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ABSTRACT: Molten salts serve as effective high-temperature heat transfer
fluids and thermal storage media used in a wide range of energy generation
and storage facilities, including concentrated solar power plants, molten salt
reactors and high-temperature batteries. However, at the salt−metal
interfaces, a complex interplay of charge-transfer reactions involving various
metal ions, generated either as fission products or through corrosion of
structural materials, takes place. Simultaneously, there is a mass transport of
ions or atoms within the molten salt and the parent alloys. The precise
physical and chemical mechanisms leading to the diverse morphological
changes in these materials remain unclear. To address this knowledge gap,
this work employed a combination of synchrotron X-ray nanotomography
and electron microscopy to study the morphological and chemical
evolution of Ni-20Cr in molten KCl-MgCl2, while considering the
influence of metal ions (Ni2+, Ce3+, and Eu3+) and variations in salt composition. Our research suggests that the interplay
between interfacial diffusivity and reactivity determines the morphological evolution. The summary of the associated mass transport
and reaction processes presented in this work is a step forward toward achieving a fundamental comprehension of the interactions
between molten salts and alloys. Overall, the findings offer valuable insights for predicting the diverse chemical and structural
alterations experienced by alloys in molten salt environments, thus aiding in the development of protective strategies for future
applications involving molten salts.
KEYWORDS: high-temperature corrosion, dealloying, TXM, STEM, materials kinetics

■ INTRODUCTION
There is a resurgence in the use of molten salts as coolants or
reaction media for large-scale energy facilities, including molten
salt reactors,1 concentrating solar power plants2 and electrolytes
for molten salt batteries.3 However, structural alloys undergo
various morphological changes in molten salts, leading to
degradation.4,5 A prior study aggregated and graphed historical
molten fluoride and chloride salt corrosion data with
experimental characteristics, including salt purification, temper-
ature, and experimental setups used from 1960 to 2016.4 Many
previous studies have been focused on the relationship between
the processing conditions and morphological and chemical
changes in engineering alloys. However, there remains a critical
need to understand fundamentally how the complex chemical
and physical processes and their interplay at solid−liquid
interfaces cause structural evolution to different morphologies.
Such fundamental processes are further affected by molten salt
environmental factors, such as temperature,6 irradiation,7 and
impurities, including O2, H2O, hydroxides, fission products, and
corrosion products from structural materials.8 Thus, under-
standing the interfacial reactions, diffusion and their relation-

ships with the morphological changes is critical in developing a
strong scientific basis for applying molten salts in energy
technologies.
In molten salt reactors, metal ions accumulate in the molten

salt as fission products and through corrosion of structural
materials. These metal ions can change the salt properties and
induce reactivity with the structural alloys. It is critical to
understand how the alloys react with the salt in the presence of
different metal ions. Metal ions formed by the corrosion of
structural materials, such as Ni2+, Fe3+, and Fe2+, can cause the
molten salt to be more oxidizing, which promotes the corrosion
of Cr.9 Among fission products, rare earth elements such as Ce,
Eu, La, Sm, and Pr can enter the molten salt as stable ions and
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then act as oxidants in the system.10,11 Previous studies have
analyzed the local structures of metallic ions in molten salts12

and determined the diffusion coefficients with electrochemical
techniques13 to understand their influence on mass transport.
Thermodynamic analysis has also been instrumental in
providing temperature-dependent redox potentials to determine
whether metal ions or fission products have the tendency to
drive corrosion reactions in molten salts.11 Experimentally, the
level of corrosion is commonly evaluated by mass loss or
corrosion depth, such as by mapping out the depths of Cr
depletion zones in Ni-based alloys.11,14 However, further studies
are required to understand how the underlying kinetics and
mechanisms, including those for chemical reactions and
diffusion at the metal−salt interfaces, are impacted by the
presence of these reactive ions and whether they lead to changes
in morphological evolution and the corresponding corrosion
rates.
This work is focused on studying the effects of various

additives (NiCl2, CeCl3, and EuCl3) on the morphological
evolution of model binary alloys in molten salt. By combining
synchrotron X-ray nanotomography for 3D imaging with 2D X-
ray absorption near edge spectroscopy (XANES) imaging and
scanning transmission electron microscopy (STEM), a multi-
modal imaging approach enables studies of the morphological
and chemical changes of Ni-20Cr in molten KCl-MgCl2 at
multiple scales. A model that considers competition between the
interfacial reaction and diffusion was proposed to offer a
potential cause of the observed variation in the morphology and
chemical distributions. Direct visualization of morphological
evolution enables the determination of how fundamental
characteristics such as the chemical reactivities and diffusivities
of salts and alloys contribute to corrosion mechanisms. This
study constitutes a step forward in understanding how the
complex environment and fundamental parameters drive molten
salt−material interactions and how different physical and
chemical processes interact and lead to different 3D
morphologies of alloys.

