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Abstract 

In situ transmission electron microscopy (TEM) diffraction and imaging techniques are used to monitor and quantify 

corrosion of Inconel-625 by pure molten chloride salts (MgCl2 − NaCl − KCl) at 500-800 °C in 1.0 atm inert N2 or 

pure O2, or by salts which are controllably hydrated in a high vacuum chamber. The isothermal corrosion rate R in 

inert N2 increases from 203 ± 30 μm year-1 at 700 °C to 463 ± 30 μm year-1 at 800 °C. An oxygen ambient causes a 

six-fold increase to R = 1261 ± 170 μm year-1 at 700 °C. Salt hydration dramatically accelerates corrosion to R > 3×105 

μm year-1 at 700 °C while it leads to a more moderate R = 95 ± 20 and 486 ± 30 μm year-1 at 500 and 600 °C, 

respectively. These isothermal corrosion rates indicate that the molten chloride corrosion is significantly accelerated 

by salt hydration at temperatures above 600 °C, where corrosion is aggravated by increased generation and solubility 

of corrosive HCl gases. Hence, to reduce rate of corrosion it is important to both avoid incorporation of H2O into the 

system at each stage and ensure proper flushing of the system before increasing the temperature beyond 600 °C. 

Compositional analysis of the corroded cells indicate that corrosion in O2 ambient is dominated by oxidation of metals 

by O2 gas dissolved in the chloride melt, but corrosion in H2O ambients is caused by chlorination of metals by dissolved 

HCl gas and MgOH+ ions. So, to reduce rate of corrosion, steps should be taken to tailor chloride melt compositions 

that has low solubility for HCl and O2. All of our corroded samples exhibit passive-protective oxide layers of Cr, Mg, 

and Ni. In addition, distinct volatile compounds of Ni, Mo and Cr involving NiCl2, (Na,K)2MoO4 and CrO2(OH)2 are 

detected in N2, H2O, and O2 ambients, respectively. We believe that corrosion acceleration can be minimized by 

minimizing formation of volatile by-products or promoting reactions that could convert these volatile compounds to 

solid phases, as these volatile compounds led to destruction of protective oxide layers. 

 
 Keywords: Corroded compounds, molten salt, corrosion rates, O2 and H2O ambients. 

 

I. Introduction 

High temperature corrosion of molten-salt containment materials in concentrated solar power plants limits 

operating temperatures, long-term reliability, and economic viability.1–5 One material choice for containment materials 

are Ni based alloys, which exhibit complex corrosion reaction mechanisms that are heavily influenced by factors such 

as impurities,6–8 ambient,9–11 and temperature.9–15 More specifically, the process involves the oxidation of alloy 

elements and the reduction of oxidizing impurities in the molten salt, resulting in dissolved metal chlorides, 

precipitates of metal oxide, and/or vapors of corrosion products including HCl, Cl2, and metal chlorides.16 

Isothermal corrosion rates (in units of µm/year)2,17,18 for molten salt corrosion are typically determined from 

in situ electrochemical methods like potentiodynamic polarization11,13,19 or electrochemical impedance spectroscopy,20 

and from ex situ techniques including gravimetric weight loss/gain (ASTM G1–03)21 methods13,15,19 and/or  electron 

microscopy.22 In addition, post-mortem analyses of corroded samples by X-ray diffraction, energy dispersive 

spectroscopy, and scanning electron microscopy10,12,14,15,23 are used to study corrosion products and morphology. In 

our work, the corrosion behavior is probed by an in situ transmission electron microscopy (TEM) imaging technique 

in combination with ex situ analyses by X-ray photo-electron spectroscopy (XPS) and Auger electron spectroscopy 

(AES) to quantify corrosion and study microstructural changes and compositional variations at the metal-salt interface. 

We have developed techniques such that these methods can be employed without exposure of the sample to 

atmosphere at both the pre and post corrosion stages,24 hereby avoiding any major changes to the corroded films 

structure and chemistry potential during air exposure, post-corrosion cooling, or sample cleaning employed in 

traditional microscopic post-mortem analyses.10,25 We determine Inconel-625 alloy corrosion rates from in situ TEM 

diffraction patterns taken during exposure to molten eutectic NaCl-MgCl2-KCl salt as a function of temperature at T 

= 500 - 800 °C and exposure to discrete ambients of inert N2, pure O2 or H2O. Most importantly, we could 

independently study the effects of O2 and H2O on the Inconel corrosion process. Literature states that H2O and O2 

from ambient react with the chloride melt and form corrosive HCl and Cl2, respectively as shown by the following 

equations.16   

H2O (l, g) +  MgCl2(s) →   2HCl (l, g) + MgO(s)                                                   (1) 

O2 (l, g) +  4HCl (l, g)  →   2Cl2 (l, g) +  2H2O(l, g)                                                  (2) 
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These corrosive species then interact with metal elements in the Inconel alloy and form metal chlorides as 

shown by equations 3 and 4. 

