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ABSTRACT: Growing interest in molten salts as effective high-temperature heat-transfer fluids
for sustainable energy systems drives a critical need to fundamentally understand the interactions
between metals and molten salts. This work utilizes the multimodal microscopy methods of
synchrotron X-ray nanotomography and electron microscopy to investigate the 3D morphological
and chemical evolution of two-model systems, pure nickel metal and Ni-20Cr binary alloy, in a
representative molten salt (KCl-MgCl2 50−50 mol %, 800 °C). In both systems, unexpected
shell-like structures formed because of the presence of more noble tungsten, suggesting a
potential route of using Ni−W alloys for enhanced molten-salt corrosion resistance. The binary
alloy Ni-20Cr developed a bicontinuous porous structure, reassembling functional porous metals
manufactured by dealloying. This work elucidates better mechanistic understanding of corrosion
in molten salts, which can contribute to the design of more reliable alloys for molten salt
applications including next-generation nuclear and solar power plants and opens the possibility of
using molten salts to fabricate functional porous materials.

KEYWORDS: chloride molten salt, high-temperature corrosion, Ni-based alloys, X-ray CT, TXM, molten salt corrosion, dealloying,
multiscale imaging

■ INTRODUCTION

Fundamental understanding of material behavior in extreme
environments plays a critical role in advancing key
technologies.1−4 Specifically, the ability to manage materials
evolution driven by thermal energies, and at times in
conjunction with high chemical reactivities and/or radiation
effects all in one environment, is crucial for sustainable energy
industries such as safer, next-generation nuclear power plants
and large-scale solar thermal power plants.5 The need to
transport high-temperature heat (>700 °C) is also prevalent in
numerous other industries including oil refineries, shale oil
processing facilities, and hydrogen production systems.6

Among these technologies, a high-heat transfer fluid is essential
to manage the heat produced or utilized in these systems;
however, these applications bring great challenges to
fundamentally understand and further manage or even design
the interactions between the surrounding structural materials
and the high-heat transfer fluid under these extreme environ-
ments for effective, economical, and safe operation.
Molten halide salts are one of the leading candidates for

high-temperature heat transfer fluids because of their high
boiling points, high specific heats, high thermal conductivities,
and low vapor pressures.7,8 Specifically, molten chloride salts
have an advantage of being significantly lower in cost, having
lower viscosities, and not having the potential to form
hydrofluoric acid (HF) and thus being compatible with a

wider range of materials.6 This has led to increased interest in
developing molten chloride systems for both next-generation
solar and nuclear power plants. Molten LiCl-KCl has already
been used for pyroprocessing of spent nuclear fuels.9−11

Molten KCl-MgCl2 specifically attracts interest because it has
one of the highest volumetric heat capacities at 700 °C (0.46
cal/cm3-°C) and one of the lowest costs among the chlorides.6

In addition, the properties of the salt such as basicity can be
changed by modifying the ratio of MgCl2 to KCl. These
properties have led to interest in KCl-MgCl2 as a coolant for
molten salt reactors and concentrated solar power. This has led
to the increased study of KCl-MgCl2 and related systems such
as ternary salt NaCl-KCl-MgCl2 in numerous recent works.12

One of the leading challenges with molten chlorides, and
molten halides in general, is their corrosivity in contact with
structural alloys. At temperatures in excess of 700 °C, alloy
reactions in chloride salts differ greatly from typical corrosion
in aqueous solutions as they do not form a passivating oxide
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layer.13−16 This fundamentally changes the corrosion mecha-
nisms, and corrosion is driven instead by thermodynamic
dissolution of component elements into the molten salt.17−19

Constructed Ellingham diagrams show that the metal
chlorination reactions to form Group I and II metal chlorides
are more favored than the formation of transition metal
chlorides,20 potential corrosion products from structural alloys.
Nickel-based superalloys have been identified as one of the

