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a b s t r a c t 

This work utilizes electron energy loss spectroscopy (EELS) to identify oxidation state of alloying ele- 

ments in Ni-based alloys after exposure to molten chloride salt systems. Pure Ni and Ni-20Cr model 

alloy were corroded in molten ZnCl 2 and KCl-MgCl 2 under argon atmosphere at various temperatures. 

Oxidation states of Cr (Cr 3 + ) and Ni (Ni 2 + ) in the molten salt after corrosion were determined by moni- 

toring changes in the L 2,3 edges of corresponding EELS spectra. Oxidation state mapping technique using 

principal component analysis and multiple linear least squares fitting in HyperSpy Python package was 

developed. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Molten halide salts are attracting worldwide interest due to a 

ariety of technologically important applications such as thermal 

nergy storage, high temperature heat transfer fluids in concen- 

rated solar power (CSP) plants [1] and molten salt reactors (MSR) 

2] . Molten halide salts exhibit many appealing properties such as 

igh heat capacity, reasonable density, high boiling points, high 

hermal conductivity, high chemical stability, and low vapor pres- 

ure [2-4] . Molten chloride salts are desirable due to lower cost, 

ower melting temperatures, and higher solubility for fissile ma- 

erials in the case of nuclear applications [ 5 , 6 ]. However, molten

alide salts remain highly corrosive towards most structural al- 

oys [7-9] . Most structural alloys rely on the formation of a pas- 

ive layer for protection against aqueous or high temperature cor- 

osion in oxidizing atmospheres [ 5 , 8 , 10 ]. However, in molten halide

alt environments, these passive layers were found to be unsta- 
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le [ 8 , 9 , 11 ]. Nickel-based alloys have been identified as leading

andidates for salt-facing materials owing to high corrosion resis- 

ance and good mechanical properties [ 12 , 13 ]. However, nickel al- 

oys, particularly those that contain chromium, are also susceptible 

o corrosion through selective removal of chromium [14-21] . First- 

ow transition metals like Ni and Cr can exist in a wide range of 

xidation states [ 22 , 23 ]. The oxidation state of dissolved alloying 

lements in the molten salt can reveal corrosion reaction products. 

lectron energy loss near edge structure (ELNES) in transmission 

lectron microscope (TEM) is a popular technique that can be used 

o characterize the oxidation state of various multivalent elements 

 22 , 24 , 25 ]. 

This work demonstrates electron energy loss spectroscopy 

EELS) in TEM as an effective tool to study molten salt corrosion 

amage in structural alloys. Our previous work explored molten 

alt corrosion in pure Ni and Ni-20Cr model alloys after expo- 

ure to molten ZnCl 2 and KCl-MgCl 2 salts using a variety of tech- 

iques such as cyclic polarization tests, scanning transmission elec- 

ron microscopy with energy dispersive spectroscopy (STEM-EDS) 

https://doi.org/10.1016/j.scriptamat.2021.113790
http://www.ScienceDirect.com
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Fig. 1. (a). STEM-BF image of an interfacial cross-section of Ni-20Cr/ZnCl 2 after 100 h corrosion testing in molten ZnCl 2 [15] , (b) EELS spectra showing Cr-L 2,3 and Ni-L 2,3 

edges corresponding to different positions (P1-P5) in (a). 
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nd synchrotron X-ray nanotomography [ 15 , 16 ]. Here, we present 

ELS analysis on molten salt-corroded samples under three dif- 

erent conditions: (1) Ni-20Cr exposed to molten ZnCl 2 [15] , (2) 

ure Ni exposed to molten ZnCl 2 [15] , (3) pure Ni exposed to 

olten KCl-MgCl 2 [16] (hereafter referred as, Ni/ZnCl 2 , NiCr/ZnCl 2 , 

nd Ni/KCl-MgCl 2 respectively). In addition to these three samples, 

rCl 3 , CrCl 2 and NiCl 2 powder samples were also analyzed using 

ELS to serve as standard references for respective oxidation states 

f Cr and Ni elements. 