 

HCl (l, g) +  M →   MCl𝑥 (l) + 𝑥
2⁄ H2(g)                                                     (3) 

xMgOH+Cl− +  M →   xMgO (s) + MCl𝑥 (l) + 𝑥
2⁄ H2(g)                                     (4) 

 

 We note that based on these reaction equations, there is no corrosion in the absence of H2O. However, all of 

our samples, including those annealed in pure O2, could contain a maximum of 10-5 atm of H2O from the 99.999% 

purity O2 gases used in our experiments. Based on our corrosion investigation, we deduce that high temperature 

corrosion in H2O ambient is primarily from chlorination of metals by HCl gas and MgOH+ ions formed in chloride 

melt as described in equation 1.  However, high temperature corrosion in pure O2 ambient is primarily due to oxidation 

of metals by O2 gas dissolved in chloride melt and not from chlorination of metals by Cl2 formed as per equation 2. 

 

II. Experimental Procedures 

A. TEM-MEC apparatus 
High-temperature in situ TEM corrosion experiments use a micro-environmental cell (MEC) assembly 

consisting of a Hummingbird Scientific Co. Ltd. standard-size heater-chip (3.4 mm x 2.4 mm) and a top-cap-chip (2.4 

mm x 2.4 mm) both comprising a Si (100) substrate with 50-nm-thick silicon oxy-nitride windows for electron 

transparency. The heater and cap chips together form a pocket 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 salt vapor pressure is high.  The heater chip has an embedded resistive heating element that facilitates 

substrate heating from 25-1000 C and the cap chip comprises a 100 nm thick gas flow channel that enables ambient-

controlled corrosion experiments. The MEC is assembled in a glove box, inserted into the TEM, and initially purged 

with 1 atm (99.999% pure) of N2 or O2 for 10 minutes at room temperature. Subsequently, the gas flow channels are 

covered to maintain a static 1 atm N2 or O2 ambient in the MEC for high temperature corrosion experiments. The 

covering of gas lines also prevents convective loss of high vapor pressure compounds from the corroded region. 

Initially, the sample is heated to 430 °C and kept at that temperature for 1 h to facilitate salt intermixing. Thereafter, 

the sample temperature is raised to an isothermal corrosion temperature of 500 to 800 °C. We expect Inconel corrosion 

at this 430 °C step to be negligible compared to the thickness of the film, given the measured corrosion rates at higher 

temperatures even under the most aggressive H2O environments.  

Inconel-625 corrosion is studied from the temporal evolution of electron diffraction patterns and images in a 

JEOL 2011 TEM with a 200 keV electron beam. All images and diffraction patterns are captured by an AMT camera 

and software using an auto-gain function with thresholds of 0% of the full intensity range and a 0% tail of the threshold 

window. Electron diffraction patterns are acquired as a function of time from a fixed location of a specimen to observe 

the same set of Inconel-625 diffraction spots under constant diffraction conditions. This facilitates the use of 

diffraction patterns for corrosion rate determination as any significant decrease in a spot intensity as a function of time 

is attributed to the reduction of individual grain thickness caused by corrosion. A clustering algorithm and a 2D 

Gaussian fitting algorithm are used to locate and determine spot intensities, respectively, of individual Inconel-625 

diffraction spots in the electron diffraction patterns. More details on the use of TEM images and diffraction data to 

quantify corrosion and calculate its rate can be found in a previous publication.24 

B. Inconel-625 and salt layer deposition 
50-nm-thick Inconel-625 films are sputter deposited onto silicon-oxy-nitride Hummingbird TEM heater-

chips in a ultra-high vacuum deposition system with a base pressure below 10−8 Torr.26–28 Deposition is done in 5.0 

mTorr 99.999% Ar by applying a constant dc power of 200 W to a magnetron with a 5-cm-diameter Inconel-625 target 

while maintaining the substrate temperature at 600 °C. Immediately following the deposition, the entire chip is 

annealed stepwise at 700, 800, 900, and 1000 °C for 30 min each in the same vacuum system. This optimized 

deposition and annealing process yields grain sizes of ~ 200 nm with a 50 nm film thickness that ensures sufficient 

electron transparency for subsequent TEM imaging and diffraction. Moreover, annealing at temperatures above those 

where corrosion is subsequently studied minimizes thermal evolution (grain growth, grain rotation) of Inconel-625 

grains during subsequent in situ TEM corrosion experiments.  

Salt deposition is done in a multi-chamber ultrahigh vacuum system comprised of an electron-beam thermal 

evaporation chamber from SPECS, reaction chamber, and a commercial X-ray photoelectron spectroscopy (XPS) 

system (Phi Versaprobe). Multi-layered salt films of KCl (13 nm thick), MgCl2 (25 nm thick), and NaCl (12 nm thick) 

are evaporated on Inconel-625-coated heater-chips at room temperature to approximate the desired eutectic 

composition of 29.4 NaCl − 44.7 MgCl2 − 25.8 KCl (mol.%).8 Prior to salt deposition, the Inconel surface is sputter 

https://dx.doi.org/10.1149/1945-7111/ac8376


Preprint. This manuscript is published as: In situ high-temperature TEM observation of Inconel corrosion by molten chloride 

salts with N2, O2, H2O, Prachi Pragnya, Daniel Gall, Robert Hull, J. Electrochem. Soc. 169, 093504 (2022). 