few classes of structural materials that can survive the harsh
environment of a molten salt reactor (MSR), due to their
relative thermodynamic stability and high-temperature creep
strength.15,21,22 Although pure Ni has greater thermodynamic
stability, alloying elements are added to improve the high-
temperature creep strength (Mo, Nb) and oxidation resistance
(Cr).23 However, as the redox potential for common alloying
elements to form chloride salts decreases in the order W, Ni,
Fe, Cr, Mg, K,24 elements with lower redox potentials than Ni
would lead to preferential dissolution of metals from the alloy
into the molten salt.25−27 With superalloys in the molten
fluoride salt system, the corrosion rate increases with
increasing Cr content, proceeding primarily through dealloying
of Cr, which is more pronounced at grain boundaries28−30 It
has been shown that Cr will preferentially oxidize, corrode, and
then form a porous network.31,32 However, the nature of the
porous network and fundamental mechanism governing its
formation has not been discussed; such mechanistic under-
standing will be addressed in this work, which is crucial to
predicting the corrosion rate, as well as designing alloys and
molten salt systems to mitigate the issue.
Moreover, the purity of the salt as well as the overall reaction

system have been shown to have the highest impact on the
amount of corrosion observed;33,34 impurities such as H2O, or
O2 have been shown to greatly increase the rates of corrosion
even in trace amounts.35−37 On the role of metal impurities, Ye
et al. have investigated the role of Fe3+ ions on corrosion in
Hastelloy N and FLiNaK and observed iron oxidizing Cr and
filling voids left by Cr.33 The effect of metals with higher redox
potentials remains to be studied further, as these metals may be
present in molten salt system, either as fission products in
MSRs or as contaminants. Tungsten is one such metal; it is
widely used in numerous high-temperature applications and
alloys and will be investigated in this study.
Understanding the metal−salt interaction is vital for

understanding the degradation of structural alloys and for
future materials design. Much work has been conducted on
engineering Ni-based super alloys and stainless steels, but there
is a need for addressing the fundamental scientific questions
regarding how metals evolve in morphology and chemistry
when exposed to molten salts.33 Studies performed on simple,
model systems of Ni and its binary alloys would help to reveal
fundamental interaction between metals and molten salts, and
hence Ni and the binary Ni-20Cr alloy are tested in this work.
Cr was chosen as the alloying element, for it has been shown to
exhibit preferential corrosion in alloys used for molten-salt
applications.38 Although prior studies in this field made
significant progress in revealing the phenomena, they have
largely relied upon macroscopic ex situ measurements, such as
mass loss, to quantify corrosion.39,40 This leaves a gap in the
fundamental knowledge of the metal−molten salt interactions:
Understanding the kinetics of alloy corrosion, namely, the
morphological and chemical evolution as immersion time in
molten salt progresses at multiple length-scales from micro-
meters, nanometers to atomic level, is critically needed for

further development of new materials and corrosion mitigation
methods.
This work thus takes a multimodal, multiscale imaging

approach to study how the 3D morphology and chemistry of a
pure metal and a binary alloy evolve in molten salt. Model
systems Ni and Ni-20Cr (80 wt% Ni−20 wt% Cr) exposed to
purified molten KCl-MgCl2 (50:50 molar ratio) were system-
atically investigated as a function of reaction time at 800 °C.
The relatively high temperature of 800 °C was chosen because
it is a potential temperature for molten salt reactor operation.41

Moreover, the high temperature should increase corrosion to
enable observation of materials changes within the 100 h
treatment time conducted in this study. The 3D morphological
evolution of microwires in both systems were directly
visualized via X-ray nanotomography using synchrotron-
based transmission X-ray microscopy (TXM), and the same
samples were then analyzed with transmission electron
microscopy (TEM) to gain fundamental insight from the
micrometer to nanometer scale. The 3D morphological
characterization enabled by the nanotomography in TXM is
crucial, as corrosion in an alloy is a 3D process where a 2D
imaging technique would be limited. Overall, the work is
pioneering in its observation of how pure metal and binary
alloys evolve in 3D morphologically as they interact with the
molten salt, and it sheds light on the corrosion mechanisms of
molten salts for future materials design. The importance of
metal ion impurities and defects, as well as several interplaying
mechanisms including dissolution, dealloying, and faceting,
shall be discussed.

