–86. With the same electrode area of 

100 cm2 (solid lines) on a disk geometry, Figure 4a shows a three-order magnitude "horizontal shift" in 

impedance response: resulting in the capacitive regime (i.e. time-constant) to adjust to a higher frequency 

range and decreasing the 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑝  to an experimentally accessible 10-1 Hz across all disk areas. As the 

electrode area decreases from 100 to 10-2 cm2, the capacitive frequency regime broadens over the medium-

high frequency range between 101 and 104 Hz, with the peak of the phase angle decreasing from -42o to -

60o. The increasing dominance of the capacitive response for disk electrodes is due to increasing 𝑘𝑓
𝐶𝑑𝑙  and 

decreasing Ceff values, driven by the effects of NUCD. This trend is more pronounced with smaller electrode 

surface area. This shift also causes the Rs regime to be accessible at a higher frequency.  

These observations remain similar when an additional time constant is connected in series (ECM of 

Figure 1c), as shown in Figures 4c and 4d. The second time constant is incorporated based on the impedance 
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parameters of a salt film or porous metal substrate layer in molten chlorides and fluorides 15, and is only 

expected to dominate at a frequency regime lower than 5·10-2 Hz based on simulation (Figure 4b). The 

presence of a second time constant also slightly decreases the 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑝  (by a factor of 2 to 3) when comparing 

the Bode impedance plots between Figure 4a and 4b at each area (Figure S5). One implication for 

experimental analysis is that a second time constant is likely detectable across the typical experimental 

frequency range (10-2 to 104 Hz). However, since most molten salt EIS measurements do not extend below 

10-2 Hz (See Discussion), ECM fitting based on Figure 1c may not yield an accurate fit with the reasonable 

physical meaning of each parameter. 

 

 
Figure 4. Simulated impedance spectra representing charge-transfer controlled interfacial 
dissolution of Cr in FLiNaK, 600 ◦C. The Bode impedance and phase angle plots of the (a,b) 
simplified Randles circuit and (c,d) two-time constant ECM models are displayed in the case of a 
disk area of 100, 10-1 and 10-2 cm2. The dashed line shows a baseline case of 100 cm2 with no 
𝑘𝑓

𝑖 factors correction, labeled as “ref”. The grey vertical lines identify the frequency regime, 10-2 
to 104 Hz, in which experimental measurement is routinely conducted. All simulation parameters 
are referenced in Table 1.  
 

Figure 5 shows the Bode plots of Cr measured at 1 h after open-circuit exposure in molten FLiNaK 

containing 1 wt.% of EuF3 at 600 oC from 104 and 10-2 Hz. At 1h of OCP exposure, the dissolution of Cr(0) 

to Cr(II) and then Cr(III) is favorable and charge-transfer regulated based on ref 15. Figure 5a displays the 

raw Bode plots with different electrode geometries, revealing that the smallest disk (1.29·10-2 cm2) exhibits 

the highest Zmod. Upon normalizing with the surface area (Figure 5b), both disks A and B exhibit 

overlapping Bode plots in the mid to low-frequency regime (101 to 10-2 Hz) and a different Rs as predicted 
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by Eq. 3 due to ohmic dispersion effect 99. The contribution of Rs can also be subtracted as shown in Figure 

5c, showing that the high to mid-frequency impedance (104 to 101 Hz) becomes practically identical.  

 

 
Figure 5. Experimental impedance spectra of Cr exposed in FLiNaK + 1 wt.% EuF3, 600 oC for 
1 h. The Cr geometries are macroelectrode (1.9 cm2) and two disk electrodes (Disk A:1.96·10-1 
& Disk B:1.29·10-2 cm2). The Bode impedance plots are shown in (a), (b), and (c), representing 
the raw, area corrected, and Rs and area corrected curves, respectively. The phase angle plots are 
shown in (d) and (e) displaying the raw and Rs corrected results, respectively. Symbols are the 
data and the solid lines are the fits. 
 

As shown in Figures 5a-5c, the Bode modulus of disks A and B is dominated by the Rp regime below 

10-1 Hz at Zmod of ~10 Ω·cm2 and the phase angle approaches zero. In contrast, that of the macroelectrode 

is still dependent on frequency until the termination of EIS scan at 10-2 Hz (i.e. Z increases as f  goes down 

and the phase angle is finite near but below its maximum at 60 degrees). The dependence of Zmod with 

frequency in Figure 5 is attributed to the large ~mF/cm2 capacitance of the electrochemical double layer, 

which occurs and the frequency regime over which the dominance of Rp is not reached. Moreover, the phase 

angle plot (Figure 5d) reveals that the capacitive double layer regime (indicated by a broad peak) is shifted 

to a higher frequency, from ~10-1 (macroelectrode) Hz to ~100 Hz (disk A) then to ~101 Hz (disk B), 

correlating with the EIS simulation performed in Figures 4b and 4d. This observation supports the notion 

that the use of disk electrodes in both areas enables the interrogation of Rp regime and even some capacitive 

behavior within the frequency range accessed while meeting the stationarity requirement of EIS. Moreover, 
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if an ECM is fitted to the macroelectrode spectra in Figure 5, the resulting Rp or Rct value will likely not be 

reliable, and the capacitive fitting might also be a challenge.  