TEM sample preparation on corroded samples covered with the 

emnant salt was performed using an in-situ lift-out technique in 

 field emission gun (FEG) scanning electron microscope (SEM) 

quipped with a focused ion beam (FIB) system (FEI Quanta 3D 

EG Dual Beam) at the Center for Advanced Energy Studies (CAES). 

ll standard reference samples were ground using a mortar and 

estle and placed on a Cu grid coated with amorphous carbon. 

TEM-EELS 2D data array was acquired using the Thermo Scientific 

alos TEM operated at 200 kV and equipped with a Gatan Imaging 

ilter (GIF) Quantum ER system at the Idaho National Laboratory 

INL)’s Materials and Fuel Complex. The energy resolution for this 

ystem was 0.9 eV. All EELS data collection in this paper were per- 

ormed using dual EELS mode with 2.5 mm diameter aperture and 

.05 eV/channel energy dispersion with core loss spectra focusing 

n Ni-L 2,3 and Cr-L 2,3 edges. 

The background in the EELS spectrum was removed using an 

nverse power law fitting in the Gatan Digital Micrograph soft- 

are. The L 3 /L 2 integrated intensity ratio is the most popular and 

idely used method for the oxidation state determination of 3d 

ransition metals. In addition to sharp L 3 and L 2 peaks, L 2,3 edges 

an also contain a background signal that arises from less intense 

ransitions to continuum states [26] . L 3 /L 2 integrated intensity ra- 

ios were measured using D. R. G. Mitchell’s ‘double arctan EELS 

ackground’ script [27] in Gatan Digital Micrograph software which 

s based on a method developed by van Aken et al. [28] . In this

ethod, two arctan functions with inflection points near the L 2,3 

hite lines were used to remove the continuum background in the 

ELS spectrum. Oxidation states of Ni and Cr in molten salt cor- 

oded samples were determined by comparing the L 3 /L 2 integrated 

ntensity ratios with standard reference samples. 

Fig. 1 a presents a STEM-BF image of an interfacial cross-section 

f the NiCr/ZnCl sample together with the locations of the EELS 
2 

2 
easurement locations (P1-P5). The interface between the ZnCl 2 
alt and the Ni-20Cr substrate can be clearly seen. Locations P1- 

2 and P3-P5 in Fig. 1 a represent the Ni-20Cr alloy and the ZnCl 2 
alt, respectively. EELS spectra focusing on the Cr-L 2,3 and Ni-L 2,3 

dges from both the salt and the metal regions are illustrated in 

ig. 1 b. The L 3 peak positions for the Cr-L 2,3 edges in the Ni-20Cr

lloy and the ZnCl 2 salt are 576.33 ± 0.03 eV and 578.63 ± 0.02 

V, respectively (refer to Table 1 ). This indicates an energy shift 

o higher energy loss in the ZnCl 2 salt by ~2.3 eV as compared to 

he Ni-20Cr alloy. Whereas the energy shift in Ni-L 3 peaks between 

alt and metal regions of NiCr/ZnCl 2 sample is less than the energy 

esolution of EELS instrument (see Table 1 ). The dotted black line 

racing the L 3 peak maximum for both Cr-L 2,3 and Ni-L 2,3 edges in 

ig. 1 b confirms the noticeable shift in the Cr-L 3 peaks as opposed 

o the Ni-L 3 peaks. STEM-BF image and corresponding EELS spec- 

ra of the salt and metal regions of the Ni/ZnCl 2 and Ni/KCl-MgCl 2 
ample are omitted here but provided in the supplementary infor- 

ation for brevity (refer to Fig. S1 and S2, respectively). Similar to 

he NiCr/ZnCl 2 , the Ni/ZnCl 2 and Ni/KCl-MgCl 2 samples also show 

 negligible energy shift in the Ni-L 3 peaks (see Table 1 ). The pres-

nce of apparent Ni-L 2 , 3 and Cr-L 2,3 edges in the salt regions of the 

espective molten salt corroded samples indicates leaching of both 

i and Cr alloying elements from the Ni/Ni-20Cr substrates during 

orrosion. 