■ EXPERIMENTAL SECTION
Sample Preparation. Purification of MgCl2 followed a procedure

established in previous studies by the team.15 The purified MgCl2 salt
was mixed with KCl (purchased from Sigma-Aldrich as 99.999%
Suprapur reagent grade) in an Ar-filled glovebox in the required
proportion to form a eutectic mixture. NiCl2 (1 wt %, 99.99%, Aldrich
Chem. Co.) was then mixed with the eutectic KCl-MgCl2. The mixed
salt was melted in a quartz crucible using a custom heater inside the
glovebox at ∼650 °C for ∼3 h. The mixtures of KCl-MgCl2 with CeCl3
and EuCl3 were prepared inside an Ar-filled glovebox at Idaho National
Laboratory (INL). KCl-MgCl2 50:50 molar ratio was prepared by
mixing and melting KCl and MgCl2 in a glassy carbon crucible (GAZ 5,
HTW Germany) at 600 °C for 6 h. The glassy carbon crucible was
cleaned with isopropanol and baked under vacuum at 120 °Covernight,
followed by baking inside the Ar-filled glovebox at 700 °C for 4 h to
remove any absorbed moisture or adsorbed organic matter. Upon
cooling, the mixture was crushed with an agate mortar and pestle and
loaded with 1 wt % CeCl3 or EuCl3 in separate glassy carbon crucibles.
The mixed compositions were then heated at 550 °C for 2 h and
crushed to fine powders upon cooling.

Ni-20Crmicrowire samples encapsulated with salts and additives in a
double-capillary design were prepared by following an established
method.16,17 The protocol is described briefly below: quartz capillaries
with 0.1 and 1.0mm outer diameters (OD, Charles Supper) were baked
at 500 °C to remove potential organic contaminants and then together
with Ni-20Cr microwires (99.5% pure, as-drawn, 20 μm diameter,
Goodfellow, USA-NI055105) in an oven (∼120 °C) for at least 3 h to

remove surface moisture. In an Ar-filled glovebox, the Ni-20Cr wire was
placed in the 0.1 mm capillary, and molten salt with additives was
extracted into the capillary. The quartz capillary with the microwire and
the solidified salt was placed into a larger capillary and sealed
temporarily with epoxy. After the epoxy was cured, the sample was
removed from the glovebox and immediately flame-sealed using a
benchtop hydrogen torch (Rio Grande).
Synchrotron X-ray Nanotomography and TEM Measure-

ments. These ex situ experiments were conducted on the samples with
NiCl2 and CeCl3 additives. The assembled samples were first studied
with X-ray nanotomography and spectroscopic imaging at the Full Field
X-ray Imaging (FXI) beamline (18-ID) at NSLS-II of Brookhaven
National Laboratory.18 A box furnace was preheated to 700 °C. The
samples were then moved into the box furnace and heated for the
designated time to observe 3D morphological evolution of the same
sample. Evolution of the sample at 700 °C in molten KCl-MgCl2
containing EuCl3 and anhydrous NiCl2 was studied in situ with a
miniature furnace19 integrated with transmission X-ray microscopy
(TXM) at FXI. The X-ray incident energy used was 8.333 keV to
optimize image contrast. Images were captured using a lens-coupled
CCD detector with 2560 × 2560 pixels, magnification at 325 and
camera binning of 2 × 2. The effective pixel size was 40 nm. The
magnification for the in situ experiment of the sample with anhydrous
NiCl2 was 302.4, with an effective pixel size of 43.2 nm. Over 800
projections were collected per tomography with an exposure time of
∼50 ms per projection image. Tomographic reconstruction was
conducted using the python package Tomopy.20 2D XANES images
of the sample were obtained by scanning the Ni K-edge from 8.251 to
8.613 keV. PyXAS21 and Athena22 software were used to process the
spectroscopic imaging data. In addition, standard XANES spectra
across the Ni K-edge were also measured: a standard Ni foil was
measured at the FXI beamline; pristine NiCl2 (purchased from Aldrich
Chem. Co.) as used in the samples, as well as anhydrous NiCl2 powder
(99.99%, purchased from Sigma-Aldrich) and NiO powder (Sigma-
Aldrich) were measured at the Quick X-ray Absorption and Scattering
(QAS) beamline of NSLS-II. The NiCl2 standards were mixed with
boron nitride (BN) powder and loaded into a 1.5 mm (OD) quartz
capillary in the glovebox. The capillary was removed from the glovebox
with a Swagelok Fitting, evacuated with a rough vacuum pump for 5
min, and then flame-sealed immediately. The NiO standard was
prepared on Kapton tape.

Commercial data visualization and analysis software Avizo (Thermo
Fisher Scientific, v. 9.3.0) was used to create 2D pseudo cross-sectional
views and 3D volume rendering views. For the in situ tomography data
sets, image cross-correlation was used to align the whole tomography
time series via volume registration from fast Fourier transforms of the
3D volumes using a custom Python program.21 Thresholding
segmentation was performed to differentiate Ni-20Cr and pores. The
volume change and porosity were then quantified; the detailed
segmentation and quantification method can be found in the
Supporting Information and Figure S1.