https://dx.doi.org/10.1149/1945-7111/ac8376 

 3 

cleaned in the same vacuum system to remove any residual surface contamination using a 2 kV, 2 μA Ar ion beam 

for 30 s which corresponds to a 5-nm Inconel etch. The MgCl2 film is intentionally layered between NaCl (bottom) 

and KCl (top) in the salt stack to avoid direct exposure of the MgCl2 to O2 and H2O (both from the substrate and the 

ambient). A mobile vacuum transfer system (PHI Electronics) that maintains a vacuum of 5 ×10–6 Torr is employed 

to prevent any significant unintentional sample hydration during transfer from the salt deposition system to an inert 

ambient glove box. The micro-environmental cell (MEC) is assembled into a TEM holder in this glove box with a 

99.999% N2, approximately 10 ppm O2 and <0.5 ppm H2O atmosphere, effectively sealing the Inconel-625-salt-stack 

from exposure to air during transfer to the TEM. A detailed discussion of Inconel and salt film fabrication, 

characterization, and procedures developed to avoid air exposure and therefore incorporation of H2O or O2 from the 

atmosphere in the chloride salts can be found in our previous publication.24 

 

C. Controlled hydration of salt films  
Some of the as-deposited salt layers are controllably exposed to H2O vapor in order to hydrate the salt without 

exposing it to molecular O2. This provides samples to independently study the effect of H2O (in the absence of O2) in 

subsequent high-temperature corrosion experiments. The hydration is done in the same multichamber vacuum system 

that is also used for salt deposition. For this purpose, H2O vapor is introduced from a Milli-Q water ampule through a 

leak valve to a vacuum chamber with a 5×10-8 Torr base pressure, yielding a 250 mTorr H2O pressure which is 

maintained for 90 minutes. Figure 1(a) shows an XPS survey spectrum from an as-deposited salt layer stack deposited 

on a SiO2/Si(001) substrate as illustrated schematically in the inset. The spectrum exhibits peaks from Mg, K, and Cl, 

but no peaks from other elements including Na which is below the electron escape depth within the salt stack. Most 

importantly, it does not show an O 1s peak, indicating the absence of a detectable level of H2O or O2 on the surface 

and within the deposited salt. Figure 1(b) shows an XPS depth profile scan of the same salt stack sample after exposure 

to 250 mTorr water vapor for 90 min. The profiling is done by sputtering with a 1 kV 500 nA Ar ion beam. The K, 

Mg, and Na signals show maxima after 1, 11, and 17 min of depth profiling, reflecting the sequence within the salt 

stack, while the steep increase in the Si and O signals around 20 min of sputtering time are from the SiO2 substrate. 
We note that this measured K composition is below the eutectic composition. Our exposure experiments suggest that 

this deviation from the originally deposited composition occurs during H2O exposure, when hydration causes an 

effective reduction in the measured K content. The reasons for this effect are not understood at this point. The O1s 

signal indicates 20 at.% of oxygen on the salt surface and a substantial oxygen concentration throughout the salt stack, 

indicating hydration of all three salt layers during our controlled exposure to H2O vapor. These conditions are 

reproduced for the corrosion experiments with hydrated salt reported in this article, except that SiO2 is replaced with 

Inconel-625. 
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Fig. 1 XPS (a) survey scan of as-deposited multi-layered salt (13 nm KCl / 25 nm MgCl2 / 12 nm NaCl) film on SiO2 

substrate and (b) depth profile of salt stack hydrated with 250 mTorr of H2O vapor for 90 minutes. 

 
D. Post-corrosion compositional analysis 

X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) are used to study the 

chemical composition of the as-corroded thin-films on the heater chip and volatile compounds captured by the top-

cap chip. XPS spectra are acquired using Al Kα radiation (1486.6 eV) in a PHI 5000 Versaprobe system with a 

hemispherical analyzer and an 8-channel detector. For this work, all survey spectra are collected from a 100 nm wide 

spot using a step size of 1 eV and a pass energy of 117.4 eV and all high-resolution spectra are collected with a step 

size of 0.2 eV and a pass energy of 23 eV, and a 1.2 eV electron flood gun in conjunction with a low-energy (7 eV) 

ion neutralizer to compensate for possible surface charging. The XPS Handbook and National Institute of Standards 

and Technology (NIST) database (https://www.nist.gov) are used to identify the peaks and oxidation states of various 

identified elements. The composition was determined from the relative peak intensities corresponding to the area 

under the curves after subtraction of the background using the Shirley correction and employing the relative sensitivity 

factors from the PHI MultiPak software package. AES spectra are collected using a PHI 700 Auger electron 

spectroscopy instrument with an incident beam energy ranging from 5-10 keV and a beam current of 1-10 nA yielding 

an approximately 22 nm spot size. The PHI MultiPak software package is used to identify Auger signals. 

