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Abstract 

This paper describes an approach to monitor high temperature molten chloride (MgCl2-NaCl-

KCl) salt corrosion of Inconel-625 alloy in real time at high spatial resolution. The approach 

is based on a micro-environmental-cell assembly integrated into a transmission-electron-

microscope goniometer to examine in situ the salt-alloy interface during corrosion, employing 

real time electron diffraction and imaging. It establishes procedures to minimize incorporation 

of H2O or O2 from atmosphere in the chloride salts during sample fabrication and corrosion, 

which is critical to understanding the fundamental corrosion mechanisms. A clustering 

algorithm and a 2D Gaussian fit function are used to determine diffraction spot intensities in 

in situ diffraction patterns, to quantify alloy corrosion. This facilitates quantitative observation 

of the evolution of individual grains, in contrast to conventional macroscopic corrosion rate 

quantification. The isothermal corrosion rate of Inconel-625 in an anhydrous, unoxidized salt-

stack is 220 ± 30 µm/year at 700 °C and 350 ± 20 µm/year at 800 °C. However, the corrosion 

rate at 700 °C increases 5-fold to 1000 ± 170 µm/year when the salt stack is air-exposed, 

indicating the dominant effects of hydrated or oxidized impurities on corrosion acceleration. 

Real time imaging of the microstructure evolution suggests that corrosion is initiated at grain 

boundaries.  

Keywords: Chloride hydration, molten salt corrosion, corrosion rates, quantitative electron 

diffraction. 

 

 

I. Introduction 

High temperature corrosion of containment materials by molten salts impedes the 

development of energy-efficient thermal-energy storage systems employed in concentrated 

solar power plants. For improved power-cycle efficiencies, commercially used nitrate-based 

salts (thermal stability to 600 °C 1) are being replaced by chloride-based salt mixtures for their 

favorable thermo-physical characteristics such as high temperature stability (>700 °C), low 

melting point, high boiling point and good heat transfer 2–5. However these high temperatures 

also accelerate the corrosion of widely used Ni-based storage container materials 6–12.  

In the absence of oxidizing impurities (e.g., O2 and H2O), chloride salts by themselves 

cannot typically cause corrosion of Ni-based alloys, as the free energies of formation of 

chloride salts (e.g., ZnCl2, MgCl2, KCl and NaCl) are lower than metal chlorides (e.g., CrCl2, 

MoCl2 and NiCl2) 
13. Thus, the oxidizing corrosion ambient 6–8 combined with the hygroscopic 

nature of chloride salts 13–15 largely regulates the high temperature corrosion by molten 

chlorides.  Corrosion rates ranging from 10 µm/year to 6000 µm/year have been reported for 

Ni-based alloys in chloride-based salts at temperatures ranging from 600 °C - 800 °C in inert 

atmosphere and air ambient 6–9,11,12,16. Higher corrosion rates are observed in air ambient, due 

to the incorporation of impurities like H2O and O2.  

Generally, the molten-chloride-salt literature examines corrosion under isothermal 

conditions and reports the corrosion rate (e.g. in units of µm/year) as a performance metric 
3,17,18. Experimental methods include in situ monitoring by electrochemical methods like 

potentiodynamic polarization 6,10,19 or electrochemical impedance spectroscopy 20, and ex situ 
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measurements by gravimetric weight loss/gain (ASTM G1–03) 21 methods 10,12,19 and/or  

electron microscopy 22. In addition to measurements of corrosion rates, post-mortem analyses 

of corrosion products and morphology have been performed via X-ray diffraction, energy 

dispersive spectroscopy, and scanning electron microscopy 8,9,11,12,16. However, understanding 

the fundamental aspects of corrosion processes, i.e., where corrosion initiates/nucleates and 

how it evolves over time, remain experimentally challenging as analytical techniques that can 

probe the microstructural and chemical changes at the necessary spatial and temporal 

resolution during the corrosion process are very limited.  

Hence in our work, we developed a methodology employing transmission electron 

microscope diffraction and imaging in a controlled micro-environmental cell assembly (TEM-

MEC).  This enables direct observation of the temporal evolution of microstructure and phases 

at the salt-alloy interface during high temperature corrosion with nanoscale spatial resolution. 