The impedance spectra in Figure 5 can be fitted by the two-time constant ECM model (Figure 1c). The 

second time constant may be attributed to the formation of a µm-scale K3CrF6 salt film 121, detectable but 

difficult to quantify accurately within the frequency range used in this work, as simulated in Figure 4c. The 

fitting results are provided in Table 2 along with the calculated Rct, Cdl (w & w/o kf correction) and W 

values. The kf factor calculated in Figure 3 for both Rct and Cdl can be applied to correct the as-fitted 

electrochemical parameters to obtain more fitting results. The fitting result of the macroelectrode shows an 

Rct value of  451 Ω·cm², markedly higher than the LSV extracted baseline value of 4.74 Ω·cm² (Figure S3). 

For disks A and B, the post kf corrected values (9.77±2.98 Ω·cm² and 5.76± 0.96 Ω·cm², respectively) 

closely align with this baseline. Additionally, the uncorrected Cdl values of 136 mF/cm² and 352 mF/cm² 

overestimate the baseline of 13.3±4.14 mF/cm². After correction by a kf factor of 10, the Cdl values are 

adjusted to 13.6 mF/cm² and 14.4 mF/cm², closely approximating the reference value. Additionally, the 

calculated W values: 1.77 for the macroelectrode, 42.2 for disk A, and 186 for disk B. The high W value of 

disks suggests that the current is primarily dominated by secondary current distributions 107. It is noted that 

only Q2 and R2 are kf corrected as both likely represent Qdl (i.e. Cdl) and Rct, respectively, where Eq. 8 and 

Eq. 9 are applicable. Other ECM components may also be influenced by NUCP distribution, yet the 

derivation of their respective kf terms is beyond the scope of this work.  
 

Table 2. EIS fitting parameters for pure Cr in Molten FLiNaK salts + 1 wt.% EuF3, 600oC for 1hr 
under open-circuit condition   

EIS Fit Parameters 
Macro-electrode Disk A Disk B 

As fitted As fitted kf-corrected As fitted kf-corrected 

Rs (Ω·cm2) 0.81 ± 0.01 0.23 ± 0.01 - 0.030± 0.01 - 

a1 1 1 - 0.55 ± 0.10 - 

Q1 (S·sα-1·cm-2) 1.53 ± 0.24 1.46 ± 0.06 - 0.15 ± 0.01 - 

R1 (Ω·cm2) 0.40 ± 0.11  
3.78·108 ± 
7.00·105 - 0.84 ± 0.05 - 

a2 0.47 ± 0.09 0.68 ± 0.01 - 0.88 ± 0.02 - 

Q2 (S·sα-1·cm-2) 0.32 ± 0.13 (1.44 ±  
0.04)·10-2 

(1.45 ± 
0.04) ·10-2 0.36 ± 0.17 0.04 ± 0.02 

R2 (Ω·cm2) 4.51·106 ± 
1.00·104 9.67 ± 2.93 9.77±2.98 5.65 ± 0.96 5.76 ± 0.98 

Rct (Ω·cm2) 451 9.67 9.77 5.65 5.76 

Cdl (mF/cm2) 1.26·101 1.36·102 1.36·101 3.52·102 1.44·101 

W= (Rct/Rs) 1.77 4.22·101 1.86·102 
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Impedance Under Mass-Transport Controlled Regime  
 

Figures 6a and 6b show the simulated Bode plots that incorporate the non-uniform current and potential 

distribution, based on the ECM model (Figure 1e) and use the diffusional impedance element developed 

for disk electrode 103. Even when incorporated with a diffusional element with an ionic species 

concentration of 10-3 M, the spectra in Figures 6a and 6b demonstrate a striking resemblance to that of the 

two-time constants model (Figures 4c and 4d). Similarly, the NUCP effect associated with the disk 

geometry shifts the DL capacitive regime to a higher frequency range, resulting in a more negative phase 

angle (Figure 6b) as the disk electrode area decreases. The simulation also shows that the 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑝  for the disk 

electrodes can be between 10-2 and 100 Hz. The presence of the diffusional element contributes to the Zmod 

value, possibly leading to a slight overestimation of the Rct value if an ECM analysis is to be performed.  