■ RESULTS AND DISCUSSION

Single-Element Metal (Ni) 3D Morphological and
Chemical Evolution in Molten Salt.Multiscale imaging was
carried out by combining transmission X-ray microscopy with
TEM. Ni microwires were vacuum sealed with a 50:50 molar
ratio KCl-MgCl2 mixture in quartz ampules and reacted at 800
°C for 1 to 100 h. An overview of the sample preparation
procedure and setup can be found in Figure 1. The TEM
analysis coupled with energy-dispersive X-ray spectroscopy
(EDX) analysis mapping in scanning TEM (STEM) mode

Figure 1. X-ray nanotomography characterization of metals reacted
with molten salt: (a) An evacuated quartz ampule containing salt and
wire is heated to 800 °C for the allotted time, then taken out and
cooled. The ampule is then broken open, the salt is dissolved away
with DI water and the wire is extracted and placed into a Kapton tube.
This tube is then mounted at the FXI beamline. (b) FXI beamline
setup.
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provides even higher spatial resolution along with elemental
distribution. Together, TXM and TEM with EDX are
complementary techniques and when used together provide
a more complete multimodal understanding of a structure and
elemental distribution.42

The microstructures present in the pristine sample, including
the grains and defects, as well as the chemical and elemental
makeup, all have a significant impact on how the system
evolves once interacting with the molten salt. Therefore, the
pristine Ni microwire was characterized first. Characterization
of the pristine Ni microwires by TXM, scanning electron
microscope (SEM), STEM, and high-resolution TEM
(HRTEM) techniques is presented in in the Figures S1 and
S2. Overall, pristine Ni microwires exhibit no major defects
and no visible oxide layer on the Ni wire’s surface. Present on
some regions of the surface of the Ni pristine microwires are
small microcracks, harboring oxygen, typically a few nanome-
ters in width and a couple hundred nanometers in length; this
is important, as any oxygen present can greatly accelerate
corrosion,24 through either direct oxidation of Ni or reactions
with the salt to produce species that can later attack Ni.
Figure 2 shows the 3D morphological evolution of the Ni

microwire for molten salt immersion times of 1, 2, 4, 50, and
100 h. Additionally, Video S1 shows the full volume rendering
rotations, and Videos S2 and S3 show the internal structure by

displaying the x−z and x−y pseudo cross-sections. Over the
first 1−4 h of immersion, the corrosion in the Ni wire starts
with narrow, sharp features propagating directly into the wire
in the r direction, then it evolves in the z direction as these
crack-like features widen. These sharp features are circled in
blue. In addition to the crack-like features, small holes are
present throughout the surface, mostly in the 1 and 2 h
corroded samples. Notably, a shell-like feature becomes visible
at 2 h of immersion, as circled in white. The sharp, narrow
features continue to widen until at 50 h of immersion only a
thin surface shell and an inner core remain, circled in yellow.
The edges of the remaining features in the 50 h sample are
smoothed, likely due to curvature-driven coarsening at the
elevated temperature. At 100 h, no inner core remains, but the
surface shell persists and large surface growths have formed.
Mosaic TXM images showing larger fields of view can be found
in Figure S3.
The sharpness of the crack-like corrosion features in the

TXM imagery alludes to corrosion operating through defects
in the material, such as microcracks and grain boundaries,
which both create a lower energy barrier to dissolution.
Although the corrosion along the surface cracks and grain
boundaries is consistent with the prediction, it cannot explain
how a shell structure remained and slightly grew in thickness
during the corrosion. Other mechanisms are suspected to play

Figure 2. Overview of corrosion in Ni wire. (a) Reconstructed TXM images at above the Ni K-edge showing volume rendering, and pseudo cross-
section images of x−y and x−z panes for 1−100 h. Blue circles show sharp features, white circles show the thin outer shell, and the yellow circle
shows the inner core. (b) SEM image of the 1 h corroded Ni sample with the red circle showing small pores (c) TEM cross-section of the 1 h
corroded sample with EDX mapping showing elemental distributions, with white circle showing the thin outer shell corresponding to the same
features in a. (d) TXM 3D reconstruction shows faceting, as indicated by green circles, in the Ni microwire reacted in molten salt for 2 h.
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a role here, and thus we have conducted further analysis and
discussion to explain these mechanisms, as elaborated in the
following sections. Figure 2b shows an SEM image of a 1 h
corroded Ni wire sample. As seen in the SEM surface
morphology, the sample has small holes, circled in red, and
larger cracks, which are consistent with the images in the
TXM.
Further STEM analysis showed that some metallic

