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ABSTRACT: Understanding the mechanisms leading to the degradation of alloys in molten salts at elevated temperatures is
significant for developing several key energy generation and storage technologies, including concentrated solar and next-generation
nuclear power plants. Specifically, the fundamental mechanisms of different types of corrosion leading to various morphological
evolution characteristics for changing reaction conditions between the molten salt and alloy remain unclear. In this work, the three-
dimensional (3D) morphological evolution of Ni−20Cr in KCl−MgCl2 is studied at 600 °C by combining in situ synchrotron X-ray
and electron microscopy techniques. By further comparing different morphology evolution characteristics in the temperature range
of 500−800 °C, the relative rates between diffusion and reaction at the salt−metal interface lead to different morphological evolution
pathways, including intergranular corrosion and percolation dealloying. In this work, the temperature-dependent mechanisms of the
interactions between metals and molten salts are discussed, providing insights for predicting molten salt corrosion in real-world
applications.
KEYWORDS: dealloying, physical and chemical properties, molten chloride salt, Ni-based alloy, high-temperature corrosion

1. INTRODUCTION
Understanding material degradation in molten salt environ-
ments is instrumental for developing sustainable energy
systems, such as next-generation nuclear reactors and large-
scale concentrated solar thermal power plants. In the nuclear
energy cycle, molten salts are used as electrolytes for
electrochemical separation of used nuclear fuel and as heat
transfer fluids in molten salt cooled/fueled nuclear reactors.1

Specifically, molten salts are attractive as coolants because of
their high volumetric heat capacities and boiling points,
allowing for high operating temperatures (reaching 700−750
°C) and near atmospheric pressure relative to light water
reactors.2 Thus, a molten salt reactor (MSR) is considered a
safer, more efficient, and sustainable design for nuclear power
plants. However, structural materials may degrade in a molten
salt environment due to the selective dissolution of alloy
elements and the lack of oxide-based passivation protection.3 It

is of critical importance to mechanistically understand the
nature of corrosion and its corresponding microstructural
changes in materials to prevent these detrimental issues.

The electrochemical dissolution of Cr, which is the most
susceptible alloying element, occurs in molten chloride salts in
Fe- or Ni-based alloys. This corrosion is caused by inevitable
contamination (H2O and O2) and the strongly hygroscopic
nature of salts, such as ZnCl2 and MgCl2.

4−7 The wide range of
molten salt and alloy systems, coupled with complex factors,
including temperature, radiation effect, and addition of metal
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ions including fission products and corrosion products from
structural alloys, further complicate the corrosion of alloys,
leading to different morphologies and corrosion rates.3,5,8−10

The variations in these parameters change the interplay
between the chemical/electrochemical reactions and the
mass transport processes, including interfacial diffusion at the
salt−metal interface and long-range diffusion in the molten
salts and bulk alloys, manifesting as different kinetic
phenomena. Temperature plays a key role among the different
parameters that affect molten salt corrosion. It directly
influences the kinetics of the competing chemical reactions
and diffusion events, and wide temperature differentials exist
between different sections of molten salt reactors and
concentrated solar power plants.1,5,11,12

Although different porous morphologies at various temper-
atures of Ni-based alloys have been observed experimen-
tally,6,13−15 the mechanistic understanding of morphological
evolution as a function of temperature has not been discussed
in depth, in part due to the challenges in directly imaging and
quantifying the morphological changes in these systems at
elevated temperatures under controlled conditions. Recent
works have utilized synchrotron X-ray nanotomography to
enable direct observation of the 3D morphological evolution
characteristics of alloys in molten salts16 and multimodal
imaging techniques that combine X-ray and electron
microscopy analyses to understand the morphological changes
from the nano- to microscales.17,18

In this work, a Ni−20Cr alloy corroding in molten KCl−
MgCl2 (50−50 mol %) at 600 °C was studied by in situ
synchrotron X-ray nanotomography with transmission X-ray
microscopy (TXM). Subsequently, the in situ sample was
preserved without air and moisture exposure and analyzed by
scanning transmission electron microscopy (STEM) coupled
with energy-dispersive X-ray spectroscopy (EDS) and electron
energy loss spectroscopy (EELS). The underlying mechanism
for the corrosion morphology that forms at 600 °C is
discussed. In addition, the effects of temperature (500,19

600, 700, and 800 °C16) on the interfacial behaviors are
discussed in this study, resulting in different morphological
evolution characteristics. Overall, in-depth insights into the
corrosion mechanisms in a molten chloride salt with the effects
of temperature are provided in this work. In agreement with
previous studies from a thermodynamic point of view, the

importance of kinetic effects on molten salt corrosion is
suggested in this study, including the relative rates of surface
diffusion and reaction at the salt−metal interface.