Fig. 2 a and 2 b shows the EELS spectra of the standard reference

amples with different oxidation states for Cr and Ni, respectively. 

he EELS spectra of metallic Cr and Ni (oxidation state = 0) are ob- 

ained from the pristine Ni-20Cr sample. The Cr-L 3 and Ni-L 3 peak 

ositions in the standard reference samples studied in this work 

nd from the literature are listed in Table 2 . The Cr-L 3 peak posi-

ions shift to higher energy losses for Cr 2 + and Cr 3 + by 1.5 eV and

.3 eV as compared to the Cr 0 oxidation state, respectively. How- 

ver, the energy shift between the Cr 2 + and Cr 3 + oxidation states 

s negligible (0.8 eV < energy resolution ~0.9 eV). The dotted line 

n Fig. 2 a clearly illustrates energy shifts with increasing oxidation 

tates in Cr. The NiCr/ZnCl 2 sample also shows an energy shift to 

igher energy losses for the Cr-L 3 peak in the salt region as dis- 

ussed in the previous paragraph (see Fig 1 b). This means that Cr 

n the salt region of NiCr/ZnCl 2 exists in a higher oxidation state 

nd not in the metallic state. Fig. 2 b shows EELS spectra of Ni and

iCl standard reference samples. As shown in Table 2 and the dot- 
2 
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Table 1 

L 3 peak maxima (in eV) of Cr-L 2,3 and Ni-L 2,3 edges in molten salt-corroded samples. 

Elements Cr-L 2,3 Ni-L 2,3 

Materials Salt region Metal region �E Salt region Metal region �E 

Ni/ZnCl 2 – – – 854.18 ± 0.03 854.28 ± 0.02 0.1 

NiCr/ZnCl 2 578.63 ± 0.02 576.33 ± 0.03 2.3 854.33 ± 0.02 854.55 ± 0.01 0.22 

Ni/KCl-MgCl 2 – – – 855.0 ± 0.1 854.8 ± 0.1 0.2 

Table 2 

L 3 peak maxima (in eV) of Cr and Ni in different oxidation states in standard references. 

Oxidation state Standard reference This study Literature 

Cr0 Pristine Ni-20Cr 576.33 ± 0.03 575.5 [33] 

Cr 2 + CrCl 2 powders 577.80 ± 0.80 577.11 ± 0.40 [22] 

Cr 3 + CrCl 3 powders 578.60 ± 0.10 578.13 ± 0.20 [22] 

Ni 0 Pristine Ni-20Cr 854.55 ± 0.01 853.4 [34] 

Ni 2 + NiCl 2 powders 854.70 ± 0.20 No literature for NiCl 2 NiO ~ 853.6 [34] 

Fig. 2. Reference EELS spectra for (a) Cr-L 2,3 edges in Cr, CrCl 3 and CrCl 2 and (b) 

Ni-L 2,3 edges in Ni and NiCl 2 . 

Fig. 3. Method for continuum background removal using the double arctangent 

function and L 3 /L 2 integrated intensity ratio measurements. 
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ed line tracing the Ni-L 3 edge in Fig. 2 b, the energy shift between

i 0 and Ni 2 + is negligible (~0.15 eV). This means that for Ni and 

r, the chemical shift alone cannot be used to determine the ex- 

ct oxidation states of unknown samples. Many researchers have 

n general observed a shift to higher energy losses with increasing 

xidation state [ 22 , 29-32 ]. This behavior is consistent with current 

bservations involving a noticeable shift to higher energy losses for 

he Cr-L 3 peak with increased oxidation state. The comparison with 

iterature data collected using instruments with different calibra- 

ions and drift tube stability adds to the uncertainty in determin- 

ng the absolute chemical shift [25] . 