III. Results 
A. In situ TEM corrosion results   

 

Figure 2(a) shows a TEM micrograph from a hydrated salt sample. It is collected at 430 °C and shows 

approximately 100-nm-sized polycrystalline Inconel grains. The corresponding electron diffraction pattern as shown 

in Fig. 2(b) exhibits polycrystalline rings that match with the d-spacings of Inconel-625 alloy as labeled by blue semi-

circles. The polycrystalline diffraction rings highlighted by yellow semi-circles indicate the presence of NiO and/or 

MgO. Please note that even though it is very challenging to distinguish between NiO and MgO from TEM diffraction 

pattern due to their very similar crystal structures, they are readily identified in the post corrosion XPS characterization 

and is discussed in section B. Additional diffraction spots (not highlighted) correspond to d = 2.13 Å, 2.00 Å, 1.97 Å 
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and indicate a Ni3Nb phase. Figure 2(c) is a TEM micrograph from the same sample after raising the temperature and 

holding it for 5 s at 700 °C. The micrograph shows no polycrystalline Inconel grains suggesting complete Inconel 

corrosion in less than 5 s at 700 °C. The corrosion of Inconel is confirmed by the diffraction pattern in Fig. 2(d), 

collected after 100 s at 700 °C. The pattern exhibits no diffraction spots that can be attributed to Inconel grains. The 

polycrystalline rings in Fig. 2d are due to NiO and MgO (yellow semi-circles).  

 
 

 

Fig. 2 In situ TEM-EC micrographs and diffraction patterns from a 50-nm-thick Inconel-625 layer in contact with 

hydrated chloride salt, collected at (a-b) 430 °C and (c-d) 700 °C. 

 

TEM imaging and diffraction data from in situ TEM-MEC isothermal corrosion experiments including 

corrosion at (i) 700 °C, 800 °C with 1 atm inert N2, (ii) 700 °C with 1 atm oxidizing O2, (iii) 700 °C, 600 °C, 500 °C 

with hydrated salt with 1 atm inert N2 are summarized in Fig. 3. This data is obtained by quantitatively analyzing 

diffraction patterns which are acquired every 5 min. More specifically, the plot in Fig. 3(a) shows the normalized total 

diffracted intensity Itot that emanates from Inconel-625, as determined by summing the intensity from all diffraction 

spots detected at a specific time from three Inconel polycrystalline rings with d = 1.80, 1.27 and 1.07 Å while excluding 

the most intense Inconel ring with d = 2.08 Å which is close to relatively intense d-spacings of corrosion products like 

MgO and NiO (we note that there is also a competing NiO diffraction ring at 1.27 Å, but this is of relatively low 

intensity of 8% (6th intense peak). The intensity is normalized by the total intensity at 200 s (the time it takes to 

stabilize the thermal drift for reliable data acquisition) and is plotted vs corrosion time t for corrosion at 700 °C and 

800 °C in inert N2, 700 °C in O2, and 500 °C, 600 °C, and 700 °C in N2 but with fully hydrated salt (labeled H2O).  
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Fig. 3 (a) Normalized total intensity Itot and (b) number of detected Inconel-625 diffraction spots Nds with d = 1.80, 

1.27 and 1.07 Å, vs corrosion time t, for 50-nm-thick Inconel-625 films in contact with KCl-MgCl2-NaCl salt at 700 

°C and 800 °C in inert N2 (green), 700 °C in O2 (magenta), and 500 °C, 600 °C, and 700 °C in N2 but with fully 

hydrated salt (blue, labeled H2O). 
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All six data sets in Fig. 3(a) show a decrease in Itot with corrosion time t, indicating a decrease in thickness of the 

Inconel-625 film because of corrosion. Corrosion rates R are determined by fitting straight lines to the initial Itot vs t 

data which exhibit initially approximately linear decreases. Greater details on the corrosion rate determination can be 

found in our previous manuscript.1 The results from curve fitting are plotted in Fig. 3(a) as solid lines and are also 

summarized in Table I. For corrosion in inert N2, the Inconel thickness decreases by 24 nm over t = 3780 s at 700 °C 

and by 50 nm for t = 3480 s at 800 °C, corresponding to R = 203 ± 30 and 463 ± 30 μm year-1, respectively. That is, 

the corrosion rate in inert N2 accelerates 2.3-fold when the temperature is increased from 700 to 800 °C.  
 

Table I. Corrosion rate of Inconel-625 by eutectic (K-Mg-Na) Cl for six different corrosion conditions  

 T  

(°C) 

Ambient Corrosion rate 

 (μm year−1) 

 

500 

 

600 

 

700 

 

 

 

800 

 

H2O 

 

H2O 

 

Inert (N2) 

O2 

H2O 

 

Inert (N2) 

 

95 ± 20 

 

468 ± 30 

 

203 ± 30 

1260 ± 170 

>3x105 

 

463 ± 30 

 

The measured corrosion rate with an O2 ambient at 700 °C is 1260 ± 170 μm year-1, indicating a 6.2-fold 

corrosion acceleration caused by O2. The acceleration is even more pronounced for the hydrated salt samples, with R 

= 95 ± 20, 468 ± 30 and >3×105 μm year-1 at 500, 600, and 700 °C, respectively. The value at 700 °C represents a 

lower bound of the corrosion rate, because the 50-nm-thick Inconel film started corroding during the +8 °C/s 

temperature ramp to reach 700 °C. Correspondingly, we estimate a corrosion time of the complete Inconel layer of 

less than 5 s at 700 °C indicated by the near-vertical dashed blue line in Fig. 3a, which corresponds to R > 3×105 μm 

year-1.  