2. METHODS
2.1. In Situ Synchrotron TXM Sample Preparation,

Characterization, and Data Processing. The KCl−MgCl2 (50−
50 mol %) salt was purified and mixed following salt purification as
detailed in previous work.17,9,20−22 An as-drawn Ni−20Cr microwire
with a diameter of 20 μm and a composition of 80 wt % Ni and 20 wt
% Cr (99.5% pure, Goodfellow, USA-NI055105) was used in this
study. The wire was placed in an open-ended quartz capillary with a
diameter of 0.1 mm (Charles Supper), which was first heated to
remove adsorbed organic matter and water. The sample was baked in
an oven (CASCADE TEK) at 120 °C overnight to remove surface
moisture and then transferred into an argon-filled glovebox. Inside the
glovebox, the KCl−MgCl2 salt mixture was melted at ∼550 °C in a
quartz boat. The molten salt was drawn into a wire-filled capillary by a
syringe attached to the funnel end of the capillary and rapidly
solidified. Subsequently, the capillary with the wire was placed in a
closed-end capillary with a diameter of 0.3 mm. The funnel side of the
large capillary was sealed with epoxy and cured overnight in a
glovebox. Finally, the sample was removed from the glovebox and
immediately flame-sealed using a miniature benchtop hydrogen torch
(Rio Grande).

The sealed double-capillary sample was measured by in situ X-ray
nanotomography at the full-field X-ray imaging beamline (FXI; 18-
ID)23 equipped with a miniature furnace24 at National Synchrotron
Light Source II (NSLS-II) of the Brookhaven National Laboratory
(Figure 1A). The sample was heated to 600 °C at a ramp rate of 25
°C/min. The energy for the incident X-ray was 8.33 keV, and the size
of the field of view was 51.2 × 43.2 μm2 with an effective pixel size of
40.0 nm by camera binning of 2 × 2. The reported optical resolution
of the TXM at the FXI beamline was sub-50 nm for rapid 3D
nanotomography.23 After the sample cooled down to room temper-
ature, 2D X-ray absorption near-edge spectroscopy (XANES) images
of the sample were obtained across the Ni K-edge. Standard
spectroscopic images from a Ni foil were also collected for energy
calibration. The XANES data were processed using PyXAS and
Athena software.25,26

The captured in situ tomography projection images were low-pass-
filtered with the gridrec algorithm and reconstructed with
Tomopy.27,28 Then, the 3D tomographic reconstruction stack images
were cropped to 27.4 × 27.4 × 12.0 μm3, aligned using Dragonfly
software (2020.1, Object Research Systems Inc.), and visualized by
Avizo software (Thermo Fisher Scientific, v.9.3). The 12 μm
dimension was along the length of the wire, defined as the z direction

Figure 1. Experimental setup and sample transfer method of multimodal in situ synchrotron TXM and TEM. (A) In situ TXM setup. (B) Post-
TXM analysis, the sample was first prepared with Xe ions in a PFIB system and then Ga ions in a focused ion beam SEM (FIB-SEM) system. The
extracted thin sample was then analyzed by STEM with EDS and EELS. The inert experimental environment was kept throughout the workflow to
avoid exposing the sample to air or moisture. The orange arrow shows the corroded wire with salt, and the blue arrow shows the quartz capillary in
PFIB prior to extracting the sample section for STEM analysis.
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in the reconstructed data. In addition, to segment the 3D
reconstructed images, the Trainable Weka segmentation in freeware
ImageJ,29 a machine learning method, was applied to segment Ni−
20Cr and the nonmetal phases (the exterior region and interior pores)
as the initially segmented images. However, the interior pores within
the Ni−20C wire and the exterior of the sample (background) had
similar X-ray attenuation levels. To segment these two phases, a mask
of the sample region was created as follows. The initially segmented
images were projected and summed over the z direction (the length of
the wire direction); a threshold value was chosen to identify the

border of the Ni−20Cr wire. A void-filling algorithm using the SciPy
package30 was applied to fill the interior pores to create a mask
corresponding to the sample region. The mask image was then
applied to the initially segmented images to identify the exterior
background. The image segmentation workflow is shown in Figure S1.
2.2. TEM/STEM Sample Preparation and Characterization.