Critically, such an in situ ambient-controlled microscopic method avoids significant alteration 

of the structure and chemistry of the corroded films that could occur during post-corrosion 

cooling, air exposure, or sample cleaning employed in traditional microscopic post-mortem 

analyses 8,23. In this paper, we report corrosion characteristics of Inconel-625 in molten eutectic 

MgCl2-NaCl-KCl from electron diffraction patterns and microstructural images recorded under 

controlled corrosion conditions of temperature and ambient. 

 

II. Experimental Procedures 

A. Sputter deposition of Inconel-625 thin films 

As a first step in the fabrication of the MEC, Inconel-625 is deposited onto the TEM 

sample substrates. A 50 nm thick film is sputter deposited from an Inconel-625 target onto a 

heater-chip in a direct current magnetron sputtering system with a base pressure below 10-8 

Torr 24–26, using a 5.0 mTorr 99.999% Ar atmosphere and a constant magnetron power of 200 

W. The film is deposited at a substrate temperature of 600 °C followed by in situ stepwise 

ultra-high vacuum annealing of the entire chip at 700, 800, 900, and 1000 °C for 30 minutes 

each. These optimized Inconel fabrication conditions yield an average grain size > 100 nm with 

a 50 nm film thickness that ensures sufficient electron transparency (for TEM imaging and 

diffraction) through the MEC assembly and also enables monitoring of inter-vs intra-granular 

corrosion in imaging experiments. Moreover, annealing at temperatures above those where 

corrosion is subsequently studied experimentally minimizes thermal evolution (grain growth, 

grain rotation) of Inconel-625 grains during subsequent in situ TEM corrosion experiments. 

Both structure and composition of the heater chip was not significantly affected by the vacuum 

annealing at 1000 °C, as confirmed by SEM characterization and by comparing XPS scans 

before and after annealing, respectively (not shown). Moreover, the 50-nm-thick sputter 

deposited Inconel layer had the same composition (within 2 atomic percent of the major 

elemental constituents as determined by EDS) as standard bulk Inconel and remained 

unaffected by high temperatures, as demonstrated by heating a 50-nm-thick Inconel film 

(without salt layers) from RT to 900 °C in the TEM-MEC assembly while monitoring 

diffraction patterns and microstructural images. Neither the diffraction patterns nor the 

microstructural images indicate any significant change in the Inconel phase or microstructure 

with temperature. 

B. Electron beam evaporation of salt thin films  

A set of ultra-high vacuum chambers connected to a commercial X-ray photoelectron 

spectroscopy (XPS) system (Phi Versaprobe) is employed for salt deposition and 

characterization. An electron-beam thermal evaporator from SPECS 27 is employed to deposit 
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multi-layered thin films of MgCl2 (25 nm thick), NaCl (13 nm thick), and KCl (12 nm thick) 

to approximate the desired eutectic composition of 44.7 MgCl2 - 29.4 NaCl - 25.8 KCl (mol.%) 

on Inconel-625-coated Hummingbird TEM heater-chips at room temperature. The salts 

(analytical grade, 99% purity, Sigma Aldrich) are evaporated from three separate Mo crucibles 

with a deposition rate of 0.5 Å/s for each salt, as determined by a quartz crystal monitor. 

Although the quartz crystal monitor from INFICON possesses  a typical thickness 

measurement resolution of 1/10th of a monolayer based on its mass sensitivity 28, a 

compositional accuracy of around 10% is expected due to its position relative to the sample 

inside the deposition system and the associated uncertainty of the evaporation flux which is 

expected to vary with the cosine of the deposition angle and with the square of the source-

substrate distance 29. XPS measurements are performed to determine the stoichiometry and 

continuity of each as-deposited salt film, employing vacuum transfer from the deposition 

system to the XPS analysis chamber. The film compositions are obtained from the areas under 

the Mg/Na/K-1s and Cl-2p peaks using the corresponding sensitivity factors.  

C. Protection of salt layers from H2O and O2  

We employed multiple strategies to rigorously and reproducibly avoid incorporation of 

H2O and O2 into the salt layers (particularly the hydrophilic MgCl2) at each stage of the 

experiment. This prevents formation of any significant amounts of solid MgO from oxidation 

of hydrated or oxidized MgCl2 during subsequent in situ TEM high temperature corrosion 

analyses.  