After the synchrotron X-ray measurements, the outer quartz
capillaries of the samples (with CeCl3 and NiCl2) were broken
manually inside an Ar-filled glovebox to recover the inner quartz
capillaries containing corroded Ni-20Cr microwires. Each inner quartz
capillary was loaded on a scanning electron microscopy (SEM) stub
with a carbon tape and shipped to INL for TEM sample preparation and
analysis. The sample was then placed inside a shielded Thermo
Scientific plasma focused ion beam (PFIB) dual beam system with a
sample loading port attached to an Ar-filled glovebox. The samples were
not exposed to air during shipment and transfer. The inner quartz
capillary sample was coated with gold using a sputter coater to avoid
charging during PFIB sample preparation. An Xe ion beam in PFIB was
used to cut a small region of the glass capsule to expose the corrodedNi-
20Cr microwire inside. A piece of corroded Ni-20Cr microwire was cut
using the Xe ion beam and lifted out using EasyLift EX Nano-
Manipulator. The lifted-out piece was then placed on an empty SEM
stub with a carbon tape and welded using platinum. The sample was
then transferred to a shielded Thermo Scientific Quanta 3D focused ion
beam (FIB) with a loading port attached to an Ar-filled glovebox. TEM
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lamellae samples along the transverse direction of the Ni-20Cr
microwire were prepared using the lift-out technique inside FIB.
TEM lamellae were mounted on a Cu TEM half-grid and then placed
into an airtight container for transfer. The corroded Ni-20Cr
microwires had a thin remaining salt layer after corrosion which
allowed studying the alloy−salt interface using TEM.

The airtight container with TEM lamellae was opened inside a
glovebag (Erlab portable glovebag) with Ar atmosphere. TEM lamellae
were loaded into the Gatan vacuum transfer TEM sample holder. TEM
analysis was performed using a Thermo Scientific Titan Themis 200
TEM equipped with the Super-X energy dispersive X-ray spectroscopy
(EDS) and the Gatan Continuum electron energy loss spectroscopy
(EELS) systems. The elemental distribution in the microstructure was
studied using the EDS technique and the oxidation states of dissolved
alloying elements were analyzed using the EELS technique. EDS
quantification was performed using the Brown-Powell ionization cross-
section model using Thermo Scientific Velox software. A custom script
was written in Python (JupyterLab) using HyperSpy multidimensional
data analysis toolbox to measure L3/L2 integrated intensity ratios in
EELS spectra. Oxidation state analysis was performed by comparing L3/
L2 integrated intensity ratios of samples and that of the references. This
approach was used to measure the oxidation states of transition metals
in molten salts by the team.23

■ RESULTS AND DISCUSSION
Ni-20Cr Corrosion inMolten KCl-MgCl2 (50−50mol%)

with 1 wt % CeCl3. The 3D and 2D (xy and xz views)
morphologies of pristine Ni-20Cr and Ni-(20-x)Cr reacted with
1 wt % CeCl3 in molten KCl-MgCl2 (50−50 mol %) are shown
in Figure 1 (Video S1). For pristine Ni-20Cr (Figure 1a), the 3D
and pseudo2D xy views at different locations (0, 8, and 20 μm)
in the z direction shows a smooth surface without pores.
However, Figure 1b shows that after 30 min of reaction at 700
°C, the sample was corroded with loss of material on the surface.
Some particles were observed, highlighted with a red circle in the
3D view and a red arrow in the 2D xz view. While surface voids
or dimple-like features were observed in the 30 min sample
(green arrows), no pores or cracks were observed. Previous
experiments, in which Ni-20Cr samples were exposed to molten
KCl-MgCl2 without the addition of CeCl3 showedmorphologies

having intergranular corrosion at 500 °C,17 and bicontinuous
pores at 800 °C16; those features are not observed here.
After synchrotron X-ray nanotomography, the same sample

was characterized by STEM/EDS without air or moisture
exposure to study the elemental distributions and chemical
states of the corrosion products. Figure 2 shows the STEM high-
angle annular dark-field (HAADF) image and the elemental
maps of the alloy elements (Ni and Cr) and salt elements (K,
Mg, Cl). Both Ni and Cr were present in the corroded Ni-(20-
x)Cr. Interestingly, two distinct regions were identified near the
surface, and the dashed lines in Figure 2a indicate the division:
the region of interest (ROI1) is the region from the surface to
the grain boundaries, and ROI2 is the region extending from the
grain boundaries to the center of the sample, as marked by the
dashed lines. A total of 10 positions (each of which is 123.4 nm×
123.4 nm, Figure S2) were selected randomly in each ROI to
quantify the Cr to Ni weight ratios, as shown in Figure 2b. The
dashed red line shows the Cr to Ni weight ratio of 0.25 for
pristine Ni-20Cr. For ROI1, the average Cr to Ni weight ratio
was 0.09 with a standard deviation (std) of 0.03, which indicated
91.7 wt %Ni and 8.3 wt %Cr. This suggests that dealloying of Cr
from the sample occurred in the surface region (within 1−2
grains below the surface) from reaction with 1 wt % CeCl3 in
molten KCl-MgCl2 for 30 min. On the other hand, for ROI2, the
average Cr to Ni weight ratio was 0.18 with a std of 0.02, which
was lower than that of the pristine Cr−Ni ratio, 0.25; the
composition was 84.7 wt % Ni and 15.3 wt % Cr, indicating that
selective removal of Cr had already occurred in this region,
which was beneath the surface region. Since no intergranular
corrosion or percolation dealloying was observed, the Cr
depletion in ROI2 may have occurred through bulk diffusion in
the metal following a chemical reaction occurring at the metal−
salt interface due to the concentration gradient between the
surface and the interior of the sample. Additionally, no
intergranular or intragranular pores were observed in the
HAADF image, which was consistent with the observation from
synchrotron X-ray nanotomography.
To further understand the corrosion process, the remnant salt