The inner capillary containing the Ni−20Cr microwire corroded in
situ at the synchrotron was carefully recovered and placed on a
scanning electron microscopy (SEM) stub by breaking the outer
capillary inside an inert-atmosphere glovebox. The inner capillary was

Figure 2. Morphological evolution of Ni−20Cr in KCl−MgCl2 at 600 °C. (A−B) 2D (XY and XZ) pseudo-cross-sectional views of the Ni−20Cr
morphologies at different time points. (C) 3D morphological evolution of the region highlighted by a red rectangle in (A−B). (D) Surface
morphologies of the pristine Ni−20Cr wire at room temperature and after reacting in molten salt at 600 °C for 1.6 min. The surface reacted and
roughened quickly after corroding by molten KCl−MgCl2 (indicated by white arrows). (E) Evolution of the surface layer with the reaction time.
The scale bar is 1 μm. The yellow dashed line is the surface profile of the corroded sample at 2.7 min, and the yellow arrow indicates the thickness.
The blue dashed line is the surface profile at 17.0 min, which is smoother than the yellow dashed line. The blue arrow shows the thickness at 17.0
min, which exceeds the yellow arrow corresponding to the initial thickness at 2.7 min. (F) Plot showing that the thickness of the surface layer
increased with the reaction time, as calculated from the position indicated in Figure S3. (G) Representative frame from the 2D XANES
spectroscopic imaging with three ROIs on the surface layer with their normalized Ni K-edge XANES spectra. The measurement was conducted on
the sample after it was cooled down to room temperature.
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transferred to a plasma-focused ion beam (PFIB; Thermo Scientific)
system attached to an inert-atmosphere glovebox for air-free sample
preparation. Roughly, an ∼100 μm length of the Ni−20Cr microwire
was exposed by carefully milling the inner capillary using a Xe ion
beam and lifting a window from the capillary (Figure 1B). The
capillary with the exposed window was transferred to a FIB system for
TEM lamella preparation using a Ga ion beam. The TEM lamella
mounted on a Cu half-grid in a stainless-steel, argon-filled can were
transferred to an inert-atmosphere glove bag (Erlab portable glove
bag), loaded on a vacuum transfer TEM sample holder (Gatan), and
then immediately inserted into the Titan Themis 200 TEM system
(Thermo Scientific) for characterization. Microstructure, elemental
distribution, and oxidation state analyses at salt−alloy interfacial
regions of the corroded Ni−20Cr sample were performed using
STEM equipped with Super X EDS and Continuum ER EELS
(Gatan) systems. A step size of 2.91 nm was used in the STEM/EDS
mapping.
2.3. Solubility Measurement. The solubilities of anhydrous

CrCl3 and NiCl2 (99.99% purity, Aldrich-APL) in the molten KCl−

MgCl2 salt mixture were measured at 500−800 °C using the
isothermal saturation method reported previously.16

3. RESULTS AND DISCUSSION
3.1. In Situ 3D Morphological Evolution at 600 °C.

The 2D XY and XZ pseudocross-sectional views and 3D
morphological changes in the Ni−20Cr microwire at different
reaction times in molten KCl−MgCl2 (50−50 mol %) at 600
°C are shown in Figure 2A−C (Videos S1 and S2). Corrosion
occurred on the sample, forming pores from the surface to the
center with increasing reaction time. Large pores developed in
the corroded sample at longer times. When comparing the
surface of the pristine wire measured at room temperature and
after reacting in the molten salt for 1.6 min (Figure 2D), it was
obvious that at the onset of the metal−salt interfacial reaction,
the surface of the Ni−20Cr wire reacted with the molten salt,
creating defects. Note that the initiation of the pores occurred
at specific locations, and future work can be carried out to

Figure 3. Synchrotron X-ray nanotomography and STEM−BF imaging showing two-stage corrosion at 600 °C. (A) A 2D colormap shows the pore
evolution along with reaction time in one pseudo-cross-sectional view from the X-ray nanotomography (XY). The remaining Ni-(20-x)Cr after the
reaction is shown in yellow. The color transition from blue to green shows the time points when the alloy dissolved. (B) STEM−BF image of the
sample after the in situ experiment shows the pores from intergranular corrosion. (C) Location 1: A local 3D view shows the progression of
intergranular corrosion during corrosion stage 1. The yellow arrow indicates the direction along which corrosion progressed. (D) Location 2: The
intergranular pores progressed from corrosion attacking the grain surface during corrosion stage 2. The white arrows show where surface corrosion
occurred. (E) Interfacial area and volume change in the Ni−20Cr wire as a function of reaction time in molten KCl−MgCl2 in the two-stage
reaction separated by a dashed line. (F) Porosity evolution comparison between 600 (stages 1 and 2, separated by a yellow dashed line) and 800 °C
(percolation dealloying and coarsening, separated by a purple dashed line).16 (G) Solubilities of NiCl2 and CrCl3 increase with increasing
temperature in molten KCl−MgCl2 (50−50 mol %).
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further investigate the onset of corrosion at the metal−salt
interface. The degradation of Ni−20Cr occurred due to the
preferential dissolution of Cr because the redox potentials of
Cr(II)/Cr and Cr(III)/Cr are lower than those of Ni(II)/Ni in
molten chloride salt.1,31 Interestingly, the sample surface
morphology changed with the reaction time.