 

 

Figure 6. Simulated impedance spectra representing mass transport controlled interfacial dissolution of Cr 
in FLiNaK, 600 oC.  The Bode impedance and phase angle plots in (a,b) are simulated spectra based on an 
ECM comprising of two-time constants containing the diffusional impedance of a disk (Figure 1e) with an 
assumed area of 100, 10-1 and 10-2 cm2, and those in (c,d) are experimental measurements of Cr exposed in 
molten FLiNaK + 1 wt.% EuF3 for 24h with different electrode geometries and areas. The dashed line 
reveals a baseline case of 100 cm2 with no 𝑘𝑓

𝑖  factors correction, labeled as “ref”. The grey vertical lines the 
frequency regime, 10-2 to 104 Hz, in which experimental measurement is feasible 

Figures 6c and 6d show the experimental impedance spectra of Cr exposed to molten FLiNaK + 1 wt.% 

EuF3 for 24h at open-circuit conditions. Based on our prior work 15, the OCP of Cr after 24 h of exposure 

to impure FLiNaK corresponds to the potential regime in which the dissolution of Cr is rate-regulated by 

mass-transport of Cr(III) due to the presence of a salt film and bulk saturation of Cr(III). The two-time 
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constants ECM model (Figure 1c) shows good agreement with the experimental data. The as-fitted ECM 

parameters, along with the Cdl calculated with and without kf correction of Qdl (Q2) are displayed in Table 

3. Figures 6c and 6d show that the macroelectrode spectra are dominated by Rs entirely above 10-1 Hz, 

whereas disks A and B show a broad capacitive regime over the frequency range used. It is important to 

point out that the Rct and Cdl values assumed in Figures 6a and 6b may deviate from practical assumption 

(e.g., the presence of Cr(III) ions can alter the Cdl 
142 and/or a stable salt film may slow down charge-transfer 

and decrease Rct 15), and thus the simulation results should only be regarded as a sensitivity analysis to 

interrogate NUCP effect in the presence of diffusional impedance. Addressing the multitude of variables 

involved in the case of mass-transport controlled dissolution is beyond of scope of this work and is therefore 

not discussed further.   
 

Table 3. EIS fitting parameters for pure cr corroded in molten FLiNaK salts + 1 wt.% Euf3, 600 
oC for 24 h under open-circuit condition  

EIS Fit Parameters 
Macro-electrode Disk A Disk B 

As fitted As fitted kf-corrected As fitted kf-corrected 

Rs (Ω·cm2) 1.25 ± 0.07 (3.12±5.90)·10-1 - (8.33 ± 2.22)·10-3 - 

a1 0.57 ± 0.08 0.81 ± 1.32 - 0.64 ± 4.79·10-3 - 

Q1 (S·sα-1·cm-2) 0.03 ± 0.01 0.46 ± 0.18 - 0.34 ± 1.20·10-2 - 

R1 (Ω·cm2) 2.04·108 ± 
2.40·106 

1.17 ± 2.80·10-4 - 0.53 ± 0.99 - 

a2 0.69 ± 0.19 0.98 ± 0.11 - 0.81 ± 1.56·10-2 - 

Q2 (S·sα-1·cm-2) 2.43 ± 1.89 0.02 ± 7.99·10-3 1.70·10-3 ± 
8.00·10-4 (0.51 ± 1.20)·10-2 (0.05 ± 1.20)·10-

3 

R2 (Ω-cm2) 2.32 ± 0.15 13.30 ± 5.98 13.40 ± 6.01 243 ± 0.99 247 ± 1.01 

Cdl (mF/cm2) 5.55 4.46·101 4.27 2.39·102 1.37·101 
 

Discussion 
As shown in Table 1, most experimental EIS measurements conducted in the MS research community 

terminate at 10-2 Hz. With the use of a flush-mounted disk electrode, it is feasible to obtain an accurate Rct 

value via ECM fitting over a wide range of disk area (10-2 – 100 cm2) when corrected for NUCP effect using 

the kf factors. To enable the quantitative analysis of this process, it may be practical to calculate the 

transition frequency at which impedance response begins to be dominated by polarization resistance 

(𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡 ). For an ideal and simplified Randles circuit (Figure 1a), 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  is located at the point in the Bode 

impedance plot where Zmod = RCT= ZC. This is illustrated in Figure S6 (analogous to the definition of cutoff 

frequency in bandpass filter design 143) and can be calculated via Eq. 19 (the derivation is detailed in 

Supplemental section): 
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𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡 = 1

2𝜋√3
1

𝑅𝑒𝑓𝑓𝐶𝑒𝑓𝑓
    (19) 

 
It is important to point out the inverse relationship between 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  and 𝐶𝑑𝑙
 . As shown in Table 1, molten 

salts exhibit an experimental 𝐶𝑑𝑙
  ranging from 10-1 to 10 mF/cm2. Typically, the Cdl

  of room temperature 

aqueous solution ranges between 10-2 and 10-1 mF/cm2 132,144,145, and that of ionic liquid is even lower in the 

order of 10-3 mF/cm2 125,146. Thus, molten salt systems tend to have comparatively low 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡  which in some 

cases as discussed above make experimental studies challenging. When a disk electrode is employed, the 

𝑅𝑒𝑓𝑓
  and 𝐶𝑒𝑓𝑓

  values can be corrected by the pre-determined, constant 𝑘𝑓
𝑖  values (below 𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛  ) to 

incorporate and correct the effect of NUCP distribution, yielding Eq. 20. The same approach can be used 

to correct for the parameters obtained from ECM fitting as elucidated in later.  
 

𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡 = 1

2𝜋√3
1

𝑅𝑐𝑡
 𝐶𝑑𝑙

 (𝑘𝑓
𝑅𝑐𝑡𝑘𝑓

𝐶𝑑𝑙)  (20) 

Eq. 20 also shows that the extent of NUCP (i.e. the product of 𝑘𝑓
𝑅𝑐𝑡 and 𝑘𝑓

𝐶𝑑𝑙) also dictates the 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡  

shift. Corrosion systems with a relatively resistive electrolyte (high Rs) and reactive electrode (low Rct) 

exhibit a lower Wagner number which may result in a higher  𝑘𝑓
𝑅𝑐𝑡  and 𝑘𝑓

𝐶𝑑𝑙 values 99,105. In this work, the 

Wagner number representing Cr in FLiNaK at 600oC ranges between 101 and 102, yielding the values of  

𝑘𝑓
𝑅𝑐𝑡  and 𝑘𝑓

𝐶𝑑𝑙  close to 1 and 10, respectively, and thus minimal impact on disk area. An important insight 

is that flush-mounted disk likely has minimal to negligible “edge-effect” for current distribution in FLiNaK 

due to the proximity 𝑘𝑓
𝑅𝑐𝑡 to unity, possibly due to its high electrical conductivity.  However, this behavior 

can be different for another electrode-electrolyte pair. Additionally, if a CPE is in place of an ideal capacitor, 

Eq. 21 can be used:  

𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡 ≈ 1

2𝜋
(

cos(𝛼𝜋
2 )

𝑅𝑐𝑡𝑄𝑑𝑙
)

1
𝛼

 (𝑘𝑓
𝑅𝑐𝑡𝑘𝑓

𝐶𝑑𝑙)
1
𝛼   (21) 

The use of CPE slightly has a negligible effect on the 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡  value based on the simulation parameters 

used for this work (Figure S6). Eq. 21 can be modified for more complex ECMs and can be solved 

numerically. Experimentally, the EIS scan does not necessarily need to terminate at or below 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡  to 

obtain a Rct value with 10% error, although the margin of errors should be taken into account. As illustrated 

in section 2.3, numerous commercial software programs adopt an optimization-based statistical parameter 

estimation based on a selected ECM to yield best-fit values with standard deviations to the entire spectrum. 

Given this context, it is helpful to quantify the error in terms of percent variations (Eq. 18) as a function of 
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the lower termination frequency (𝑓𝑐𝑢𝑡𝑜𝑓𝑓
 ), which is the independent variable for this analysis.  This analysis 

was conducted on the simulated impedance spectra in the charge-transfer controlled dissolution, as depicted 

in Figure 4, with the results presented in Figure 7. 

 

 
Figure 7. Percent variation as a function of lower termination frequency (𝑓𝑐𝑢𝑡𝑜𝑓𝑓

 ) selected for 
ECM fitting analysis. The fitting processes are performed on the simulated impedance spectra 
constructed based on the (a) simplified Randles circuit (Figures 4a & 4b) and (b) two-time 
constants (Figure 4c and 4d) ECM models for both bulk rectangular (Bulk R) and disk geometries. 
The down arrow on (a) and (b) indicates the 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  with and without kf correction.  
 

Figure 7a shows the percent variations for fitting impedance spectra in Figures 4a and 4b as a function 

of frequency relative to 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡 . For the bulk electrode, with a baseline Rct of 10 Ω·cm2 and Cdl of 10 mF/cm2, 

a 𝑓𝑐𝑢𝑡𝑜𝑓𝑓
  of 100, 10-1 and 10-2 Hz results in 706%, 44.6%, 4.98% of deviation, respectively. Below 10-4 Hz, 

the percent deviation falls below 1%. By contrast, when a disk electrode is employed, a discernible 

rightward shift in the percent variation curve is observed which pushes the cut-off frequency to a higher 

level. Regardless of disk areas, negligible differences in error are observed among the disk electrode sizes, 

with errors maintained below 1% until the 𝑓𝑐𝑢𝑡𝑜𝑓𝑓
  reaches 10-2 Hz. Even at a relatively moderate frequency 

of around 10-1 Hz, errors remain below 10%, suggesting a tolerable deviation level. However, beyond this 

frequency, errors intensify significantly, surpassing 100% at approximately 100 Hz, indicating a substantial 

deviation from the established reference value. It is noted that the smallest disk electrode size (10-2 cm2) 
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exhibits a disproportionately higher error sensitivity to changes in 𝑓𝑐𝑢𝑡𝑜𝑓𝑓
  compared to the larger sizes. 

Conversely, the largest disk electrode size (1 cm2) demonstrates less sensitivity to such variation.  