was analyzed. The remnant salt region was identified from the

Figure 1. 3D and pseudo-2D xy views at different z locations (0, 8, and 20 μm) and a pseudo xz view of pristine Ni-20Cr (the top row) and Ni-(20-x)
Cr (the bottom row) after reacting with 1 wt %CeCl3 in molten KCl-MgCl2 (50−50mol %) for 30min: (a) pristineNi-20Cr, which was homogeneous
without large pores or holes; (b) Ni-(20-x)Cr after molten salt corrosion for 30 min at 700 °C, which showed surface voids. The green arrows indicate
the holes on the surface. The red circle and arrow indicate the particles observed in the remnant salt.
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image contrast in the HAADF image and the K, Mg and Cl
elemental maps. In the remnant salt, there was 6.7 at %Cr, which
was higher than the Ni content at 1.6 at %. The redox potentials
of CrCl2/Cr and CrCl3/Cr are more negative than that of
NiCl2/Ni11; thus, preferential oxidation (dissolution) of Cr
occurred. The chemical states of Cr in the remnant salt and Ni-
(20-x)Cr (ROI3 and ROI4 in Figure 1a) were analyzed by
EELS. The Cr L3/L2 integrated intensity ratio was ∼1.6 for the
integral widths of 3, 4, 5, and 6 eV (Table S1) at ROI3, which
was similar to the reference CrCl3,

23 suggesting the presence of
Cr3+. For ROI4, the Cr L3/L2 integrated intensity ratio was∼1.4,
which was similar to the reference of Cr0, suggesting that Cr was
not oxidized in the alloy. Note that some Ni-rich particles were
observed in the Ni elemental map and the HAADF image for the
remnant salt region, as indicated by a white arrow in Figure 2a.
Figure 2d shows a magnified view of these Ni-rich nanoparticles.
Their sizes were smaller than the particles observed with X-ray
nanotomography (Figure S3). Multiscale imaging revealed
different sizes of the Ni-rich particles produced from molten
salt corrosion by the CeCl3 additive.

Compared to the Ni-20Cr corrosion in KCl-MgCl2 without
the additives16,17 the major morphological difference for Ni-
20Cr corroded in KCl-MgCl2 with 1 wt % CeCl3 was that there
were no obvious pores formed in the alloy. The added CeCl3
decreased the extent of corrosion of Cr in the molten KCl-
MgCl2. The exact cause of this can be quite complex and we
briefly discuss the factors that are involved in this process. First,
although Ce3+ is stable in molten salt, it can be oxidized to Ce4+,
which is then unstable in molten salt24 and thus can be reduced
back to Ce3+. It is possible that oxidation of Ce3+ consumed the
oxidants present in the molten salt, leading to less corrosion of
the Cr and resulting in suppression of corrosion propagation.
Additionally, the formation of the complex bicontinuous
structure as observed previously is a result of a delicate balance
between the Ni surface diffusion and Cr dissolution
processes16,17; thus, any changes in either the surface diffusion
rate due to the change of the salt compositions, or the Cr
dissolution rate due to changes in redox potentials, can shift the
kinetics of the morphological evolution. We will discuss the
mechanisms behind different morphological evolution pathways

Figure 2. STEM/EDS and EELS analysis of the corroded Ni-(20-x)Cr reacting with 1 wt %CeCl3 in molten KCl-MgCl2 (50−50mol %) at 700 °C for
30 min; this shows the morphologies and elemental distributions of the sample and the remnant salt. The corroded wire was not completely
surrounded by the salt. (a) High-angle annular dark-field (HAADF) image from STEM and the elemental maps for Ni and Cr (alloy) and K, Mg, and
Cl (salt). The dashed line is along the grain boundary. (b) Cr to Ni weight ratios in ROI1 and ROI2 in (a). (c) The Cr L3/L2 peak intensity ratio
changed as a function of integral width in ROI3 and ROI4 in (a). (d) An expanded view shows the Ni-rich particles in the remnant salt from the region
in (a) indicated with a red rectangle.
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at the end of this article, together with a range of different
morphologies.
Ni-20Cr Corrosion inMolten KCl-MgCl2 (50−50mol%)

with 1 wt % NiCl2. The reaction of Ni-20Cr with 1 wt % NiCl2
in molten KCl-MgCl2 (50−50 mol %) at 700 °C was also
investigated for 30 and 60min (Video S2). As shown in Figure 3,
compared to the pristine Ni-20Cr, pores were formed on the
surface extending over several micrometers toward the center of

the sample. The corrosion was consistent along the wire, which
was shown in the 2D xy views for different z locations at 0, 8, and
20 μm. When reacted for 30 min, the microwire developed a
dense (nonporous) layer at the surface (between the two dashed
circles in Figure 3b for z = 8 μm). After 60 min, the surface layer
was broken (Figure 3b). The pores were larger than the pores
seen at 30 min. However, the progression of pores into the
center of the sample was not obvious between the two time