A local change is shown in Figure 2E, Figure S2, and Video
S3. As shown in Figure 2E, the surface was rough with concave
and convex features at 2.7 and 3.9 min, which were the results
of corrosion. However, after 3.9 min, the surface gradually
flattened. Moreover, the thickness of the surface layer
increased from 0.8 to 1.6 μm with the reaction time (Figures
2E and S3). The surface flattening and thickness change
resulted from a surface smoothing and coarsening effect, driven
by minimizing the total surface energy.32 These processes were
likely created by the surface diffusion of Ni after Cr dissolution,
rearranging the surface morphology to decrease the interfacial
area and therefore decrease the interfacial surface energy. Both
changes were obvious from 2.7 to 3.9 min, suggesting that the
surface diffusion of Ni was fast in molten KCl−MgCl2; these
results are consistent with prior observations of pure Ni

particle growth in the same type of salt.33 A competing
hypothesis was that the growth of this layer came from a
redeposition of either Ni reduction in Ni or Ni oxides or
chlorides. However, as shown in Figure 2G, the XANES
spectra of the region of interest (ROI-1,2,3) in the surface
layer were consistent with the one from the metallic Ni
standard and not Ni oxides or chlorides. Moreover, the
STEM/EDS analysis discussed in the following section showed
that there was very little Ni dissolution, making the
redeposition of pure Ni unlikely. Thus, the results are not
consistent with the second hypothesis. Since 2D XANES
integrates the chemical information along the X-ray beam path,
to further probe the Ni chemical states at the surface in
nanoscale, 3D XANES imaging,34 soft X-ray absorption
spectroscopy in total electron yield or fluorescence yield35,36

modes can be applied in the future to potentially capture any
surface chemical species that could play a role in the reaction
between the liquid and solid phases.

The propagation of the pores in the corroded sample was
further studied in detail. Figure 3A shows the evolution of
pores with increasing reaction time in one pseudo-cross-

Figure 4. STEM analysis of Ni−20Cr after corrosion in molten salt without exposure to air showing the elemental distributions in both the alloy
and the salt. (A) High-angle annular dark-field image by STEM shows the alloy (bright) and remnant salt (dark) filled in pores and attached to the
alloy surface from the image contrast. EDS analysis shows the elemental distributions of salt elements (K, Mg, and Cl) and alloying elements (Ni
and Cr). The region between the two grains (highlighted by a yellow arrow) was depleted of Cr and enriched with Ni. The grain surface (∼tens of
nanometer) was Ni-rich (white double-sided arrows). The center of the grain contained Cr (orange arrow). (B) Weight ratio evolution
characteristics of Ni and Cr along the white line in (A) from top to bottom shows a Ni-rich surface and Ni−20Cr center. (C) Weight ratios of
different elements in the salt regions, as indicated by the light-orange square (area 1) and light-blue rectangles (area 2) in (A).
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sectional XY view extracted from Figure S4. The yellow color
represents the remaining Ni-(20-x)Cr phase. The color scale
from light blue to green corresponds to the time points when
the corrosion occurred at a specific location, creating porosity
in the initial alloy. For most of the pores, a color transition
from light blue to green was observed from the center to the
interface between the pore and Ni-(20-x)Cr phase. This result
suggests that after the initial corrosion formed the pores from
the surface to the center of the Ni−20Cr wire, Cr dissolution
occurred at the interface between molten salt and Ni-(20-x)Cr
over an extended period of reaction. Thus, a two-stage
corrosion process was observed in this work: stage 1:
intergranular corrosion along grain boundaries (as shown in
the Supporting Information, Video S4) and stage 2: corrosion
into the grain surface next to grain boundaries (Video S5).