Figure 3(b) provides an alternative analysis from the same corrosion experiments. It is a plot of the number 

of detectable Inconel-625 diffraction spots Nds vs corrosion time t, indicating the number of grains in the field of view 

that have not yet completely corroded. This plot indicates that same qualitative effects of temperature and ambient on 

the corrosion rate as those deduced from Fig. 3(a).         

 

 

 

 

B. Study of chemical products of corrosion   

 

 Figure 4 shows XPS high resolution scans of (a) Ni2p3/2, (b) Cr2p, (c) Mg2p and (d) Mo3d peaks for Inconel - 

molten salt samples corroded at (i) 800 °C under 1 atm N2
 (red), (ii) 700 °C for H2O ambient (blue) and (iii) 700 °C 

under 1 atm O2 (cyan). The plots include the data from Inconel prior to corrosion (magenta). The Ni2p3/2 spectrum in 

Fig. 4(a) from the as-deposited sample has a peak at the elemental position of 853.3 eV. In contrast, the spectra for 

samples corroded in inert N2 at 800 °C and in H2O at 700 °C exhibit peaks at 854.7 and 856.1 eV, indicating a peak 

shift to the divalent oxide states corresponding to NiO and Ni(OH)2, respectively. The presence of NiO and Ni(OH)2 

is further verified by NiLMM, OKLL and O1s Auger peaks collected in the XPS scan (not shown). However, the Ni2p3/2 

spectrum from the sample corroded in O2 ambient at 700 °C exhibits peaks at 854.7 eV and 855.6 eV that correspond 

to NiO and Ni2O3. Please note that these XPS characterizations are performed post corrosion i.e., after cooling of the 

corroded sample to room temperature, so we find it reasonable to assume that 855.6 eV could correspond to formation 

of Ni2O3, which is from the oxidation product of NiO in this O2 rich ambient during cooling. Fig. 4(b) shows that all 

three corrosion conditions lead to a Cr2p peak at 576.6 eV which is shifted from its pre-corrosion elemental state at 

574.4 eV, to its trivalent oxide state of Cr2O3. In addition, the sample corroded in O2 ambient at 700 °C exhibits also 

a peak at 575.5 eV indicating the formation of NiCr2O4 and/or Mg-Cr-O (It is reasonable to assume that the Mg-Cr-O 

oxide corresponds to  MgCr2O4 spinel, as commonly observed in iron- and nickel-based alloys immersed in molten 

MgCl2-NaCl-KCl.15 It could also be a divalent/trivalent cation spinel with mixed composition (e.g. (Mg,Ni) Cr2O4).  

Fig. 4(c) shows the Mg2p peaks. Prior to corrosion, the peak position of MgKLL and Mg2p for the hydrated salt sample 
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indicate MgCl2.6H2O. i.e., fully saturated MgCl2 salt with water (not shown). The spectra for the samples corroded in 

inert N2 at 800 °C and H2O at 700 °C exhibit peaks at 49.5 eV that could correspond to Mg(OH)2 and/or 

Mgx+y(OH)2xCl2y(H2O)z−x. In contrast, the spectrum from the sample corroded in O2 ambient at 700 °C exhibits a peak 

at 49.2 eV that indicates the formation of MgO. Fig. 4(d) shows a shift of the Mo3d peak from its pre-corrosion 

elemental state at 228.1 eV to 232.2 eV for the sample corroded in H2O at 700 °C. This indicates a hexavalent oxide 

state of MoO3. 

 

 

 
Fig. 4 XPS high resolution scans of (a) Ni2p3/2, (b) Cr2p, (c) Mg2p and (d) Mo3d peaks from Inconel - molten salt samples 

corroded at 800 °C under 1 atm N2 (red), at 700 °C with H2O ambient (blue), and at 700 °C under 1 atm O2 (cyan). 

The magenta spectra are from a sample prior to corrosion. Note, the peak at 49.5 eV in (c) labelled Mg(OH)2 could be 

also due to Mgx+y(OH)2xCl2y(H2O)z−x. 
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Figure 5 shows XPS high resolution scans of (a) Ni2p3/2, and (b) Mo3d peaks on the MEC - top-cap, which is used to 

contain the gaseous corrosion ambient during corrosion at (i) 800 °C under 1 atm N2, (ii) 700 °C for H2O ambient and 

(iii) 700 °C under 1 atm O2. The colors again indicate the different corrosion conditions: red is for sample corroded in 

inert N2 at 800 °C, blue is for sample corroded in H2O at 700 °C, and cyan is for sample corroded in O2 at 700 °C. 

For the Ni2p3/2 analysis, the sample corroded in inert N2 ambient at 800 °C, the spectrum of Ni2p3/2 exhibits a peak at 

856.7 eV which corresponds to NiCl2. The presence of NiCl2 is also verified by the Cl2p peak position in XPS and 

presence of Ni and Cl signals in AES survey scans of the MEC - top-cap. No Ni peaks are detected in the XPS (Fig. 

5(a)) and AES survey scans (not shown) of the MEC-caps corresponding to samples corroded in H2O or O2 ambient. 

This indicates the evaporation of volatile NiCl2 corrosion product during corrosion in the inert N2 ambient, only. 