Figure 3. 3D (a) and pseudo-2D xy views (b) at different z slices, with the locations indicated by red dashed lines, and xz views (b) of Ni-(20-x)Cr after
reacting with 1 wt % NiCl2 in molten KCl-MgCl2 (50−50 mol %) for 30 and 60 min. The yellow dashed circles highlight the surface layer observed at
30 min. The red frame highlights an expanded view in (c). (c) The expanded image of the xz view obtained after 60 min shows a different image
contrast for the remnant salt at the surface of the sample. (d, e) 2D XANES images collected at two locations (distance ∼2000 μm along the vertical
direction) with normalized Ni K-edge XANES images for different regions of interest (ROIs). The spectra from the sample ROIs are compared with
reference spectra, including NiCl2 used for the sample, the standard compounds Ni, NiO, anhydrous NiCl2, and 1 wt % NiCl2 melted with 50−50 mol
% KCl-MgCl2 after cooling.
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points. The remnant salt surrounding the corroded wire was
identified based on its different imaging contrast. Some brighter
spots (with smaller X-ray attenuations), such as those indicated
by the red arrows in Figure 3c, were observed in the remnant salt,
which suggests the presence of undissolved corrosion products
in the salt.
2D XANES imaging was conducted at two locations for the

sample reacted for 60 min (Figure 3d,e) to determine the
chemical compositions near the interface between the corroded
wire and remnant salt. We first exams the H2O content in the
used NiCl2. The NiCl2 added to the sample (Figure 3d) did not
show the same double-peak postedge feature as the anhydrous
NiCl2 standard, indicating that the added NiCl2 was not
completely anhydrous. Thus, adding NiCl2 likely introduced
moisture into the purified KCl-MgCl2. Additionally, on the
effect of mixing additives into the base salt, the fusedNiCl2 in the
KCl-MgCl2 also showed different XANES features compared to
the initial NiCl2 added to the sample, indicating a change in
structure caused by mixing the NiCl2 with the KCl-MgCl2 salt.
The salt region near the wire (ROI 1) contained a mixture of Ni
and NiO because the pre-edge feature (∼8335 eV) was similar
to that of Ni, but the postedge peak was similar to that of NiO.
The corroded wire (ROI 2) remained as Ni. Figure 3d shows a
large remnant salt region. For ROI 3 in the salt and ROI 4 in the
salt at the interface, the XANES images were the same as that of
NiO. For ROI 5, the uncorroded region remained as metallic Ni.

The presence of NiO in the remnant salt was the result of
moisture impurity from the NiCl2. The formation of NiO from
NiCl2 hydrolysis and the NiO passivation mechanism have been
discussed in the literature for Ni corrosion with H2O vapor in
LiCl-KCl.25 No insoluble NiCl2 or NiO was identified in the
sample (Figure S4), suggesting NiO was not introduced before
the experiment. The Ni from Ni-20Cr reacted in the molten salt
due to the introduction of H2O from the NiCl2 used in this
experiment. Since the standard redox potential of NiCl2/Ni (vs
Cl2/Cl−) at 700 °C is more positive than those of CrCl2/Cr and
CrCl3/Cr (vs Cl2/Cl−),

11,26 the Ni2+ ions from NiCl2 and the
dissolved Ni2+ reacted as oxidant to promote the Cr reaction,
forming Ni. Then Ni could be oxidized and form NiO, as
identified by XANES imaging. Overall, the presence of NiCl2
and H2O accelerated the corrosion of Ni-20Cr. An in situ X-ray
nanotomography experiment was conducted to observe the
morphological change of Ni-20Cr in molten KCl-MgCl2 with
the addition of anhydrous NiCl2 (Figure S5). The corrosion is
severe compared to the sample with NiCl2 and moisture. The Ni
2D XANES (Figure S6) shows that only Ni presents in the
corroded wire, interface and remaining salt, without the oxide
formation at the surface of the sample.
Another effect of adding NiCl2 is that the surface mobility of

Ni could have increased. Recently, Ghaznavi et al. studied the
effects of 1 and 3 wt % anhydrous NiCl2 on electrochemical
dealloying of the Fe32Ni68 alloy in molten LiCl-KCl-MgCl2 at
350 °C.27 Increasing the amount of NiCl2 in the molten salt