Correspondingly, STEM analysis of the corroded sample
after the in situ experiment shows that the pores were mostly
developed throughout grain boundaries, suggesting intergra-
nular corrosion (Figure 3B, red arrows). Furthermore, the two-
stage morphological changes at two locations (Figure S5) in
the sample are shown in Figure 3C−D. For location 1, at 5.1
min, the pores emerged. With increasing reaction time,
corrosion progressed along grain boundaries without attacking
the material in other directions than grain boundaries until
12.4 min, corresponding to stage 1. For location 2 at 20.6 min,
intergranular pores were observed. With a longer reaction time,
the intergranular pores increased in width (indicated by white
arrows) from the corrosion into the surfaces of adjacent grains,
corresponding to stage 2.

To quantify this two-stage morphological change behavior,
the volume and interfacial area changes based on the 3D X-ray
tomography data were calculated (Figure 3E). From the
beginning of the reaction until ∼20.6 min (stage 1), a rapid
decrease in the volume with increasing interfacial area resulted
from intergranular corrosion. The atomic structures at grain
boundaries were more disordered and thus possessed a higher
free energy relative to that in the bulk lattices; the atoms in
grain boundaries could then be dissolved more easily,19,37

thereby promoting corrosion attack.32,38

Subsequently, the volume of the Ni−20Cr alloy decreased at
a slow rate (stage 2), while the interfacial area did not show an
evident change. During stage 2, corrosion occurred at grain
surfaces without creating intragranular pores; this surface
corrosion was slower than intergranular corrosion. Note that
the complete dissolution of some grains was observed from the
TXM and STEM−BF images. Additionally, Figure 3F shows a
comparison of porosity evolution at 600 and 800 °C.16 At the
same reaction time (∼53.2 min), the porosity at 600 °C was
∼10% lower than that at 800 °C, suggesting less serious
corrosion at 600 °C. Moreover, the porosity change rate was
calculated (Figure S6). The porosity change rate at 800 °C
during percolation dealloying (until ∼47.0 min) was in the
range of 2−6%; it was mostly below 2% at 600 °C during
intergranular corrosion. The intergranular corrosion rate at 600
°C was slower than the percolation dealloying rate at 800 °C.

Finally, the solubilities of CrCl3 and NiCl2 in molten KCl−
MgCl2 (50−50 mol %) as functions of temperature are shown
in Figure 3G and Table S1. The solubilities of these potential
corrosion products increased with temperature. Overall, the
solubility of CrCl3 is lower than that of NiCl2 throughout the
temperature range from ∼500 to 800 °C. The solubility of
CrCl3 in molten KCl−MgCl2 (50−50 mol %) showed an ∼5
mol % difference between 555 and 805 °C. With relatively

lower solubilities at 500 and 600 °C, Cr-containing species
could precipitate at the interfaces, thus changing the
interaction between the original KCl−MgCl2 and its alloy.
Thermodynamically, the redox potential of the Cr anodic
reaction is related to the concentration of Cr3+ at the interface
according to the Nernst equation.1 The solubilities of ions in
molten salt versus temperature are important considerations
for molten salt applications with temperature differences
between the hot and cold legs of a circulating system, causing
thermal gradient-driven corrosion.39

3.2. Post-Corrosion Chemical Analysis of the Alloy
and Salt Specimen. After in situ corrosion, the intact, salt-
encrusted Ni−20Cr wire was characterized by high-resolution
STEM without exposure to air; thus, the chemical states of the
corrosion products were preserved. The remaining salt was
identified above the surface and in the pores of the corroded
Ni-(20-x)Cr wire from the image contrast and the salt
elemental distribution−K, Mg, and Cl (Figures 4A and S7);
these findings are consistent with the morphology observed by
in situ synchrotron X-ray nanotomography. In addition, the
distributions of Ni (red) and Cr (green) on corroded Ni-(20-
x)Cr are shown in Figure 4A. Between two grains (highlighted
by a yellow arrow), the figure shows the depletion of Cr and
enrichment of Ni.

The grain surface barely contains Cr (shown as Ni-rich),
while the grain interior still contained high levels of Cr. The
weight fraction gradation of Ni and Cr from the grain interior
to the grain surface (Figure 4A, white line) was quantified in
Figure 4C. The surface layer of the grain showed ∼100 wt %
Ni with a thickness on the order of tens of nanometers. The
center of the grain was composed of ∼80 wt % Ni and 20 wt %
Cr, which was similar to the composition of the parent Ni−
20Cr. Thus, during corrosion, Cr developed a concentration
gradient from the center to the surface of the grain, providing a
possibility for Cr lattice diffusion at 600 °C. Chen and
Sieradzki40 summarized that lattice diffusion supported
dealloying, forming a negative void dendrite morphology.
Because no pores formed within the grain, the lattice diffusion
of Cr did not support the formation of pores through
dealloying in this case.