impurities present in the system significantly alter the 3D
morphological evolution of the Ni microwire in the molten
salt. Figure 2c is a bright-field STEM image with EDX
elemental mapping for a Ni wire after 1 h of immersion. The
EDX results show a thin layer of tungsten (W) forming on the
surface of the wire. The presence of W is significant as a
dissolved W cation, the speciation of this cation is not
investigated by this work and this cation has several valence
states; however, literature suggests W(IV) is the most likely
valence state for the conditions studied24,43,44 The W(IV) in
the salts acts as a significant oxidizer, as it has a less negative
redox potential (W/WCl4) than that of Ni (Ni/NiCl2) in this
system.24 This leads to the W oxidizing the Ni0 to Ni2+ and the
W4+ depositing onto the wire as W0. This reaction drives Ni
out of the system and into the salt but also creates a thin W
layer on the surface of the wire. This overall reaction is

+ → +2WCl 4Ni 4NiCl 2W4 2 (1)

We note that the redox reactions above will cease when all the
W4+ ions in the system are expended for the cathodic reaction.
From the TEM in Figure 2b it can be seen an approximately
200 nm thick layer of W on the Ni 1-h surface. Assuming this is
both entirely W and a uniform coating of W this corresponds
to 3.06 μg of W in the system, which could corrode 1.95 μg of
Ni, corresponding to 4.46% of the wire. Therefore, corrosion
of Ni induced by W reduction is not the dominant mechanism.
The W could potentially come from the quartz ampules used
in this work, as tungsten tooling is typically used for quartz
manufacturing. The W was identified by high resolution
inductively coupled plasma - mass spectrometry (ICP-MS)
with the quartz ampules dissolved by HF, which showed 263 ±
5 ng of W per g in a quartz ampule sample. Additional ICP-MS
analysis from the undissolved quartz ampule to confirm surface
adsorbed species can be found in the Supporting Information.
Note that this concentration is lower than the amount of W
shown by EDX mapping in Figure 2c assuming the deposition
of W is homogeneous and dense throughout the wires with
200 nm thickness. The source of Ti remains unclear as ICP-
MS analysis on salt, quartz ampule and microwires indicated
that the amount of Ti is beyond the detection limit. The very
small amount of Ti likely contributed little to alter the
corrosion pathway.
One possibility is the formation of Ni−W alloy as the two

elements interdiffuse at the elevated temperature, based on the
prediction of Ni−W phase diagram. This would suggest that a

Figure 3. Surface of Ni microwire in the earlier stages of molten salt immersion. (a) TXM image at above Ni K-edge; from top left: volume
rendering of 2 h corroded Ni, and a zoomed-in image of the surface showing various small growths. From bottom left: x−z plane pseudo cross-
section image of 2 h corroded Ni, and a zoomed-in image of the corroded pores. A blue arrow indicates the higher-attenuated region, likely
containing W. (b) Bright-field TEM image of the surface with accompanying EDX, showing salt in the holes, and a W outer “shell” layer. (c) TEM
image of the Ni surface showing an insoluble corrosion product, as indicated by a green arrow. (d) HRTEM image of the corrosion product present
on the surface showing the lattice fringes.
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Ni−W alloy, or surface W enrichment of Ni alloy, could be
designed and used to significantly enhance the corrosion-
resistance in molten salt applications. This corrosion resistance
was also observed in the Ni-20Cr system as discussed in a
following section.
Faceting is observed in the corroded Ni samples, as shown in

Figure 2d. Figure S4a−c further display selected pseudocut
views of x−z planes at three different locations in the 2 h
immersed sample. Circled in red are square voids that may
have been caused by either faceting or preferential corrosion
along certain crystal orientations. Additionally, Videos S2 and
S3 show these facets in samples at different time points and
orientations. Faceting occurs because of the different lattice
planes having differing surface energies, and thus rearrange-
ment occurs along the planes with the lowest energy. Such
processes generally occur at lower temperature, where the
differences in surface energies of different crystallographic
planes are more significant. Alternatively, preferential corrosion
along specific lattice planes can also lead to similar micro-
structures.32,33 Because of the lack of surface free energy data
for metals in molten salt environments, the lattice plane
orientations here are not known. Future work to investigate the
faceting and obtain thermodynamic data on metal−molten salt
interactions will be beneficial. However, it is believed that at
high temperature (800 °C), even if there were preferential
corrosion along different crystallographic planes, such micro-
structure would not be stable and would thus quickly coarsen
and/or evolve into a more isotropic structure. Faceting during
cooling was thus considered a more plausible mechanism to
explain such morphology.
Near-Surface Morphological-Chemical Character of