Figure 4.HAADF/STEM analysis of Ni and Cr in Ni-(20-x)Cr at different locations from the surface to the center after a 60 min reaction at 700 °C.
(a) Overview of the corroded sample with the Cr and Ni distributions. The red, yellow, and blue frames correspond to the regions in (b), (d), and (f).
(b, c) Surface region with the Cr to Ni weight ratio at different ROIs (b-ROIs). (d, e) A local pore region with the Cr to Ni weight ratios at d-ROIs. (f,
g)Near center region showingCr segregation along grain boundaries with the Cr toNi weight ratio at f-ROIs. The red dashed line in (c, e, and g) shows
the original Cr to Ni weight ratio of 0.25.
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increased the corrosion rate of Fe32Ni68; upon adding 3 wt %
NiCl2, ligaments at the original alloy/molten salt interface were
broken, which was consistent with the broken surface layers
observed in this work.
Figures 4a and S7 show overviews of the elemental

distributions in the corroded sample. Different regions high-
lighted by the frames with different colors were analyzed further,
denoted in Figure 4b,d,f. The surface region with remnant salt
(Figure 4b) shows Cr- (b-ROI1−2) and Ni-rich (b-ROI3)
regions. Figure 4c shows that b-ROI1 contains 67.2 wt % Cr and
23.3 wt % Ni and b-ROI2 has 56.0 wt % Cr and 24.5 wt % Ni,
while 1.3 wt % Cr and 98.3 wt % Ni was in b-ROI3. The Cr and
Ni weight ratios in the ROIs are shown in Table S2. To identify
the chemical compounds presented in the Cr-rich and Ni-rich
regions, correlations of Cr and Ni concentrations with respect to
O andCl concentrations were analyzed for selected areas in each
region with scatter plots, as shown in Figure S8. For the Cr-rich
region, the distributions of Cr and O were negatively correlated,
meaning that the compound was not a Cr oxide. The correlation
between Cr and Cl was less clear. Since the salt was chloride-
based and Cr can dissolve in the salt, it is possible that the Cr-
rich region resulted from accumulation of CrCl3 (or CrCl2).
Future chemical characterizations such as X-ray photoelectron
spectroscopy (XPS) will be useful to determine the formed Cr
species. For the Ni-rich region, neither the Ni-to-O or Ni-to-Cl
scatter plots showed obvious trends, but NiO was identified in
the salt via XANES imaging (Figure 3d,e). The Ni-rich and Cr-
rich regions observed with STEM/EDSwere in the remnant salt,

which is consistent with the heterogeneous sample surface
observed with X-ray nanotomography (Figure 3c).
For b-ROI4, 5, and 6 (Figure 4b) that are on the corroded

alloy surface, these regions were Ni-rich and contained less Cr
than pristine Ni-20Cr, suggesting preferable dissolution of Cr.
Furthermore, the Cr andNi weight ratio change was analyzed for
a region near a pore within the sample (Figure 4d,e). A
significantly lower Cr-to-Ni weight ratio compared to Ni-20Cr
shows the formation of the Ni-rich layer at the alloy/molten salt
interface.
Finally, Figure 4f,g shows a center region that was not close to

the corroded region. Cr segregation was observed at the grain
boundary (f-ROI1−3), while Ni-20Cr was preserved in the
grains (f-ROI4−6). Previous studies have shown depletion of Cr
along the grain boundaries in corroded regions28; additionally,
this study shows enrichment of Cr at the grain boundary in the
uncorroded region. The Cr concentration gradient from the
uncorroded Ni-20Cr center region to the alloy/molten salt
interface provides a driving force for outward Cr diffusion. The
diffusion coefficient for Cr along the grain boundary is ∼104
times higher than the bulk diffusion coefficient of Cr in Ni-based
alloys29; thus, Cr is more likely to diffuse along the grain
boundaries. Thus, this work indicates that for the regions in
alloys away from the corrosion reaction front, the high
temperature environment and the concentration gradient of
the corroding elements drive elemental segregation along the
grain boundaries, which affects long-term corrosion and the
mechanical properties of the structural alloys.

Figure 5. 2D pseudo cross-sectional views (xy and xz) and 3D volume renderings showing the morphological evolution of Ni-20Cr in molten KCl-
MgCl2 (50−50 mol %) with 1 wt % EuCl3 as a function of reaction time. The morphological changes showed mixed behaviors: a bicontinuous porous
structure formed as in percolation dealloying16,32 with features near the reaction front similar to those from intergranular corrosion (orange circle in the
xy view). The red frame shows the 3D visualization region.
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In Situ Study of Ni-20Cr Corrosion by 1 wt % EuCl3 in
KCl-MgCl2 at Eutectic and Off-Eutectic Composition. The
in situ corrosion of Ni-20Cr in 50−50 mol % and eutectic (68−
32 mol %) KCl-MgCl2 with 1 wt % EuCl3 was studied at 700 °C
with synchrotron X-ray nanotomography. The ratio of salt
mixture, ranging from eutectic to off-eutectic compositions, has
been reported to influence the acidity−basicity of the salt30 and
can also impact corrosion behaviors. Since EuCl3 has been

shown to increase the corrosion rate, there is particular interest
in investigating the morphological evolution differences in salt
compositions with EuCl3 additives. First, Figures 5 and 6 show
the 2D and 3D morphological evolution processes occurring in
Ni-20Cr after different reaction times in 50−50 mol % and
eutectic KCl-MgCl2 with 1 wt % EuCl3, respectively. Both
samples showed corrosion propagation from the surface, and
pores were formed in the reacted regions. Eu is a fission product,