The weight fractions of the elements in the salt regions
(marked by light-orange and blue frames in Figure 4A) are
shown in Figure 4C. In the remnant salt, although Cr and Ni
were present, there was a higher weight ratio of Cr compared
to Ni, suggesting that major corrosion occurred for Cr.
Accordingly, the redox potentials of Cr/CrCl2 and Cr/CrCl3
are more negative than those of Ni/NiCl2; thus, Cr is more
easily oxidized than Ni in this region.1 After the selective
reaction of Cr, Ni atoms were left on the grain boundaries. The
remaining Ni atoms could attach or diffuse to an adjacent grain
surface. We detected a lower amount of Ni (13.9 wt % in area
1; 1.4 wt % in area 2) in the remnant salt, suggesting that most
Ni atoms were not dissolved but preferred to merge with the
adjacent grain surface. These findings are similar to those from
quasi-in situ TEM,19 which observed that Ni-rich and Cr-
depleted particles formed and detached at the tips and edges of
the intergranular cracks formed at the early stages of the
intergranular corrosion of Ni−20Cr. The impact of Ni
attachment to the grain surfaces on molten salt corrosion is
further discussed in the next Section 3.3.

Finally, Figures 4C and S8 show the presence of Si and O in
the sample. The Si could be from the quartz capillary,
indicating that molten KCl−MgCl2 could degrade the quartz;
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however, the distribution of Si did not overlap with the salt
elements (K, Mg, and Cl) and alloy elements (Ni and Cr).
Quartz containers are commonly used by the community to
conduct experiments with molten chloride salts. The effects of
quartz on corrosion will be future studies.

Apart from the elemental distribution, the chemical
(oxidation) state of the Cr in the salt after corrosion was
characterized by STEM-EELS. The Cr chemical state was
determined based on a comparison of the integrated intensity
ratios of the Cr L3 and L2 peaks in the EELS spectra from the
sample with known references (Cr, CrCl2, and CrCl3), as
demonstrated in our prior work.41 Several regions of interest
(ROIs) were selected in the STEM−BF images in Figure 5A−
B, including ROIs (a−d) from the salt and ROI (e) in the
corroded alloy. The Cr-L2,3 peaks (Figure 5C) occurred in
ROIs (a−d), while no Cr-L2,3 peaks (Figure S9A) were
observed at the surface of a grain (ROI (e)). Furthermore, a
comparison of the Cr L3/L2 integrated area ratio between the
ROIs (a−d) and reference compounds is shown in Figure 5D.
The values of the Cr L3/L2 ratio at ROIs (a−d) were 1.59 ±
0.02, 1.78 ± 0.01, 1.75 ± 0.00, and 1.64 ± 0.03, respectively,
which were closer to reference Cr3+ at 1.64 ± 0.02 than the
reference Cr2+ at 2.1 ± 0.02. Although it is possible for both
Cr2+ and Cr3+ to form during reactions according to their
redox potentials, the EELS results indicate that CrCl3 was the
major stable corrosion product in the salt. Further Cr XANES

study will be helpful to understand the chemical and structural
evolution of Cr in molten salt or the potential inhomogeneity
of Cr species in the salt from the reaction. For Ni, the Ni-L2,3
peaks were identified at the surface of the corroded sample
ROI (e); at the salt ROIs (a,b and d), Ni peaks were barely
detected, while a small Ni L3 peak was identified in the EELS
of the salt region (c), indicating the limited corrosion of Ni
into the molten salt (Figure S9B). The presence of Ni without
Cr at the grain surface, as shown in the data from ROI (e), was
consistent with the finding of a Ni-rich surface layer of
corroded Ni−20Cr, as shown in Figure 4A,B.
3.3. Influences of Temperature on Molten Salt

Corrosion. In this work, the corrosion of Ni−20Cr in molten
KCl−MgCl2 at 600 °C was observed as a two-stage corrosion
process. Stage 1 was grain boundary corrosion forming
intergranular pores. Stage 2 was surface corrosion on the
grains enlarging the intergranular pores. Intergranular
corrosion occurred first due to the redox reaction kinetics
differences between the grain boundary and the grain,
primarily producing Cr ions (Cr3+ or Cr2+) in the molten
salt. In this study, the influences of Cr3+ were discussed further
because the STEM/EDS/EELS results showed that it was the
primary/stable corrosion product. The STEM/EDS results
showed little Ni in the remnant salt. This finding suggests that
when Cr atoms at the grain boundary dissolved, the majority of
Ni atoms merged to the adjacent grain surface rather than