The MgCl2 film is layered between KCl and NaCl (nearest the substrate) in the salt 

stack to avoid direct exposure of the MgCl2 to O2 and H2O (both from the substrate and the 

ambient).  Fig. 1 shows an XPS survey spectrum from such an as-deposited salt layer stack 

illustrated schematically as inset. It exhibits peaks from Mg, K, and Cl, but no peaks from other 

elements including Na or Ni which are below the electron escape depth within the stack. Most 

importantly, it does not show an O 1s peak, indicating the absence of a detectable level of H2O 

or O2 within the deposited salt. Fig. 1(b) shows an XPS survey spectrum of the same sample 

after it was heated in the vacuum deposition chamber to 800 °C. The disappearance of 

significant Na, Mg, K and Cl signals indicates the complete vaporization of the chloride salt-

stack. The absence of MgO on the sample – which would have formed if H2O or O2 were 

present 30 – verifies the effectiveness of layering at avoiding H2O or O2 incorporation either 

from the ambient or the substrate via diffusion at high temperature. This experiment also 

demonstrates the high vapor pressure of the MgCl2-NaCl-KCl salt-mixture at temperatures of 

800 °C, which necessitates a study on the effects of MgCl2-NaCl-KCl salt-vapor on high-

temperature corrosion. We note that the XPS spectrum from the Inconel-625 after salt 

evaporation exhibits an O 1s peak. This is in contrast to the oxygen-free salt stack and is 

attributed to Inconel-625 surface oxidation prior to salt deposition. Moreover, since this oxide 

is consistent across all samples, we believe that its relative contribution to Inconel corrosion is 

similar. 

We employ a mobile vacuum transfer system that is manufactured by PHI Electronics 

and maintains a base vacuum of 5 x 10-6 Torr to prevent significant hydration of salt samples 

during transfer from the salt deposition system to an inert ambient glove box.  The MEC was 

then assembled into the TEM holder in this inert glove box ambient with a 99.999% N2, 

approximately 10 ppm O2 and <0.5 ppm H2O atmosphere, effectively sealing the Inconel-625-

salt-stack from further exposure to the ambient.                                                                  

D. TEM experimental details  
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The MEC assembly for high-temperature in situ TEM experiments uses a 

Hummingbird Scientific Co., Ltd 31 standard-size heater-chip (3.4 mm x 2.4 mm) and a top-

chip (2.4 mm x 2.4 mm), both comprising a Si(100) substrate with 50 nm thick silicon oxy-

nitride windows as shown in Fig. 2. The purpose of the top and bottom chip of the MEC is to 

contain the salt in a small volume such that a liquid-vapor equilibrium of the salt is maintained, 

enabling observation of molten salt corrosion even at elevated temperatures for which the vapor 

pressure is high. An embedded resistive heating element controls the sample temperature to a 

maximum of 1000 °C, and a 100 nm thick gas flow channel can be incorporated in which a 

controlled pressure of 1-2 atmospheres of gas can be maintained. Unless indicated otherwise, 

the gas channel has been excluded for the experiments. The sample is inserted into the TEM 

and initially heated to 430 °C and kept at that temperature for 1 hour to facilitate salt 

intermixing which was experimentally verified in a control experiment using XPS depth 

profiling. Thereafter, the sample temperature was raised to either 700 or 800 °C and Inconel 

625 corrosion was studied from the temporal evolution of electron diffraction patterns and 

microstructural images.     

 
Real and diffraction space corrosion information is captured in a JEOL 2011 TEM with a 200 

keV electron beam. The effective spatial resolution is 3  1 nm which is substantially below 

that of the instrument’s inherent resolution and is limited by electron scattering within the 

multiple layers shown in Fig. 2. The effective temporal resolution in our experiments is a few 

seconds, based upon image acquisition and processing time. All images and diffraction patterns 

are captured by an AMT camera and software using an auto-gain function with thresholds of 