Figure 7b displays the percent deviation when the fitting analysis is applied to Figures 4c and 4d (i.e. 

constructed by the two-time constants model. Compared with Figure 7a, the bulk electrode in this case 

exhibits an overall higher percent deviation, ranging from 10% at 10-6 Hz to 82.3% at 10-3 Hz, with the 

deviation exceeding 100% above 10-2 Hz. For disk electrodes, a similar reduction in overall percent 

deviation is observed, with a more pronounced rightward shift in this case. Notably, the percent deviation 

remains below 10% at 10-2 Hz and below 50% even at 100 Hz. Moreover, it also appears that the smaller 

disk electrodes exhibit increasingly fewer percent deviations. 

The analysis presented in Figure 7 demonstrates that using a disk electrode significantly reduces the 

percent deviation resulting from the optimization-based statistical ECM fitting process which ensures best 

fits using all the data, maintaining deviations below 10% at the conventional 𝑓𝑐𝑢𝑡𝑜𝑓𝑓
  of 10-2 Hz for two 

commonly used EC< circuits for molten salt corrosion studies. The susceptibility to errors of a bulk 

electrode depends on the complexity of the corrosion interface behavior, as reflected by the selected ECM 

models. Particularly in ECM configurations with two-time constants, achieving reliable results is 

challenging if 𝑓𝑐𝑢𝑡𝑜𝑓𝑓
  does not extend to 10-3 Hz, a condition not typically met in most experimental studies 

(Table 1). For the selected model molten salt corrosion system (Cr in FLiNaK, 600 oC), which exhibits a 

high Cdl and Rs, the percent deviation appears to not be significantly impacted by the disk area. This finding 

also provides a critical insight that with a flush-mounted electrode of a wide area range (100–10-2 cm2), the 

conventional 𝑓𝑐𝑢𝑡𝑜𝑓𝑓
  of 10-2 Hz is possible to yield a relatively reliable Rct value via the ECM fitting 

analysis under these conditions.  

Given the rising interest in adopting EIS methods for molten salt corrosion studies (Table 1), developing 

a metric to evaluate the quality of ECM fitting is beneficial, particularly in guiding the selection of 

frequency range and electrode geometry optimal for corrosion analysis. Firstly, it is important to 

independently obtain and/or estimate the values of Rct and Cdl using methods such as correlating corrosion 

rates with mass loss 121, impedance or differential capacitance measurements on planar blocking electrode 
105,125,147, and/or comparing with computational simulations 142. While these methods also suffer from their 

respective shortfalls in yielding the exact baseline values of Rct and Cdl, they allow 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡  (Eq. 19), and thus 

the necessary 𝑓𝑐𝑢𝑡𝑜𝑓𝑓
  for polarization resistance measurements to be estimated. In cases where Cdl or the 

product of Rct and Cdl are high, a bulk rectangular electrode geometry may be sufficient. An excellent EIS 

fit can be achieved when 𝑓𝑐𝑢𝑡𝑜𝑓𝑓
  is lower than 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡 . Secondly, depending on the required 𝑓𝑐𝑢𝑡𝑜𝑓𝑓
  relative 

to the experimental capability, it may be necessary to employ a flush-mounted electrode to induce a lower 

effective capacitance, shifting the polarization resistance regime using the effect of NUCP. It is noted that 



248 
 

the mounting medium must be inserted and insulating media, such as alumina for chloride salts and boron 

nitride for fluoride salts 104. The effect of NUCP can be quantitatively determined by the 𝑘𝑓
𝑅𝑐𝑡(= 𝑅𝑐𝑡/𝑅𝑒𝑓𝑓) 

and 𝑘𝑓
𝐶𝑑𝑙(= 𝐶𝑑𝑙/𝐶𝑒𝑓𝑓) factors obtained by solving the mathematical framework outlined in Nisancioglu et 

al. 99 (e.g., Eqs. 8-10). The values of 𝑘𝑓
𝑅𝑐𝑡 and  𝑘𝑓

𝐶𝑑𝑙  will above 𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛  (Eq.7) 12 but their impacts vary 

depending on the ECM models. They can also be used to correct the effective electrochemical parameters 

obtained from conventional ECM fittings. Yet, the 𝑘𝑓
𝑅𝑐𝑡 and 𝑘𝑓

𝐶𝑑𝑙factors need to be redetermined. Thirdly, 

if the 𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡  is experimentally unattainable, it can be useful to perform a sensitivity analysis analogous to 

that in Figure 7 that correlates the percent variation and experimental terminational frequency to evaluate 

the acceptability of the fitted data.  