Figure 5. EELS analysis determined the chemical states of Cr in the salt and in the sample at the near-surface region after corrosion. (A,B) BF
images showing the corroded alloy and salt with several ROIs highlighted for EELS analysis, with ROIs (a−d) corresponding to the salt regions and
ROI (e) to the sample at the near-surface region. (C) EELS spectra from ROIs (a−e). The Cr-L2,3 peaks are clearly present in the spectra from
ROIs (a−d) in the salt. (D) Relative to references (Cr, CrCl2, and CrCl3), the Cr L3/L2 integrated area ratios at ROIs (a−d) were closer to the
value of CrCl3 than to Cr0 or Cr2+, indicating that the main corrosion product was CrCl3.
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dissolving in the molten salt (Figure 6). As the intergranular
pores progressed, molten salt filled the pores, creating a
liquid−metal interface between the molten salt and the
adjacent grains.

Subsequently, during stage 2 of corrosion (Figure 6), Cr
dissolution occurred mainly at the surface of the grain without
forming pores within them. After corrosion, the grains showed
Ni-rich surface layers. After stage 1, the path formed by the
voids due to the physical corrosion along grain boundaries was
narrow and tortuous in 3D for the molten salt and the
dissolved species from the alloy to diffuse through.
Considering the Stokes−Einstein relation, tortuous pores
reduced the effective diffusion coefficient (Deff) of Cr3+ in
molten salt.42 Additionally, Roy et al.43 revealed that Cr3+
species exist in molten KCl−MgCl2 (50−50 mol %) as
kinetically stable [Cr2Cl10]4− clusters and exhibit relatively long
lifetimes at the metal−salt interface. The complexation of Cr3+
in molten salt could thus further slow the mass transport of
Cr3+ and the reaction rate of Cr in the grain with molten salt.
The above factors could accumulate Cr3+ at the metal−salt
interface, decreasing the Cr reaction rate according to the
Nernst equation if the diffusion of Cr3+ and its complex
clusters became rate-limited.

Through the other step involved in interfacial processes, the
curvature-driven Ni surface diffusion was fast in molten KCl−
MgCl2 at 600 °C; these phenomena were observed from the
fast flattening of the surface layer and increasing thickness
(Figure 2E). When the Cr atoms at the grain surface reacted,
the Ni surface diffusion could quickly cover the surface without
exposing more Cr atoms underneath, effectively passivating the
surfaces of the grains and preventing further rapid corrosion. If
percolation dealloying occurred initially during stage 2,
nanoscale pores could form within grains. However, as the
reaction rate decreased over time, the effect of fast Ni surface
diffusion to smoothen the surface could dominate the process.
Therefore, planar corrosion into the grains from the grain
boundaries occurred without forming percolation pores
through dealloying in grains. Additionally, the weight ratio of
Cr was potentially below the percolation threshold (∼18 wt %)
locally because of the diffusion of Ni atoms from the grain
boundaries, preventing percolation dealloying from happen-
ing.42 Only the Cr atoms at the surface of the grain reacted,
supporting the enrichment of Ni at the grain surface.

However, the surface dealloying of Cr caused a Cr
concentration gradient from the center to the surface of the
grain, driving the lattice diffusion of Cr. According to the

literature, the lattice diffusion coefficient of Cr in Ni-based
alloys at 600 °C is in the range of 10−22 m2·s−1.13 The diffusion
distance for Cr via lattice diffusion for 53.2 min (total reaction
time) was calculated to be ∼0.5 nm, which was too small to
supply Cr atoms to the grain surface that would support
continuous corrosion. Therefore, the corrosion of the grain
could only occur at the grain surface, resulting in the growth of
the intergranular pores.

In this study, the behaviors of Ni−20Cr reacting in molten
KCl−MgCl2 at 500, 600, 700, and 800 °C were compared to
discuss the effects of temperature on the morphological
evolution characteristics. Previously published results for
samples reacted at 50019 and 800 °C16 were reproduced for
comparison; the morphological evolution of Ni−20Cr at 700
°C was similar to that at 800 °C and thus is presented in
Figure S10. At lower temperatures (500 and 600 °C),
intergranular pores formed from a two-stage corrosion
mechanism (intergranular and grain surface corrosion). At
higher temperatures (700 and 800 °C), a bicontinuous porous
structure formed via a percolation dealloying mechanism.