10% of the full intensity range and a 5% tail of the threshold window. A gamma contrast value 

of unity is used, yielding a linear contrast change between these threshold levels as a function 

of dose. It is worth noting that although the auto-gain function rescales the grayscale values, it 

doesn’t significantly affect the intensity-based evaluations of the diffraction patterns described 

in the paper as the grayscale value of individual diffraction spots is many orders of magnitude 

below the total intensity of the diffraction pattern (diffraction spots plus background).  All the 

diffraction patterns, are collected in a parallel beam condition using a selected area diffraction 

aperture of 1.5 μm diameter in the image plane, at a camera length of 2 m. An objective aperture 

of radius 0.5 Å-1 in reciprocal space is centered over the direct beam. A beam current of about 

0.5 nA/cm2 and an electron intensity of order 1 A/cm2 is used. To avoid beam-induced 

destabilization of solid salts, beam-alignment and imaging were performed at temperatures 

above the characteristic eutectic temperature of the salt mixture while minimizing the electron 

dose. The system temperature is calibrated through melting of an e-beam evaporated 50-nm-

thick aluminum film with a melting point of 660 °C in 1.0 atm N2. The experimental images 

collected (not shown) from these calibration experiments at 660 °C and 670 °C indicate the 

disappearance of Al grain contrast in this 10 °C rise in temperature establishing the accuracy 

of the heater control unit to 10 °C. Diffraction patterns during corrosion experiments are 

collected from the same location of a specimen without sample tilting such that a set of Inconel-

625 diffraction spots remain under constant diffraction conditions. Hence, any significant 

decrease in signal intensity of a specific diffraction spot as a function of time is attributed to a 

reduction in an individual grain thickness due to corrosion. Inconel-625 d-spacings from the 

Inorganic Crystal Structure Database (ICSD) are used in a clustering algorithm to locate the 

Inconel-625 diffraction spots in the electron diffraction patterns. A 2D Gaussian fitting 

algorithm is applied to determine individual diffraction spot intensities.  

The evolution of grain size and morphology for crystalline grains of Inconel-625 is 

studied using imaging methods. The amorphous (e.g., from molten salts or potential reaction 

products) vs crystalline regions of the probed volume are identified by tilting the sample, where 
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regions of rapidly changing contrast correspond to diffraction contrast from crystalline grains. 

Inconel-625 grains are also distinguished from the presence of characteristic substructures 

(e.g., annealing twins).  These grains are then monitored for contrast changes that indicate 

nucleation and growth of corroded regions. The microstructural contrast is a combination of 

mass-thickness contrast and diffraction contrast. Thickness reduction cause lighter contrast for 

the case of mass-thickness contrast. On the contrary, contrast oscillates between light and dark 

as thickness is varied for diffraction contrast, with a characteristic period known as the 

extinction distance as described  by Howie and Whelan 32.  However, solutions to the Howie 

Whelan 2-beam equation for this material, show that the intensity of such oscillations is 

negligible for grains that are orientated by more than about 20 milliradians from a low index 

Bragg diffraction angle i.e., there is only a 2 % probability that diffraction contrast would 

dominate over mass thickness in a given grain, under the assumption that grain orientations are 

random. Moreover, some of the microstructural observations like the expansion of lighter 

contrast regions with corrosion only appears plausible through mass-thickness contrast. Thus, 

for the great majority of grain orientations, the observation of lighter contrast that also expand 

with time is directly associated with the reduction in the Inconel-625 thickness. 

 

III. Results 

 In this section, we present the results from three in situ TEM-MEC isothermal 

corrosion experiments, including the corrosion at 700 °C of a sample that was transferred from 

the deposition system to the glove box in air (i.e., contaminated) and corrosion at 700 and 800 

°C of samples transferred using the vacuum transfer vessel (i.e., uncontaminated). Fig. 3 shows 

representative electron diffraction patterns of the contaminated salt sample during isothermal 

corrosion after (a) 400 s and (b) 2500 s at 700 °C. They show polycrystalline rings which are 

attributed to Inconel-625 and MgO, as denoted by yellow and blue semi-circles, respectively. 