The spectrum of Mo3d for the sample corroded in H2O ambient at 700 °C exhibits a peak at 232.5 eV that correspond 

to Na2MoO4 or K2MoO4. The presence of Mo is also confirmed from AES survey scans of the MEC-cap. No Mo 

signals are detected in the XPS and AES survey scans (not shown) of the MEC-caps for the samples corroded in N2 

or O2 ambient. This indicates the formation of volatile Mo-compounds during corrosion in the H2O ambient, only. 

Corrosion in O2 ambient indicates the formation of volatile Cr-compounds that correspond to CrO2(OH)2 as indicated 

by the presence of Cr, and O2 peaks in the AES survey scans on the MEC-cap of the corroded cell (not shown).  

 

Fig. 5 XPS high resolution scans of (a) Ni2p3/2 and (b) Mo3d from Inconel samples corroded in molten salt at 800 °C 

under 1 atm N2 (red), at 700 °C with H2O ambient (blue), and at 700 °C under 1 atm O2 (cyan).  

 

IV. Discussion 
 We first discuss our observed Inconel-625 corrosion rates by pure molten chloride salts in all the 3 ambients, 

the inert N2, pure O2, and controllably hydrated salts (H2O ambient). The isothermal corrosion rate R in inert N2 

accelerates 2.3-fold from 203 ± 30 μm year-1 at 700 °C to 463 ± 30 μm year-1 at 800 °C. We attribute the corrosion in 

inert N2 primarily to the residual oxidizing impurities present in the salt-alloy system and the gas ambient. We note 

that the value at 700 °C is in excellent agreement with R = 220 ± 30 μm year-1
 from our previous study of molten salt 

Inconel corrosion without any gas ambient,24 but 30% above R = 350 ± 20 μm year-1 from our previous report at 800 

°C, suggesting that the presence of 1 atm N2 gas (99.999% purity) ambient in the current work may contain a high 

concentration of (H2O or O2) impurities which slightly accelerate corrosion at 800 °C. An oxygen ambient causes a 

six-fold increase to R = 1261 ± 170 μm year-1 at 700 °C.  High temperatures and high partial pressures of oxygen 

accelerates oxidation reactions resulting in increased corrosion rates. Salt hydration dramatically accelerates corrosion 

to R > 3×105 μm year-1 at 700 °C while it leads to a more moderate R = 95 ± 20 and 486 ± 30 μm year-1 at 500 and 

600 °C, respectively. We believe that the corrosion in the H2O ambient is primarily due to the abundance presence of 

oxidizing species (MgOH+, HCl) formed on heating of the hydrated MgCl2 salt. The low corrosion rate observed at 

500 °C is attributed to the stability of MgOHCl at such low temperatures and low kinetics of corrosion reactions at 

low temperatures. Corrosion rate obtained in N2 inert ambient has been compared to published literature and discussed 

in detail in our earlier report,24  so is not repeated in the current manuscript. Besides, we are not aware of any other 
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reports of corrosion in this Ni-alloy molten-salt-system with just O2 or H2O ambients with which we can compare are 

O2 and H2O ambients to.  

 

 Secondly, we discuss and relate the different corrosion conditions (ambients and temperature) to the observed 

corrosion products. Prior to discussing the corrosion products of Inconel corrosion by molten chloride salts in N2, O2, 

and H2O ambients, it should be emphasized that the pure MgCl2–NaCl–KCl salt mixture theoretically cannot 

chemically corrode the Ni-Cr metallic alloys, since MgCl2, NaCl and KCl salts are thermodynamically more stable 

than CrCl2 , MoCl2 and NiCl2.7 We also reiterate that in this work the use of ultra-high vacuum deposition environment 

(10-9 Torr base pressure) combined with surface cleaning of samples before deposition, the use of ultra-high pure 

experimental gases and stringent procedures for avoiding incorporation of contaminants like C, O2 or  H2O during cell 

fabrication and corrosion experiments results in a contaminant concentration that is at least 4 orders of magnitude 

smaller in our cell assembly compared to typical corrosion environments in the literature. Further experimental details 

can be found in our previous publication.24 These rigorous procedures limit the C and O contamination of samples, 

for example, the cleaned Inconel-625 film to approximately a single monolayer, as quantified by XPS (not shown 

here). Nevertheless, our corrosion experiments and post-corrosion analyses suggest the limited presence of key 

corrosive impurities like H2O which is believed to be a maximum of 10-5 atm primarily from the 99.999% purity gases 

used in our experiments). For instance, limited amounts of oxide/hydroxide corrosion compounds of Cr, Mg, and Ni 

(Cr2O3, Mg(OH)2, NiO and Ni(OH)2) are found in sample corroded in otherwise inert N2 ambient. As described in the 

literature,16 these O2 or H2O impurities react with the chloride melt at high temperatures to generate corrosive agents 

like Cl2 and HCl, respectively as also shown by equations 1 and 2.  

These corrosive Cl2 and HCl gas species then interact with metal elements in the Inconel alloy and form volatile solid 

and gaseous chlorides. The reported Gibbs free energy for formation of metal chlorides at 700 °C indicates the 

following order for dissolution in molten chloride salts: Cr > Mo > Ni.29 That means CrCl2 preferentially forms over 

NiCl2, MoCl2 and FeCl2. However, at 700 °C, the vapor pressure of NiCl2 is greater than the vapor pressures of the 

other chlorides. Also, these chlorides can further convert to solid oxides that follows the order (CrCl2 < MoCl2 < 

NiCl2). This transformation of chlorides to oxides releases the corrosive Cl2 or HCl back into the system for continued 

corrosion. These chloride to oxide transformations is discussed below for our current work where samples are corroded 

under pure N2, O2 and H2O ambients. 