Ni Metal Reacted with Molten Salts. Figure 3 presents the
elemental distribution and morphology of a 2 h treated Ni
wire, and further highlights the sharpness of the features. The
volume rendering surface (Figure 3a) shows the formation of
slight surface growths, which may have been formed either
while the system was at 800 °C, or less likely as the system
cooled back down to room temperature. If formed while at the
elevated temperature, these growths may be insoluble
corrosion products, or deposition of W. If formed as the
system cools the growths may be due to reverse reactions
depositing previously corroded Ni, as chemical equilibria will
change with temperature. The zoomed x−z pseudo cross-
section highlights the sharp features in the nickel left by
corrosion. The brighter region as indicated by a blue arrow on
the surface may be due to the presence of W, which has greater
X-ray attenuation at this energy.
Figure 3b shows a bright-field STEM image with EDX. The

EDX identifies the presence of W on the surface and K, Mg,
and Cl in the voids. The K, Mg, and Cl likely flow into the
sample through the surface cracks. Figure 3c shows an
insoluble corrosion product present on the surface of the Ni

and the HRTEM image on the right shows the lattice fringes of
the Ni and Pt. EDX spectra can be found in Figure S11. Figure
S5 shows the X-ray Absorption Near-Edge Structure (XANES)
of the Ni-K edge of the Ni sample after 100 h of immersion.
The XANES spectra indicate that there are no oxidized Ni
compounds in the wire or on the surface of the wire; Ni(0) was
identified in the remainders of the Ni microwires as well as in
the features as redeposited on the surface. The most likely
corrosion pathway of Ni is oxidation to Ni(II). This Ni(II)
may be present in the salt, but further detailed chemical
analysis is needed to confirm the corrosion products in the salt.

Mechanisms of Single-Element Metal (Ni) Morpho-
logical Evolution. Both the presence of tungsten, as well as
water and oxygen impurities likely contribute to the corrosion
of the Ni as depicted in Figure 4. Although care was taken to
avoid moisture and oxygen impurities during the preparation
of the sample wires encapsulated in quartz ampules, very small
amounts of O2 and H2O can inevitably be involved from
residual impurities in the salts, the ampules, and the specimens;
some are trapped in microcracks on the surfaces. The presence
of O2 and H2O in MgCl2 can generate HCl and Cl2 via
different mechanisms as proposed in the literature.45,46 The
amount of corrosion caused by any residual H2O and O2 was
estimated to be higher than the amount caused by the presence
of W alone (see the Supporting Information).
Under the low O2 partial pressure in KCl-MgCl2 at 800 °C,

the NiO film cannot exist as an oxide36 and dissolves away
(NiO → Ni2+ + O2−) or reacts with Mg2+ (NiO + Mg2+ →
Ni2+ + MgO), thermodynamically the formation of MgO is
significantly more favored than the formation of NiO.47Thus, a
bare Ni surface is subject to the molten salt, leading to further
propagation along the microcracks. Therefore, these micro-
cracks grow through Ni dissolution, and concurrently W is
plating onto the surface and oxidizing more Ni. This oxidized
Ni is then carried away into the salt and complexes with the
chloride. Surface redeposition of Ni as the system cools or
deposition of W as the system is being corroded can explain
the surface growths seen. Future operando work should be
conducted to further understand the contribution between
different processes to the 3D morphological evolution.
Faceting or preferential corrosion of Ni system occurs as the
(100) or (110) plane, likely to lower the overall surface energy
of the system,33 leading to square-like voids formed along the
corrosion propagation front.

Binary Alloy (Ni-20Cr) 3D Morphological and Chem-
ical Evolution in Molten Salt. Ni-20Cr microwires were
subjected to the same treatment and analysis protocol as the
Ni microwires.
Differing from the Ni wire, characterization of the pristine

Ni-20Cr wire showed no surface cracks. However, some Ca
impurities were found, and further discussion on the pristine
characterization shown in Figure S6 can be found in the