The presence of MgO is attributed to oxidation of  hydrated or oxidized MgCl2 
30 caused from 

the air transfer of the salt sample for this particular experiment. The intensity of Inconel-625 

diffraction spots decreases during the experiment such that 85% of those in Fig. 3(a) cannot be 

detected in Fig. 3(b), indicating Inconel corrosion by the molten chloride salts. This is analyzed 

quantitatively for every diffraction spot of the diffraction pattern collected after 400 s at 700 

°C. Each diffraction spot is fitted with a 2D gaussian function to determine its intensity, as 

illustrated in Fig. 3(c) which shows iso-intensity contours from a spot in Fig. 3(a) highlighted 

with a red square. Fig. 3(d) is a plot of the diffracted spot intensity vs corrosion time for four 

Inconel-625 spots highlighted in Fig. 3(a). The intensity decreases and vanishes after 1000-

2000 s for all four spots, indicating the corrosion of the four Inconel grains that were initially 

detected in the diffraction pattern collected after 400 s at 700 °C. This plot demonstrates that 

our method allows quantitative observation of the evolution of individual grains, in contrast to 

conventional macroscopic corrosion rate quantification. 

Fig. 4(a) is a plot of the normalized total diffracted intensity (Itot) vs corrosion time 

(data points connected with dashed lines) for the three different isothermal corrosion 

experiments: (i) an air-contaminated sample at 700 °C, (ii) a vacuum transferred sample at 700 

°C, and (iii) a vacuum transferred sample at 800 °C. Each data point in the plot corresponds to 

the sum of intensities of all detected Inconel-625 diffraction spots at a specific time, normalized 

by the total intensity at 400 s which corresponds to the time when thermal drift is sufficiently 

stabilized for reliable data acquisition. All three curves show a decrease in Itot with time, 

corresponding to a decreasing thickness of the Inconel-625 film as a result of corrosion. This 

decrease is most pronounced for the air-contaminated sample and is larger at 800 °C than at 

700 °C for uncontaminated samples, indicating an accelerated corrosion rate with increased 

salt contamination and temperature, as expected. 
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Corrosion rates are determined by fitting straight lines to the initial near-linear reductions in 

the measured intensities as indicated by solid lines in Fig. 4(a). This is done by dividing the 

total Inconel thickness of 50 nm by the x-intercept of the fitted line which corresponds to the 

time (in seconds) it takes to corrode 50 nm of Inconel-625, assuming an initial uniform 

corrosion. We note that this rate represents the initial corrosion rate. Such analysis yields 

corrosion rates of 220 ± 30 µm/year for the vacuum transferred sample at 700 °C, 350 ± 20 

µm/year for the vacuum transferred sample at 800 °C, and 1000 ± 170 µm/year at 700 °C for 

the air transferred (contaminated salt) sample.  

Fig. 4(b) shows an alternative representation of the same corrosion experiments. It is a 

plot of the number of detectable Inconel-625 diffraction spots vs time, indicating the number 

of grains that have not yet completely corroded.  This plot shows the same qualitative trend 

between the three samples that is exhibited in Fig. 4(a). 

Fig. 5 shows TEM micrographs of a corroding Inconel-625 sample during an 

experiment where the temperature is ramped at a constant rate of 3.3 °C/min from 500 to 1000 

°C in 1 bar N2 from the glove box in the gas channel. The micrographs are taken at (a) 760 °C 

(b) 780 °C and (c) 900 °C and exhibit contrast variations, where lighter contrasts correspond 

to reduced Inconel-625 thickness as described earlier. The regions labeled A, B and C point to 

sites where lighter intensity regions form and grow with increased temperature and time. We 

ascribe the formation and growth of such lighter regions to nucleation and growth of corrosion 

sites. Fig. 5(d-f) show magnified images of the yellow highlighted box regions of Fig. 5(a-c), 

respectively. They provide magnified views of corrosion nucleation and growth at 

temperatures of 760 °C, 780 °C and 900 °C. The yellow arrow in the micrographs points to the 

intersection of two grains. Inspection of these microstructures suggests corrosion site initiation 

at the grain intersection at 760 °C. With increased temperature and time, this site grows 

laterally from the grain boundary to the adjacent grains, eventually leading to loss of contrast 

from the entire grains. We note that the experimental conditions for electron diffraction 

patterns and microstructural image analyses are different. This is because straightforward 

determination of the corrosion rate from diffraction patterns necessitates corrosion experiments 

under isothermal conditions. In contrast, for qualitative corrosion analyses via microstructural 

imaging, corrosion experiments with a temperature ramp are preferred, as this allows more 

corrosion conditions to be mapped efficiently. 