Figure 6.Morphological evolution of Ni-20Cr in molten eutectic KCl-MgCl2 (68−32 mol %) with 1 wt % EuCl3 as a function of reaction time. (a) 2D
pseudo cross-sectional views (xy and xz) and 3D volume rendering. The red frame indicates the 3D visualization region. (b, c) Remaining volume and
porosity changes of Ni-20Cr in 50−50 and eutectic KCl-MgCl2 with 1 wt % EuCl3 as a function of reaction time.
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and strong oxidants can be reduced in molten salt, thereby
increasing the overall corrosion driving force and promoting the
oxidation of Cr.31 However, the extent of morphological
evolution differed significantly for the two different salt
concentrations of KCl-MgCl2.
For 50−50 KCl-MgCl2, salt exposure led to formation of a

bicontinuous porous structure with features indicating inter-
granular corrosion at the reaction front. While pore showed at
the surface within 5 min, a surface layer was formed with longer
reaction times. For eutectic KCl-MgCl2, clear intergranular
corrosion was observed. For the same reaction time of 5 min,
faster corrosion was observed in the eutectic salt compared to
the 50−50 KCl-MgCl2 mixture, as indicated by the corrosion
depth. Breakage of the surface layer (the yellow arrows point to
the same location) was observed with the increase in reaction
time. The remaining volume and porosity as a function of
reaction time are compared for the two salt ratios in Figure 6b,c,

respectively. The sample in the KCl-MgCl2 eutectic underwent
more significant corrosion than the sample in 50−50 KCl-
MgCl2 with EuCl3, as indicated by the lower alloy volume
remaining (∼90% compared to 94%) and the higher porosity
(∼27% compared to 22%). In addition, the more rapid changes
in both the volume and the porosity, especially during the early
times, for the sample in eutectic KCl-MgCl2 than for the 50−50
KCl-MgCl2 also indicates the faster reaction kinetics in the
former case.
Diffusion and Reaction Mechanisms Affecting Mor-

phological Evolution of Ni-20Cr in aMolten Chloride Salt
Mixture. In this and our prior work, series of experiments were
conducted to study the morphological evolutions of Ni-20Cr in
molten KCl-MgCl2 at different reaction temperatures,16,17

different salt compositions (50−50 and 68−32 mol % of KCl-
MgCl2), and metal ions resembling the corrosion products from
common structural materials or fission products (Ni2+, Ce3+, and

Figure 7. (a) The morphology of corroded Ni-20Cr in molten salt with different additives, reaction temperatures and salt compositions. (b) Reaction
and diffusion processes affect the chemical and morphological changes occurring at the interfaces of alloys in molten salt.
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Eu3+) in molten salt applications using the same sample
preparation and experimental setup. A morphological library
based on molten salt corrosion as a function of reaction
conditions is provided in Figure 7a. The figure summarizes a
morphological transition from surface corrosion to intergranular
corrosion to percolation dealloying forming a bicontinuous
structure of metal-pore interconnected networks with the
change of metal ions, temperature and salt compositions. The
addition of metal ions (and moisture) introduces different
corrosion phenomena, including surface corrosion (with Ce3+)
and severe corrosion with accumulation of Ni2+ and Cr2+/Cr3+
in the remnant salt. With increasing temperature (from 500 to
800 °C) and change of salt composition (from 50 to 50 molar
ratio to eutectic salts with added Eu3+), the morphological
evolution pathway changes from intergranular corrosion to
predominantly percolation dealloying. Note that mixed features
of the bicontinuous structure with a shorter dealloying front
indicating intergranular corrosion can also be present, as shown
in the case with the eutectic salt. Molten salt corrosion is a result
of fundamental physical and chemical processes, namely,
different chemical reactions and mass transport mechanisms,
including diffusion at surfaces/interfaces and in bulk (solid and
liquid) materials. Therefore, changes in the engineering
conditions alter the underlying changes in diffusion and reaction
processes that occur during molten salt corrosion. Below, the
mechanistic understanding gained through our investigations is
summarized.
In electrochemical dealloying, various morphologies are