Figure 4. Proposed mechanism for Ni corrosion in the presence of small amount of W impurities, and oxygen present in the starting cracks.
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supporting materials. As shown by the TXM images in Figure
5a, after 1 h of immersion, the Ni-20Cr wire forms a thick
outer layer ∼1 μm in size. Bicontinuous pores ∼1−2 μm in
feature size are present under this surface and extend
approximately 5 μm into the wire, and the inner core of the
wire is intact. As shown in Figure 5a, the 20 h treated Ni-20Cr
sample has only an outer shell remaining, and the entirety of
the inner material had been dissolved/corroded away, leaving a
highly porous, thin surface shell ∼0.5 μm thick. The starting
diameter of the Ni-20Cr wire is 20 μm, and the 20 h sample at
its widest has a diameter of 12−13 μm. This large reduction
indicates that toward the later reaction stage the Ni has
dissolved away as well and has participated in the corrosion
process.
The porous structures observed here are akin to those

observed in other molten salt studies,32 but the mechanisms
remain unclear. It is noteworthy that this 3D bicontinuous
porous structure formed from treating Ni-20Cr for only 1 h in
molten salt resembles the morphology formed by intentionally
dealloying alloys to form porous metals for functional
applications such as catalysts, fuel cells, biosensors, actuators
and energy storage applications.48−50 Those porous metals
some are nanoporouswere formed by dealloying using
aqueous solution,51−53 molten metals,54−56 or solid-state
metals57,58 to drive selective dissolution. One or a few
elements are dissolved from the precursor alloy, whereas the
remaining element(s) rearrange, generally because of surface

diffusion, to form a porous metal if the composition of the
dissolving elements is above the percolation threshold and
parting limit. We propose that a similar dealloying mechanism
is responsible for the formation of the porous structure here in
the Ni-20Cr system. The equilibrium potentials of the anodic
reactions for Cr dissolution is shown below in eqs 2 and 3 at
800 °C are −1.58 and −2.0 V (vs Cl2/Cl

−), respectively24 and
they are lower than that of Ni/NiCl2, −1.3 V (vs Cl2/Cl

−).
Therefore, dissolution of Cr occurs preferentially compared
with that of Ni.

+ → +‐ −Cr 3Cl CrCl 3e3 (2)

+ → +− −Cr 2Cl CrCl 2e2 (3)

As Cr being dissolved in the molten salt as promoted in the
presence of impurities, Ni rearranged due to surface diffusion
to reduce the energy due to the formation of adatoms, leading
to further exposure of the Cr underneath the initial surface and
causing the dealloying to continue.
Surprisingly, the wire did not form a complete porous

network, but instead had a thick outer layer and a porous
network underneath the surface “shell” after 1 h of reaction
with the molten salt. This shows that differing mechanisms are
playing a role here in addition to the dealloying mechanism. As
shown by EDX mapping in Figure 5b a thin layer of W and Ti
coats the surface of the Ni-20Cr wire after 1 h of immersion.
The Ti redox potential is lower than W, Ni, and between Cr/

Figure 5. Overview of Ni-20Cr corrosion: (a) Reconstructed TXM images at above the Ni K-edge for 1 and 20 h after immersion. On top is x−y
pseudo cross-section, in the middle is the volume rendering, and on bottom is the x−z pseudo cross-section. (b) TEM image of a transverse slice of
Ni-20Cr after 1 h of immersion with EDX mapping and elemental composition at selected points. The shell is circled in white and a crack is circled
in blue. Green arrows indicate the same location in Ni and Cr maps show Cr depletion.

Table 1. Elemental Composition from EDX Spectra of Selected Positions in Figure 5b

elemental ratio (at %)

position in Sample Ni Cr Cl Mg K W Si Ti Pt

1 88.2 7.2 1.2 3.4
2 84.1 12.1 0.1 1.1 2.0 0.6
3 81.6 16.6 0.1 0.6 1.1
4 1.0 51.1 24.8 21.5 0.7 0.9
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CrCl3 and Cr/CrCl2, so Ti can dissolve Cr to CrCl2. The
source of W and Ti is currently unknown, but, as in the case
for the Ni wire, it is suspected to originate from the quartz
ampule and diffuse into the salt at high temperatures, then
react with the wire.
As seen in Figure 5b the Ni-20Cr system had preferential Cr