 

IV. Discussion 

 In this section, we discuss the possible reasons for variations in the corrosion rate 

between different Inconel-625 grains followed by a discussion on the differences in the 

corrosion rates observed in the three isothermal corrosion experiments.  

Fig. 3(d) indicates that the total time required for the diffraction spot intensity to 

disappear during corrosion at 700 °C varies by a factor of two for different grains. This grain-

to-grain variation is confirmed by analyses of 20 different diffraction spots (not shown).  We 

attribute these substantial differences in corrosion times to differences in grain orientation and 

grain size. The grain orientation affects the surface energy, the electron work function, and the 

planar atomic density on the surface 33,34. These differences significantly affect the 

surface reactivity and cause differences in dissolution, ion adsorption, and oxidation rates - 

even for chemically equivalent corrosion reactions - resulting in significant variation in 

corrosion rates. Thus, it is highly likely that the variation in corrosion rates between different 

grains is due at least in part to their varying orientations.  Secondly, small grains with large 

volume fractions of grain boundaries to grain interior are expected to corrode prior to larger 

grains. This is based on our imaging observations, that show corrosion to initiate at grain 

boundaries. Thus, it can cause significant variations in corrosion rates for the wide range of 
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grain sizes (20 nm - 200 nm) observed in our Inconel-625 microstructure. Hence, we conclude 

that differences in grain orientation and size both contribute to variations in grain-by-grain 

corrosion rates, and deconvolving the relative contributions of these effects will be a focus of 

future work.  

We next consider our observed corrosion rates: 220 ± 30 µm/year for the 

uncontaminated sample at 700 °C, 1000 ± 170 µm/year for the air-contaminated sample at 700 

°C, and 350 ± 20 µm/year for the uncontaminated sample at 800 °C. These data indicate a 5-

fold increase in corrosion rate at 700 °C with salt contamination and 1.6 times increase with 

100 °C rise in temperature to 800 °C. The increased corrosion with air contamination of salt is 

primarily attributed to absorption of water from air by the MgCl2 salt, leading to its thermal 

hydrolysis on heating above 200 °C during high-temperature corrosion producing corrosive 

impurity ions MgOH+, Cl- and H+ 30. 

The observed corrosion rates are broadly comparable to the reported corrosion rates for 

Ni-based alloys by molten chloride salts in the literature as shown in Table 1. We note that the 

corrosion rates presented in this work are extrapolated from characteristic rates of tens of 

nm/hour in our ultra-thin (50 nm thick) Inconel-625 films to µm/year for comparison to 

corrosion of bulk samples in the literature 7,8. The fact that our corrosion rates are comparable 

to results in the existing literature suggests that the governing processes in our observations of 

thin films are similar to those reported for macroscopic corrosion, indicates that our 

microscopic method is relevant to extending the understanding of corrosion mechanisms in 

bulk materials. 

V. Conclusions 

In summary, we have developed and successfully implemented a unique approach 

based on TEM diffraction and imaging, to monitor high temperature corrosion of Inconel-625 

alloy by molten eutectic MgCl2-NaCl-KCl in a TEM with nanoscale resolution in real time. 

We developed procedures to avoid incorporation of significant H2O and O2 in a Mg-chloride 

based salt-stack to be used for controlled corrosion studies. The Inconel-625 corrosion rate for 

vacuum transferred salt samples is 220 ± 30 µm/year at 700 °C and increases to 350 ± 20 

µm/year at 800 °C. Air contamination causes a much more pronounced increase to 1000 ± 170 

µm/year at 700 °C. These, isothermal corrosion rates confirm that the molten chloride 

corrosion is significantly accelerated by salt hydration from air exposure. Real-time imaging 

of the microstructure suggests that corrosion is initiated in inter-granular regions. This method 

further facilitates quantitative observation of the evolution of individual grains. The observed 

differences in corrosion rates of individual grains are primarily attributed to the differences in 

surface reactivity due to grain orientation differences and differences in volume fraction of 

grain boundary from grain size variations.  
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Fig. 1 XPS spectra of (a) as-deposited, vacuum transferred multi-layered salt structure on 50 

nm Inconel-625, exhibiting peaks corresponding to only the salts, and (b) after vacuum 

annealing to 800 °C in the same vacuum deposition system indicating complete salt 

vaporization with peaks corresponding to elements in the Inconel-625 alloy.  