formed below and above the critical potential, determined by
the balance between surface dissolution and diffusion with a
percolation pathway.33 Reactions of Ni-20Cr in molten salt are
similar to electrochemical dealloying of binary alloys but are
more complicated. The major morphological evolutions from
intergranular to percolation pores were affected by (1) grain
boundaries as shortcuts for reactions or diffusion34; (2) the
relative rates for the chemical reaction of Cr dissolution into
Cr2+/Cr3+ ions, and surface diffusion of Ni atoms, as shown in
Figure 7b. For intergranular corrosion, in Figure 7b-1, Ni surface
diffusion is much faster than Cr dissolution at the grain surface.
Because Cr dissolution occurs at the grain boundaries, first
consuming the oxidants in the salt and creating a tortuous path,
the rate of Cr dissolution at the grain surface decreases. Low
temperature and reactants with more negative redox potentials
than Cr also decreased the Cr dissolution. When surface Cr
atoms react, fast surface diffusion of Ni quickly covers the surface
without exposing more Cr atoms. Thus, after corrosion, a Ni-
rich grain surface forms. In another case (Figure 7b-2), if the
rates of the Cr dissolution and Ni surface diffusion are
comparable, these two processes work together via the
percolation dealloying mechanism. According to the percolation
dealloying process proposed for aqueous solution, when the
concentration of a reactive component exceeds a critical
threshold (percolation limit), continuous atomic-scale pathways
of that component form, and thus eliminate the need for solid-
state transport to facilitate selective dissolution. In the case of a
nearly random solid solution alloy, these pathways are evenly
distributed in all directions, leading to the development of
isotropic bicontinuous dealloyed structures.35 Additionally,
corrosion can still occur along the grain boundary, as with
dealloying of binary alloys in liquidmetals36 at high temperature.
An alternative hypothesis offered here, which will be examined
in the future, is that corrosion primarily occurs through some
types of the grain boundaries, followed by rapid surface diffusion

and coarsening that leads to surface smoothing at the metal-salt
interface and thus to a structure that resembles those formed via
percolation dealloying.
On the other hand, the addition of metal ions affects the rate

of Cr reaction. The addition of ions decelerates the Cr reaction
(Ce3+) and surface corrosion occurs, leaving a Ni-rich surface.
Research has shown that excess Mg37 or Li38 metal can be added
to provide a reactive metal to enable this type of redox control.
In the opposite scenario, the addition of metal ions increases the
oxidation ability of the molten salt, accelerating Cr oxidation
(Eu3+ and Ni2+) or causing both Ni and Cr oxidation (due to
moisture or oxygen impurities). In these cases, large pores form
and the interface of the corroded region is Ni-rich. In the salt
near the interface, the accumulation of Ni or Cr ionsmay happen
due to fast reaction. Lastly, the loss of Cr at the interface causes a
concentration gradient of Cr from the intact region to the
corroded region, providing the driving force for the diffusion of
Cr along the grain boundary (green highlights in Figure 7b).

■ CONCLUSIONS
This work summarizes the morphological changes occurring
during Ni-20Cr alloy corrosion in molten KCl-MgCl2 with
various temperatures, salt compositions and metal ions resulting
from fission and reactions of structural materials. Planar
reactions at the surface, intergranular corrosion, and percolation
dealloying forming bicontinuous structures were observed
under varying conditions. We hypothesize that the competition
between the reaction of a less noble element (e.g., Cr) and
surface diffusion of a more noble element (e.g., Ni) changes
under different conditions and thus results in different corrosion
morphologies. Future studies are needed to either experimen-
tally characterize or construct simulation models that consider
reaction and diffusion rates. This will provide a direct
comparison of molten salt corrosion under various conditions,
leading to different morphological evolutions. Furthermore, the
diffusion processes, chemical activity and physical or chemical
properties of the salt and alloy that influence the molten salt
corrosion mechanism were illustrated. This work provides a step
in linking the application parameters of molten salt reactors to
the corrosion morphologies of the materials through the
understanding of the underlying mechanisms. Additionally,
this work further demonstrates the use of synchrotron X-ray
nanotomography and spectroscopic imaging, coupled with
STEM analysis, to study materials in molten salt environments.
The molten salt research community can continue to benefit
from these advanced characterization techniques to understand
the transition of materials under evolving conditions, as has also
been demonstrated in other energy application research
communities.39 Beyond this work, future studies can provide
further quantitative analyses and theoretical understanding of
these complex interacting mechanisms.
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Segmentation and quantification of the in situ data sets
(Ni-20Cr in eutectic and 50−50mol % KCl-MgCl2 with 1
wt %) EuCl3; selected regions for analyzing the atomic
ratio of Ni and Cr in the Ni-(20-x)Cr after reacting with 1
wt % CeCl3 in KCl-MgCL2; Cr L3/L2 integrated intensity
ratio from EELS spectra; particle size determination;
homogeneous salt before experiment; elemental distribu-
tion of salt elements after corrosion; morphological
evolution of Ni-20Cr in KCl-MgCl2 with anhydrous
NiCl2; Ni 2D XANES; Cr and Ni weight ratios from
STEM/EDS for the ROIs in Figure 4; corrections of Cr to
Cl, Cr to O, Ni to Cl and Ni to O (PDF)
3D view of the corroded Ni-20Cr in the salt with CeCl3
for 30 min (MPG)
3D view of the corrodedNi-20Cr in the salt with NiCl2 for
30 and 60 min (MPG)
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