The oxidation states of transition elements can be determined 

y comparing the L 3 /L 2 integrated intensity ratio (hereafter, re- 

erred as L 3 /L 2 ratio) in L 2,3 edges of unknown samples with stan- 
3 
ard reference samples. The method used for continuum back- 

round removal and calculation of L 3 /L 2 ratios with different in- 

egral widths is shown in Fig. 3 . Fig. 4 a shows the comparison be-

ween the L 3 /L 2 ratios for the Cr-L 2,3 edges of molten salt-corroded 

iCr/ZnCl 2 and standard reference samples as a function of inte- 

ral widths (4, 6 and 8 eV). Fig. 4 a indicates a reasonable match 

etween the L 3 /L 2 ratio of Cr-L 2,3 edges in ZnCl 2 salt region and 

tandard reference for the Cr 3 + oxidation state. The L 3 /L 2 ratios 

or Cr-L 2,3 edges show negligible to marginal dependence on in- 

egral widths. Unsurprisingly, the L 3 /L 2 ratios for the Cr-L 2,3 edges 

n Ni-20Cr region match well with the standard reference for the 

r 0 oxidation state. L 3 /L 2 ratios as a function of integral width for 

he Ni-L 2,3 edges in NiCr/ZnCl 2 are shown in Fig. 4 b. The L 3 /L 2 ra-

ios of salt and metal regions of NiCr/ZnCl 2 match well with stan- 

ard reference samples for Ni 2 + and Ni 0 , respectively. The L 3 /L 2 
atios for Ni 2 + oxidation states show considerable dependence on 

ntegral widths used for the measurement. As shown in Fig. 4 b, at 

maller integral widths (4 eV), it is difficult to determine the oxi- 

ation state. However, L 3 /L 2 ratio measurements using subsequent 

ntegral widths (6 and 8 eV) unequivocally differentiate between 

i 0 and Ni 2 + oxidation states. Both Ni/ZnCl 2 and Ni/KCl-MgCl 2 also 

how Ni 2 + in the salt region and Ni 0 in the metal region, similar 

o the NiCr/ZnCl 2 sample as shown in supplementary information 

see Fig. S3). Unlike the chemical shift, the L 3 /L 2 ratio method un- 

oubtedly confirm leaching of Ni and Cr in the form of Ni 2 + and 

r 3 + during molten salt corrosion. 

Many researchers have found that the relationship between the 

 3 /L 2 ratio and oxidation states can be different for various tran- 

ition elements and there is no general rule [ 22 , 25 , 35 ]. For exam-

le, Schmid et al. [35] found that with increasing oxidation state, 

he L 3 /L 2 ratio decreases for Mn and increases for Fe. Tan et al. 

25] found strong correlation between the L 3 /L 2 ratio and the inte- 

ral width for Mn 

2 + but marginal dependence for Mn 

3 + and Mn 

4 + . 
aulton et al. [22] showed an increase in the L 3 /L 2 ratio from Cr 0 

o Cr 2 + and decrease from Cr 2 + to Cr 3 + oxidation states. This be- 

avior agrees well with the L 3 /L 2 ratio for Cr-L 2,3 edges in this 

anuscript which shows the highest L 3 /L 2 ratio for Cr 2 + followed 

y Cr 3 + and Cr 0 as shown in Fig. 4 a. For Cr, the L 3 /L 2 ratio is higher

n the oxidized states (Cr 2 + /Cr 3 + ) as compared to the metallic state 

Cr 0 ). In contrast, the L 3 /L 2 ratio for the Ni-L 2,3 edges in the Ni 2 + 

tate is lower than the metallic state (Ni 0 ) as shown in Fig. 4 b. 