 
Fig. 2 Schematic of the micro environmental cell assembly and chloride salt stack structure. 
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Fig. 3 In situ TEM-MEC diffraction patterns of a 50-nm-thick Inconel-625 layer in contact 

with a chloride salt mixture at 700 °C for (a) 400 and (b) 2500 s. (c) 2D Gaussian fit of the 

Inconel-625 diffraction spot indicated in (a) with a red square, and (d) intensity vs corrosion 

time from the four diffraction spots highlighted in (a) with squares. The yellow and blue half-

circles in (a) and (b) indicate Inconel and MgO diffraction rings, respectively.  

 

 

 

 

(c) (d)
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Fig. 4 (a) Normalized total intensity (Itot) and (b) number of detected Inconel-625 diffraction 

spots Nds vs corrosion time, from 50 nm Inconel-625 in contact with a 50 nm salt stack (13 nm 

KCl-25 nm MgCl2-12 nm NaCl) for (i) an air contaminated sample at 700 °C, (ii) a vacuum 

transferred sample at 700 °C, and (iii) a vacuum transferred sample at 800 °C.  
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Fig. 5 In situ TEM-MEC micrographs of a 50 nm Inconel-625 / 50 nm salt stack (13 nm KCl-

25 nm MgCl2-12 nm NaCl) in 1 bar N2 in the gas channel of Fig. 2 as the temperature is ramped 

from 500 °C to 1000 °C at a constant rate of 3.3 °C/min, at (a) 760 °C (b) 780 °C, and (c) 900 

°C indicating nucleation and growth of corrosion sites indicated by letters A, B, C. The 

magnified view of the yellow box regions in (a) – (c) is shown in (d) – (f), with a yellow arrow 

pointing to the grain boundary where corrosion initiates and laterally grows to the adjacent 

grains. 
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Table 1 Summary of corrosion data on Ni-based alloys in molten chloride salts. 

Molten salts  

(weight %) 

Ni-based 

alloy  

T (°C) Atmosphere Method Corrosion 

rate 

(µm/year)  

Ref 

KCl-NaCl-ZnCl2 

(24.0/7.4/68.6) 

 

Ha C-276 

Ha C-276 

Ha C-276 

Ha C-276 

Ha C-276 

Inc 625  

Inc 625  

500 

500 

800 

700 

700 

700 

700 

air 

air 

air 

inert (Ar) 

air 

inert (Ar) 

air 

PDP 

I+M 

PDP 

I +M 

I +M 

I +M 

I +M 

40 

110 – 50a 

525 

222 – 55b 

2200 – 668b 

35 – 7b 

1700 – 447b 

6 
6 
6 
7 
8 
7 
8 

CaCl2-MgCl2-NaCl 

(43.6/17.7/38.7) 

Inc 625  

Ha X  

Ha B-3  

600 

600 

600 

air 

air 

air 

I +M 

I +M 

I +M 

700 – 110c 

300 – 130c 

500 – 135c 

9 
9 
9 

KCl-MgCl2-NaCl 

(20.4/55.1/24.5) 

Inc 702 

Inc 800H  

Ha C-270 

720 

700  

700  

inert (N2) 

inert (Ar) 

inert (Ar) 

LPR 

I+M 

I+M 

6340  

364d  

79d 

11 
12 
12 

KCl-MgCl2-NaCl 

(24.3/53.9/21.8) 

Inc 625 

Inc 625 

Inc 625 

700 

700 

800 

air/none#  

none 

none 

 

T-M 

T-M 

T-M 

1000 

220 

350 

This 

work 

# Sample was exposed to air before in situ TEM corrosion analysis, no external atmosphere 

during corrosion 

Ha: Hastelloy, Inc: Inconel, T-M: TEM-MEC, PDP: potentiodynamic polarization,  

I+M: gravimetric weight loss, LPR: linear polarization resistance 

Measurement time spans: 
a 7 days – 42 days 
b 7 days – 21 days  
c 1 day – 21 days 
d 21 days 
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