 

Conclusions  
In this work, EIS was performed on Cr in molten FLiNaK containing 1 wt% EuF3 at 600 oC.. By 

aggregating > 95 published molten salt EIS data points and comparing with results from this work, molten 

salts, particularly FLiNaK, exhibit experimental Cdl in orders of 100 to 101 mF/cm2, which is high relative 

to room temperature aqueous and ionic liquid systems. Such high Cdl when coupling with low Rct renders 

the Rp dominant regime to below 10^-2 Hz. In this work, a flush-mounted disk WE configuration is 

proposed, evaluated and validated to facilitate corrosion studies. Based on these results, the following 

findings can be concluded: 
 

• The use of a flush-mounted Cr disk with areas between 10-2  and 100 cm2 has shown the capability 

to shift the Rp regime to 10-2 Hz, enabling the Rp dominant regime to be interrogated 

experimentally. Experimental results were validated with EIS simulations constructed based on 

several ECMs commonly used for molten salt corrosion studies, for both bulk rectangular and disk 

electrode geometries.  
 

• The Rct values can thus be extracted using conventional ECM fitting analysis. However, due to the 

presence of non-uniform current and potential distribution effects, as-fitted data must be normalized 

with correction factors, termed 𝑘𝑓
𝑅𝑐𝑡(= 𝑅𝑐𝑡/𝑅𝑒𝑓𝑓)  and 𝑘𝑓

𝐶𝑑𝑙(= 𝐶𝑑𝑙 /𝐶𝑒𝑓𝑓)  below 𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 , 

which are detailed by Nisancioglu et al.99. In the case of Cr in FLiNaK at 600 ◦C, the 𝑘𝑓
𝑅𝑐𝑡 and 𝑘𝑓

𝐶𝑑𝑙  

are found to be nearing 1 and 10, respectively. The influence of primary current distribution on a 

disk electrode, e.g. edge-effect, is minimal for Cr in FLiNaK at 600 oC due to the high ionic 

conductivity of FLiNaK, correlating with a Wagner number in the order of 100. 
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•  EIS simulation and experiments were also performed for Cr dissolving under the mass-transport 

controlled regime in FLiNaK. Simulation results support prior observation and also indicate that 

the influence of a potential K-Cr-F-based salt film (that gives rise to a second time constant) and 

ionic diffusional impedance will not be predominant at 10-2 Hz, for both bulk rectangular and disk 

electrodes. 
 

• The simulated EIS spectra were subjected to a sensitivity analysis that correlates the percent 

deviation of ECM fitted data, obtained via a commercially available optimization-based statistical 

analysis approach, relative to the frequency in which the EIS scan terminates. Results suggest that 

using a disk electrode significantly limits percent deviations, maintaining them below 10 % at the 

conventional termination frequency of 10-2 Hz on two commonly used ECM circuits. The bulk 

rectangular electrode is highly susceptible to fitting errors depending on the ECM complexity. 
 

• Lastly, recommendations were made for the design of EIS experiments in molten salts, notably 

deriving an equation to estimate the required transition frequency (𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡 ) below which EIS 

response is dominated by polarization resistance and by calculating the critical frequency 

( 𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 ) above which non-uniform current and potential distribution effects become 

predominant, informing the optimal point to terminate the EIS scan. 

 

Glossary 
Variable Unit Equation* Description 

𝑅𝑐𝑡
  Ω·cm2 Eq. 1 Charge-transfer resistance 

𝑅𝑠
  Ω·cm2 Eq. 1 Solution resistance normalized by area 

𝑅𝑠
∗ Ω Eq. 2 Solution resistance 

𝑟𝑜 cm Eq. 2 Disk radius 
𝜅 Ω-1·cm-1 Eq. 2 Solution conductivity 

𝑅𝑝
  Ω·cm2 - Polarization resistance 

𝐽 unitless Eq. 4 Dimensionless current density 
𝑊 unitless Eq. 5 Wagner Number 
𝐾 unitless Eq. 6 Dimensionless frequency 
ω Hz Eq. 6 Angular frequency 
𝑓 Hz Eq. 6 Frequency 

𝐶𝑑𝑙
  F/cm2 Eq. 6 Double-layer capacitance 

𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛  Hz Eq. 7 Critical frequency for ohmic dispersion 

𝑘𝑓
𝑅𝑐𝑡  unitless Eq. 8 Frequency dependent correction factor for 𝑅𝑐𝑡

  
𝑅𝑒𝑓𝑓

  Ω·cm2 Eq. 8 Effective resistance due to NUCP distribution effect 
𝐵𝑜𝑟

   unitless Eq. 8 Real component of 𝐵𝑛
   where B.C. is set at electrode 
surface 

𝐵𝑜𝑖
   unitless Eq. 8 Imaginary component of 𝐵𝑛

   where B.C. is set at electrode 
surface 
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𝑘𝑓
𝐶𝑑𝑙  unitless Eq. 9 Frequency dependent correction factor for 𝐶𝑑𝑙

  
𝐶𝑒𝑓𝑓

  F/cm2 Eq. 9 Effective capacitance due to NUCP distribution effect 
𝐵𝑛

   unitless Eq. 10 Frequency dependent complex integer 
j unitless Eq.  11 Imaginary Number 