In this work, samples corroded in inert N2 ambient at 800 °C indicate the presence of oxide/hydroxide layers of Cr, 

Mg, and Ni (Cr2O3, Mg(OH)2, NiO and Ni(OH)2) as major solid corrosion products when characterized under XPS 

(Fig. 4(a-c)-red). The corrosion in inert N2 conditions is facilitated by residual oxidizing impurities present in the salt-

alloy system and the gas ambient. In accordance with the metal-chloride formation energies, Cr metal from the Inconel 

alloy preferentially dissolves in the chloride melt to form CrCl2, followed by MoCl2 and lastly the stable NiCl2 forms.29 

Based on the observed oxides in the corroded sample it is deduced that the chlorides (in the order CrCl2 > NiCl2), 

further reacted with the residual oxygen impurity, as per reactions in equations 3 and 4:  

                                                                           2 CrCl2 (g)  +  3/2 O2  →  Cr2O3  +  2 Cl2                                               (3) 

                                                                                2 NiCl2 (g)  + O2  →  NiO +  2 Cl2                                                      (4) 

In addition to the solid corrosion products, the compositional analysis of the MEC top-cap for sample corroded in inert 

N2 ambient indicates the condensation of gaseous NiCl2 (Fig.5(a)) on the colder top-cap. Please note that no NiCl2 is 

observed for samples corroded in O2 or H2O ambients. Such evaporation of volatile NiCl2 for sample corroded in inert 

N2 ambient, is facilitated by the high vapor pressure of NiCl2 at 700 °C in connection with the high stability of NiCl2 

relative to NiO in this low partial-pressure oxygen regime. This low availability of O in inert N2 ambient results in 

limited formation of the protective NiO layer. Moreover, the outward migration of volatile NiCl2 disrupts the Cr and 

Ni oxide layers. Hence, the evaporation of the chloride of Inconel alloy’s base-element i.e., NiCl2 could be one of the 

major reasons aggravating Inconel corrosion in inert N2 ambient. 

 

Samples corroded in the H2O ambient at 700 °C exhibit MoO3 in addition to oxides or hydroxides of Cr, Mg and Ni 

(Cr2O3, Mg(OH)2, NiO and Ni(OH)2) as  major solid corrosion products, as measured by XPS (Fig. 4(a-c)-blue).  This 

sample corrosion is facilitated by the abundance availability of oxidizing species (MgOH+, HCl) formed on heating 

of the hydrated MgCl2 salt. Reports suggest that hydrated MgCl2 when heated above 200 °C forms MgOHCl according 

to equation 5 in addition to the competing dehydration reaction.30 

                                                                      MgCl2.2H2O = MgOHCl + HCl(g) + H2O(g)                                        (5) 

This compound is thermally stable up to temperatures of 555 °C but with increase in temperature it gradually 

decomposes to MgO and corrosive HCl, significantly aggravating Inconel corrosion.30 Hence, at 700 °C, HCl dissolves 

metals in the Inconel alloy (Cr, Ni, Mo) to metal-chlorides that further react with H2O and convert to metal oxides, as 

observed from our XPS analyses (Fig. 4(a-b) & 4(d)).  And this low-temperature stability of MgOHCl combined with 
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low kinetics of corrosion reactions at low temperatures explains the low corrosion rates observed at 500 °C. One of 

the striking XPS observation for Inconel samples corroded in H2O ambient is the presence of MoO3 on the corroded 

chip, that isn’t seen on samples corroded in inert N2 or O2 ambient (Fig. 4(d)-blue). Moreover, Mo signals are also 

seen on the top colder MEC-cap (Fig. 5(b)-blue) indicating that some MoO3 evaporated and/or transformed to a 

volatile compound during the corrosion reaction in H2O ambient. We postulate that some of the MoO3 evaporated and 

some MoO3 react with NaOH/KOH (formed by the reaction of Na+/K+ ions with OH- ions present in the H2O ambient) 

to form volatile (Na,K)2MoO4 that condenses on the MEC top-cap according to the equation 6.  

                                                                    MoO3 + 2 NaOH + H2O → Na2MoO4·2H2O (g)                                     (6) 

The large increase in corrosion rate between 600 °C and 700 °C in H2O ambient may be related to the significant 

vaporization of MoO3 in H2O ambient at 700 °C.32 As stated in literature,32 the rate of vaporization of MoO3 is 

negligibly slow at temperatures below 600°C and dramatically increases at 700 °C. 