Alternatively, the oxidation states of the molten salt-corroded 

amples were also confirmed by comparing the shapes of their 

ELS spectra with standard reference spectra of metals and salts. 

he multiple linear least square (MLLS) technique was used to 

uantify differences in the EELS peak shapes. In MLLS technique, 

nknown EELS spectrum can be expressed as linear combination 

f standard references spectra as per Eq. 1 . The procedure to calcu- 
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Fig. 4. L 3 /L 2 integrated intensity ratios for (a) Cr-L 2,3 and (b) Ni-L 2,3 edges for ZnCl 2 salt, Ni-20Cr substrate and reference samples. 

Fig. 5. (a) PCA denoising demonstrated using sample Ni-L 2,3 (b) EELS map showing chemical states of Ni and Cr at an interfacial cross-section of Ni-20Cr/ZnCl 2 . 
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ate % match between unknown EELS spectrum and standard refer- 

nce spectra is given in Eqs. 2 - 5 . MLLS analysis provides a very ef-

cient and fully automated tool to characterize the oxidation states 

f Ni and Cr in the microstructure of metal-salt interface. Oxidation 

tate maps of metal-salt interfaces can provide spatial distributions 

f different dissolved alloying elements with different oxidation 

tates. The MLLS technique can allow oxidation state mapping by 

alculating % match between EELS spectrum from every pixel of 

D EELS dataset with standard references spectra. Since EELS spec- 

ra at single pixel is very noisy, principal component analysis (PCA) 

echnique was applied to denoise the spectra before applying MLLS 

atching. A new, denoised EELS dataset was constructed using 

he largest 7 out total 20 components analyzed. Fig. 5 a compares 

ample EELS spectrum from single pixel showing Ni-L 2,3 edges be- 

ore and after PCA denoising. The oxidation state maps were con- 

tructed by plotting heat map of % match values obtained using 

LLS analysis at every pixel of EELS spectrum image as shown in 

ig. 5 b. The maps in Fig. 5 b clearly identify the interface between

he metal and the salt regions of NiCr/ZnCl 2 and confirm the pres- 

nce of Cr 0 /Ni 0 and Cr 3 + /Ni 2 + oxidation states, respectively. These 

esults are in good agreement with oxidation state determination 

sing the L 3 /L 2 ratio described in the previous section. Such maps 
4 
re important because they can directly complement quantitative 

lemental maps obtained using EDS techniques. All this analysis 

as performed by writing a custom script that combines PCA and 

LLS technique in the Jupyter Notebook application of the Ana- 

onda software [36] with HyperSpy utilities module in Python 3. 

atPlotLib module was used to visualize oxidation state maps us- 

ng various colors for different oxidation states in the microstruc- 

ure. 

 = a 1 . ( Standard r e fer ence salt or X 1 ) 

+ a 2 . ( Standard r e fer ence metal or X 2 ) (1) 

 = A.X = [ a 1 , a 2 ] 

[ 
X 1 

X 2 

] 
(2) 

 X 

′ = A. X. X 

′ (3) 

 = Y. X 

′ .In v 
(
X.X 

′ ) (4) 

 Match with standard r e fer ence salt = 

a 1 

a 1 + a 2 

× 100 (5) 
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Y = EELS spectrum of unknown sample 

X = Matrix of standard reference EELS spectra 

A = Matrix of coefficients a1 and a2 

X’ = Transpose of standard reference matrix 

Inv() = Inverse of the matrix 

Our previous work [ 15 , 16 ] on Ni/ZnCl 2 , NiCr/ZnCl 2 and Ni/KCl-

gCl 2 suggested reaction mechanisms involving Cr dissolution to 

orm both Cr 2 + and Cr 3 + and Ni dissolution to form Ni 2 + . However, 

he current EELS results demonstrate that leaching of Cr predomi- 

antly produces Cr 3 + . It should be noted that the formation of Cr 2 + 

annot be excluded because of the localized nature of EELS anal- 

sis. Also, the possibility of Cr 2 + formation only during the early 

tages of corrosion cannot be excluded. Future corrosion studies 

sing in-situ TEM with EELS capabilities can shed light on molten 

alt corrosion mechanisms by recording changes in oxidation state 

ot only spatially, but also in real time. The present work using the 

yperSpy package for Python provides strong groundwork and re- 

iable data analysis and visualization capability to handle large in- 

itu EELS datasets combined with automated data processing, ma- 

hine learning techniques and generation of oxidation state maps 

n real-time. 