𝑍𝑖
  Ω·cm2 Eq. 12 Imaginary impedance 

𝑍𝑟
  Ω·cm2 Eq. 12 Real impedance 

𝑍𝑚𝑜𝑑
  Ω·cm2 - Total impedance 

𝑄𝑑𝑙
  S·cm-2·sec-1 Eq. 13 Constant phase element equivalence capacitance 

𝛼 or a unitless Eq. 13 Constant phase element exponent 
𝑍𝑤

  Ω·cm2 Eq. 15 Diffusional impedance 
𝜎 Ω/sec-1 Eq. 16 Warburg coefficient 
𝐶 mol/cm3 Eq. 16 Concentration 
𝐷 cm2/s Eq. 16 Diffusivity 
z mol e- Eq. 16 Number of oxidation state yielding electrons per mol of 

ions 
F coulomb/mol e- Eq. 16 Faraday’s constant 
A cm2 Eq. 16 Area 
𝜑4 Unitless Eq. 17 Frequency dependent integers for disk electrode 

diffusional impedance 
𝜑5 Unitless Eq . 17 Frequency dependent integers for disk electrode 

diffusional impedance 
𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  Hz Eq. 19 Transition frequency for polarization resistance regime 
𝑓𝑐𝑢𝑡𝑜𝑓𝑓

  Hz - Lower end cutoff frequency in which EIS scan is 
terminated 
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Supplemental A Tables, Appendix #2   
 
Table S1. Electrochemical kinetic parameters obtained from graphical analysis of LSV scans of 
Cr in FLiNaK salts w/ 1wt.% EuF3 at 600 °C. 

Test Eoc βa  βc  B icorr, R 
# VK+/K V/dec V mA/cm2 Ω-cm2 
1 1.27 0.0452 0.351 0.173 3.65 4.74 
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Supplemental A Figures, Appendix #2   
 

 
Figure S1. Simulated impedance spectra representing the interfacial dissolution of Cr in 
FLiNaK, 600oC calculated using (a,b) the simplified Randles circuit with an ideal capacitor, or 
Figure 1a, (c,d) a Randles circuit with a Warburg diffusional element, or Figure 1d, and (e,f) a 
two-time constant model with a Warburg diffusional element, or Figure 1e. The EEC model is 
included as an inset for each case. The simulation parameters are based on Table 1. Three disk 
areas of 100 (green), 10-1 (gold) and 10-2 cm2 (blue) as well as a macroelectrode baseline of 100 

cm2 are simulated (red curve).  
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Figure S2.  Cyclic voltammogram of Pt wire in molten FLiNaK + 1 wt.% EuF3 at 600 oC 
measured at a scan rate of 500, 250, and 100 mV/s.   

 

 
Figure S3. Linear sweep voltammogram (LSV) of Cr measured at a scan rate of 1 mV/s in 
molten FLiNaK + 1 wt.% EuF3 at 600 oC using the macroelectrode geometry. 
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Figure S4. Differential capacitance analysis on a Pt wire in molten FLiNaK at 600 oC. (a) 
shows the cyclic voltammogram measured at a scan rate between 1 and 500 mV/s. (b) shows 
the differential capacitance calculated using Eq. S2.   

 

 
Figure S5. Simulated Bode plots of Cr disk electrode in FLiNaK, 600 oC using the simplified 
Randles circuit (Figure 1b) and two-time constants EEC (Figure 1d) models. The disk 
electrode areas are (a,b) 1 cm2, (c,d) 0.1 cm2 and (e,f,) 0.01 cm2. 
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Figure S6. Impedance simulation constructed using a simplified Randles circuit with an ideal 
capacitor (Figure 1a). The assumed EEC parameters are as follows: Cdl = 10 μF/cm2, Rct = 10 
Ω·cm2, and Re = 0.1 Ω-cm2. (a) shows the as simulated Bode impedance plot. (b) and (c) 
shows the first and second derivatives of (a), respectively. 
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Supplemental Section B: Equation derivations 
Derivation of 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  for the simplified Randles circuit with an ideal capacitor  
 

Eq. S1 shows the complex impedance modulus based on the electrical equivalent circuit model 
(ECM) in Fig. 1a, which shows a simplified Randles circuit model with an ideal capacitor. The 
real and imaginary components of Eq. S1 can also be separated and expressed in terms of the 
magnitude of Zmod in Eq. 2: 
 

𝑍 = 𝑅𝑠 + 𝑅𝑐𝑡
1+𝑗𝜔𝑅𝑐𝑡𝐶𝑑𝑙

       (Eq. S1)  
 

𝑍𝑚𝑜𝑑(𝑓) =  √(𝑅𝑒 + 𝑅𝑐𝑡
1+(𝑤)2𝑅𝑐𝑡

2 𝐶𝑑𝑙
2 )

2
+ ( −(𝑤)𝑅𝑐𝑡

2 𝐶𝑑𝑙
1+(𝑤)2𝑅𝑐𝑡

2 𝐶𝑑𝑙
2 )