 

Samples corroded in the O2 ambient at 700 °C exhibit oxygen rich corrosion products like Cr2O3, MgO, NiO and 

Ni2O3 (Fig. 4(a-c)-cyan). At high temperatures and high partial pressures of oxygen the chlorination (conversion of 

metal to metal chlorides by reaction with Cl2 formed by the reaction in equation 2 and oxidation (conversion of metal 

to metal oxides by reaction with O2) corrosion reactions compete with each other.16 However, in our case, the ambient 

is close to pure O2 with only a very minor H2O impurity level (99.999% purity O2 gas at 1 atm), thus oxidation 

reactions dominate and the O2 present in the melt oxidizes the metals present in the alloy to their respective oxides as 

identified in XPS scans (Fig. 4(a-c)-cyan). These oxides further react to form ternary compounds of NiCr2O4 and 

MgCr2O4, as measured by XPS (Fig. 4(b)-cyan).  However, the presence of a Cr signal on the MEC top-cap indicates 

formation of volatile Cr compounds under these O2 ambient conditions. This is believed to be CrO2(OH)2, since it is 

the primary vapor species in Cr2O3, oxygen, water vapor mixtures in the temperature range of 873 K - 1173 K, at 1 

atm total pressure31 as shown by equation 7. 

                                                           ½ Cr2O3 (s) + ¾ O2 (g) + H2O (g) = CrO2(OH)2 (g)                                         (7) 

This loss of solid Cr oxide layer that is typically known for restricting the movement of gaseous and molten salt 

through it, could contribute to increased corrosion. Please note that, in chloride melts maintained at 800 °C, the  

Henry’s law solubility constant of H2O or HCl is ~10–1 mol cm-3 Pa, while that of O2 is lower by two orders (~10–3 

mol cm–3 Pa).6 So, we believe that this two order higher solubility limit of HCl in chloride melt is one of the major 

reasons behind the 240 times increase in corrosion rate observed in the H2O ambient when compared to the O2 ambient. 

 

 

 We finally discuss the significance of our findings in industrial applications (like in concentrated solar power 

plants):  

(a) Through this work we established that the corrosion rates with respect to inert ambients are accelerated by 

6.2-fold in O2 ambient and almost by 1500-fold in H2O under same conditions of temperature and pressure 

(at 700 C and 1 atm pressure). So, it necessitates developing procedures to minimize incorporation of H2O 

into the system at each stage and proper flushing of the system before increasing the temperature beyond 600 

°C. 

(b) We also established that (i) samples in inert N2 ambient corrode primarily due to the residual oxidizing 

impurities present in the system. (ii) High temperature corrosion in O2 ambient is primarily due to oxidation 

of metals by O2 gas dissolved in the chloride melt, and (iii) high temperature corrosion in H2O ambient is 

primarily from chlorination of metals by HCl gas and MgOH+ ions dissolved in the chloride melt.  So, steps 

should be taken to tailor chloride melt compositions that has low solubility for HCl or O2. 

(c) We detected distinct volatile corrosion compounds of Ni, Mo and Cr involving NiCl2, MoO3/(Na,K)2MoO4 

and CrO2(OH)2 in N2, H2O, and O2 ambient respectively. We believe that such continuous formation and 

evaporation of volatile compounds led to destruction of protective oxide layers accelerating the corrosion 

rates. Hence, steps should be taken to avoid formation of volatile by-products or promote reactions that could 

convert these volatile compounds to solid phases.  

 

V. Conclusions 
We have combined the observations from in situ high-temperature transmission electron microscopy (TEM) 

diffraction and imaging with ex situ XPS and AES analysis of corroded films to study the corrosion behavior of 

Inconel-625 by molten chloride salts in different ambients. The isothermal corrosion rate R in N2 increases from 203 

± 30 μm year-1 at 700 °C to 463 ± 30 μm year-1 at 800 °C. An oxygen ambient causes a six-fold increase to R = 1260 

± 170 μm year-1 at 700 °C. Salt hydration dramatically accelerates corrosion to R > 3×105 μm year-1 at 700 °C and to 

a more moderate R = 95 ± 20 and 468 ± 30 μm year-1 at 500 and 600 °C, respectively. These isothermal corrosion 
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rates indicate that the molten chloride corrosion is significantly accelerated by salt hydration at temperatures above 

600 °C, where corrosion is aggravated by increased generation and solubility of corrosive HCl gases in the chloride 

melt. Samples in inert N2 ambient corrode primarily due to the residual oxidizing impurities present in the gas ambient 

and sample. High temperature corrosion in O2 ambient is primarily due to oxidation of metals by O2 gas dissolved in 

the chloride melt, but high temperature corrosion in H2O ambient is primarily from chlorination of metals by HCl gas 

and MgOH+ ions dissolved in the chloride melt. The corrosion chemistry is analyzed by compositional characterization 

of both the corroded sample and the colder top cap of the micro-environmental cell which contains information of the 

volatile compounds formed during corrosion. These analyses indicate that the N2, O2, and H2O ambients strongly 

affect the corrosion reaction pathways and products. Corroded samples in all the ambients exhibit passive-protective 

oxide layers of Cr, Mg, and Ni. In addition, an H2O ambient leads to formation of Mo oxides (Na2MoO4 or K2MoO4) 

while an O2 ambient results in ternary oxides of NiCr2O4 and MgCr2O4. Moreover, distinct volatile compounds of Ni, 

Mo and Cr involving NiCl2, (Na,K)2MoO4 and CrO2(OH)2 are detected in N2, H2O, and O2 ambient respectively.  
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