To summarize, the oxidation states of constituent elements (Ni 

nd Cr) in molten salt corroded pure Ni and Ni-20Cr alloy were 

tudied by analyzing changes in L 2,3 edges using three different 

ethods: chemical shift investigation, L 3 /L 2 integrated intensity ra- 

ios and MLLS fitting. Relying solely on the chemical shift was 

ound to be insufficient to determine the precise oxidation states 

f both Cr and Ni. The L 3 /L 2 integrated intensity ratio and MLLS 

echniques successfully identified the presence of Cr 3 + and Ni 2 + in 

he salt region and Cr 0 and Ni 0 in the metal region of molten salt-

orroded microstructures. The MLLS technique was found to be far 

ore efficient than the L 3 /L 2 technique. The combination of PCA 

enoising using the HyperSpy package for Python with the MLLS 

echnique was used to generate oxidation state maps as a novel 

ay to visualize molten salt corrosion damage. 
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Fig. S1. (a) STEM-BF image of an interfacial cross-section of pure-Ni/ZnCl2 after 100 h corrosion 

testing in molten ZnCl2, (b) EELS spectra showing Ni-L2,3 corresponding to different positions 

(P1-P5) in (a). 

 

Fig. S2. (a) STEM-DF image of the pure Ni alloy after corrosion in molten KCl-MgCl2 salt, (b) 

EELS spectra showing Ni-L2,3 edges in the salt and metal regions. 

Fig. S1a shows a STEM-bright field (BF) image of an interfacial cross-section of the 

Ni/ZnCl2 sample. The microstructure reveals penetration of ZnCl2 salt into the metallic Ni after 

corrosion in molten ZnCl2. EELS spectra focusing on Ni-L2,3 edges recorded at different locations 



 
 

3 

 

of the microstructure (P1-P5) are shown in Fig. S1b. Locations P1-P3 correspond to pure Ni and 

P4-P5 represent ZnCl2 as shown in Fig. S1a. Fig. S2a shows a STEM-dark field (DF) image of the 

Ni/KCl-MgCl2 sample, showing pure Ni and KCl-MgCl2 salt regions and the interface between 

them. Fig. S2b shows the EELS spectra focusing on Ni-L2,3 edges corresponding to the metal and 

salt regions. The straight dotted line tracing the Ni-L3 peak maxima in both Fig. S1b and Fig. S2b 

indicates a negligible energy shift between the EELS spectra for the Ni/ZnCl2 and Ni/KCl-MgCl2, 

respectively. 

 

Fig. S3. L3/L2 ratios for Ni-L2,3 edges for pure Ni exposed to ZnCl2 or KCl-MgCl2 salt in 

comparison with reference Ni and NiCl2 samples.  

Fig. S3 presents L3/L2 integrated intensity ratios for the Ni-L2,3 edges of molten salt-

corroded Ni/ZnCl2 and Ni/KCl-MgCl2 samples, in comparison with standard reference samples for 

the Ni0 and Ni2+ oxidation states. Similar to the NiCr/ZnCl2 (see Fig 4b in the main text), the L3/L2 

ratios from salt regions in both the Ni/ZnCl2 and Ni/KCl-MgCl2 samples show a strong dependence 

on the integral width. Fig S3 confirms that both the Ni/ZnCl2 and Ni/KCl-MgCl2 samples show 

the presence of Ni0 and Ni2+ oxidation states in the metal and salt regions, respectively. 
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