2
   (Eq. S2) 

 
As shown in Fig. S7, 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  can be solved by identifying the maxima of dZmod/dω vs. ω plot 
(Fig. S7b) or solving ω or 𝑓 when d2Zmod/dω2 equals zero (Fig. S7c). However, the derivative of 
Eq. S1 and Eq. S2 is difficult to solve analytically. A simpler way to find 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  is to take the 
derivative of Zreal with respect to ω instead since the Zreal vs. ω plot and Zmod vs. ω plot are identical 
in shape and Zreal has a simpler analytical expression. The first and second derivatives of Zreal are 
shown in Eq. S3 and Eq. S4, respectively:  
 

𝜕𝑍𝑟𝑒𝑎𝑙
𝜕𝑤

 = −2𝑤𝑅𝑐𝑡
3 𝐶𝑑𝑙

2

(1+𝑤2𝑅𝑐𝑡
2 𝐶𝑑𝑙

2 )
2      (Eq. S3) 

  
𝜕𝑍𝑟𝑒𝑎𝑙

2

𝑤2  = −2𝑅𝑐𝑡
3 𝐶𝑑𝑙

2 (1−3𝑤2𝑅𝑐𝑡
2 𝐶𝑑𝑙

2 )

(1+𝑤2𝑅𝑐𝑡
2 𝐶𝑑𝑙

2 )
3      (Eq. S4) 

 
Setting Eq. S4 to zero at 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  (𝑤 = 2𝜋𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡 ), Eq. S5 can be derived:  

 
𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡 = 1
2𝜋√3

1
𝑅𝑒𝑓𝑓

 𝐶𝑒𝑓𝑓
          (Eq. S5) 

 
Applying Eq. 8 and Eq. 9 to Eq. 5 to account for the NUCP effect, Eq. S6 (or Eq. 20) can be 
formulated:  
 

𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡 = 1

2𝜋√3
1

𝑅𝑐𝑡
 𝐶𝑑𝑙

 (𝑘𝑓
𝑅𝑐𝑡𝑘𝑓

𝐶𝑑𝑙)     (Eq. S6 or Eq. 20) 

 
Derivation of the 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  for a simplified Randles circuit with a constant phase element  
 

Similarly, with a constant phase element is in place of a capacitor for the same circuit (Fig. 
1b), Eq. S1 and Eq. S2 can be modified to Eq. S7 and Eq. S8, respectively:  

 

𝑍 = 𝑅𝑠 + 𝑅𝑐𝑡
1+(𝑗𝜔)𝛼𝑅𝑐𝑡𝑄𝑑𝑙

    (Eq. S7) 
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𝑍𝑚𝑜𝑑 =  √(𝑅𝑒 +
𝑅𝑐𝑡(1+(𝑤)𝛼𝑅𝑐𝑡𝑄𝑑𝑙cos (𝛼𝜋

2 ))

1+2(𝑤)𝛼𝑅𝑐𝑡𝑄𝑑𝑙 cos(𝛼𝜋
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  (Eq. S8) 

The real component of 𝑍𝑚𝑜𝑑 is displayed in Eq. S9:  
 

𝑍𝑟𝑒𝑎𝑙 =  𝑅𝑒 +
𝑅𝑐𝑡(1+(𝑤)𝛼𝑅𝑐𝑡𝑄𝑑𝑙cos (𝛼𝜋

2 ))

1+2(𝑤)𝛼𝑅𝑐𝑡𝑄𝑑𝑙 cos(𝛼𝜋
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2 𝑄𝑑𝑙
2      (Eq. S9) 

 
In the denominator term, the component (𝑤2𝛼𝑅𝑐𝑡

2 𝑄𝑑𝑙
2 ) >  2(𝑤)𝛼𝑅𝑐𝑡𝑄𝑑𝑙 cos (𝛼𝜋

2
) > 1 when Rct 

= 10Ω-cm2, Cdl = 10-2 F/cm2, and 𝛼 = 0.7 (parameters comparable to experimental data in Table 2 
and Table 3). This enables Eq. S9 to be simplified to Eq. 10:  

 

𝑍𝑟𝑒𝑎𝑙 =  𝑅𝑒 +
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    (Eq. S10) 

 
The first and second derivatives of the real component of Eq. S10 can be shown Eq. 11 and Eq. 
12:  
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          (Eq. S12) 

 
Setting Eq. S12 to zero, 𝑓𝑡𝑟𝑎𝑛𝑠

𝑅𝑐𝑡  can be solved as shown in Eq. S13:  
 

𝑓𝑡𝑟𝑎𝑛𝑠
𝑅𝑐𝑡 ≈ 1
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        (Eq. S13) 

 
Similarly, the NUCP can be accounted for by correcting Reff and Qeff with the 𝑘𝑓

𝑅𝑐𝑡 and 𝑘𝑓
𝐶𝑑𝑙 

factors:  
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