The temperature affected the reaction and transport rates of
the various processes in the system; it is primarily the relative
rate relationship between the Cr selective dissolution and Ni
surface diffusion, resulting in significantly different corrosion
processes and morphological evolution characteristics for Ni−
20Cr. At lower temperatures, the Cr reaction rate was slow,
and the dissolution of Cr formed intergranular pores due to the
fast reaction kinetics at the grain boundary. While there
occurred surface corrosion of Cr on the grain surfaces, the
relatively fast Ni surface diffusion passivated those surfaces.
However, at higher temperatures, the Cr reaction rate was
relatively fast, leaving less time for the surface diffusion of Ni to
passivate the surface. Thus, corrosion followed the percolation
dealloying mechanism, forming bicontinuous pores. Further
work would be needed to understand the Ni surface diffusion
rate and its relationship to Cr dissolution, potentially changing
corrosion. By understanding the influences of temperature on
molten salt corrosion characteristics, specific corrosion
prevention methods, such as adding alloying components or
changing the alloy elemental ratio, could be developed based
on working temperatures.

4. CONCLUSIONS
In this work, the morphological and chemical changes of Ni−
20Cr in molten KCl−MgCl2 (50−50 mol %) at 600 °C were
studied by combining multimodal in situ synchrotron trans-

Figure 6. Schematic illustration of the reaction and diffusion behaviors involved in the two-stage corrosion process of Ni−20Cr in molten KCl−
MgCl2 at 600 °C. Cr dissolution occurred at the grain boundary first. Then, the Ni atoms diffused to the adjacent grain surface, increasing the
proportion of Ni at the grain surface. The Cr atoms at the grain surface further reacted into molten salt; Ni atoms with fast surface diffusion
passivated the grain surface, forming a Ni-rich surface. The lattice diffusion of Cr in the alloy was too slow to supply Cr atoms to the grain surface.
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mission X-ray and electron microscopy. The development of
the combined multiscale techniques can be applied to study a
broader range of functional materials, while their morpho-
logical evolution occurs in a liquid medium including chemical
reactions in various liquid media and material processing such
as crystal growth with fine features in liquid metals.44 The in
situ heating, fast scan acquisition, and nondestructive
advantages of synchrotron X-ray nanotomography will be
invaluable for time-resolved studies on dynamical and kinetic
studies for the synthesis or performance of material
applications. A two-stage corrosion process was observed in
which the initial pores formed along the grain boundary,
followed by corrosion into the adjacent grain surface to
increase the pore sizes. In the remnant salt after corrosion,
CrCl3 was the main corrosion product. The solubility of CrCl3
and NiCl2 increased with temperature in molten salt. The
surface of the corroded alloy was Ni-rich, with the composition
of the grain centers remaining as Ni−20Cr. The surface of Ni−
20Cr underwent smoothing and coarsening accompanied by a
surface flattening and thickness change.

The grain boundary with a higher free energy than the bulk
lattice acted as a shortcut for molten salt corrosion at 600 °C.
With the Cr atoms dissolved at grain boundaries, Ni atoms or
detached Ni-rich particles diffused to the adjacent surface. In
the first case, the amount of Cr at the adjacent grain surface
was lower than the percolation limit; thus, further corrosion
occurred at the grain surface without forming pores within the
grain. For corrosion above the percolation limit, the faster Ni
surface diffusion rate over the Cr dissolution rate caused Ni to
passivate the grain surface.

By comparing the morphological evolution characteristics of
Ni−20Cr in molten KCl−MgCl2 from 500 to 800 °C, the
effects of temperature on the corrosion were summarized as
follows. Intergranular corrosion was prominent at lower
temperatures (500−600 °C), while bicontinuous porous
structures formed by percolation dealloying were dominant
at higher temperatures (700−800 °C). It was hypothesized
that the temperature affected the relative rate relationship
between Cr dissolution and Ni surface diffusion, determining
the morphological evolution characteristics. As different
corrosion morphologies have been observed in molten salt
applications over a wide range of temperatures, this work
explores the fundamental mechanisms of temperature effect
which could have impacts on a range of high-temperature
molten salt applications.

These mechanistic complexities concerning the temperature-
dependent interplay between transport and chemical reactions
at the molten salt−metal interfaces are relevant over a broad
range of systems and conditions, and they merit much more
study. Ongoing research could include whether the presence of
particular fission-product metal ions adds mechanistic path-
ways that produce different corrosion modalities and what
effects different base salt compositions have on the balance
between modalities. Such studies are essential to reveal the
critical mechanisms of molten salt corrosion in nuclear reactors
and solar plants and possibly develop case-specific corrosion
mitigation methods.
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