depletion at the surface. The point EDX scans (Table 1) from
point 1−3, from surface toward inner part of the microwire,
showed 7.1, 12.2, and 16.6 at. % of Cr. Metal with the lowest
redox potential in an alloy in molten salts will preferentially
oxidize, and corrode into the salt.24 The EDX results also
showed that the more dense layer above the porous layer has a
small amount of W (∼ 1 at. %) alloyed with Ni, confirming the
hypothesis of Ni−W alloy formation as also discussed in the Ni
system. A prior report showed improved corrosion resistance
of W and Mo in engineering materials.59 As this W addition
seems to increase the corrosion resistance of the alloy
significantly, further study can be conducted to analyze
systematically the effects of W in Ni alloy either as an alloying
element or via surface-enrichment treatment to enhance
corrosion resistance.
Approximately 6 μm from the surface there are large Cr

aggregates roughly 500 nm in size. As Cr leaches out from the
surface a concentration gradient is created and more Cr
diffuses toward the surface. As these diffusing Cr atoms
encounter other Cr atoms, they coalesce and grow. The growth
of Cr aggregates is thermodynamically favored due to lowering
its free energy. Once these aggregates encounter the molten
salt they will be corroded away as an entire block. The Cr
aggregates are further seen in the below Ni K-edge TXM
images shown in Figure S7. At an X-ray energy below the Ni
K-edge (8.3 keV), Cr is more attenuating than Ni, so the bright

spots on the 1-h reacted sample correspond to the Cr
aggregates.
Figure 5b reveals the presence of salt in the voids formed

during corrosion, through EDX elemental mapping of K, Mg,
and Cl. There are multiple mechanisms by which this may have
occurred. First, there may be small holes formed from surface
dissolution in the outer layer which allow salt to flow in.
Second, the K+, Mg2+, and Cl− ion may diffuse through the
metal lattice or grain boundaries and deposit in the voids as the
sample cools down.

Near-Surface Morphological-Chemical Characters of
Binary Alloy (Ni-20Cr) Reacted with Molten Salt. The
thick outer surface of the 1-h immersed Ni-20Cr sample has
characteristic rounded protrusions on its surface. This surface
growth differs from the corrosion in Inconel observed by
Manly et al., who showed corrosion evolving from the surface
inward.21 Shown in the above Ni K-edge pseudo cross-section
in Figure 6a, the surface of the wire has a brighter, more
attenuating section. This alludes to the presence of an element
with a higher Z than Ni present in this area. The STEM/EDX
of the top of an extruded feature shown in Figure 6b presents
that this higher Z element is most likely W, and that the surface
crust also contains Cr, Ti, Ni, and elements from the salt. The
W is present on the immediate surface, the Ti and Ni are
present in greater quantities underneath this structure, and the
Cr has a depletion layer under this structure, previously
highlighted in Figure 5b. These protrusions most likely form
through both deposition of W, and formation of corrosion
products on the surface.
Corrosion products are present on the surface of the 1 h

immersed sample as well, and these are highlighted in Figure
6c. Note that these corrosion products are insoluble−any

Figure 6. Surface of Ni-20Cr post-immersion. (a) TXM reconstructed image of the above Ni K-edge tomography. From top left: 3D volume
rendering, surface of volume rendering. From bottom left: x−z pseduo cross-section, zoomed in on pores of the x−z pseduo cross-section.( b)
STEM with EDX mapping of the surface protrusions present after 1 h of immersion. (c) TEM and higher zoomed TEM image showing the
insoluble surface corrosion products present.
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soluble products would have been washed away during the DI
water washing. These corrosion products may contain oxides,
which most likely form because of the oxides introduced into
the system from the thin oxide layer of the pristine sample, any
oxygen contained in the salt, or perhaps after contact with
water in the DI wash. See the Supporting Information for more
discussion on possible oxides present from EDX results. Figure
S9 shows the XANES of the Ni K-edge on the Ni-20Cr sample
after 1 h of immersion. From the XANES spectra, we learn that
all Ni in the alloy and on the surface is zero valent.
Mechanisms of Binary Alloy (Ni-20Cr) Morphological

Evolution. The analogy of the dealloying mechanism in
molten salts and in other systems as discussed above has
several important implications: (1) Compositional effects: This
porous structure will only form when the less noble element
(Cr) composition is above the percolation threshold and
parting limit; for FCC metal, the percolation threshold is ∼20
at%, corresponding to ∼18 wt% of Cr in Ni-Cr alloys.60Chang-
Changing the composition of Ni alloy will directly influence
the mechanisms and thereby the morphology and rate of its
reaction with the molten salts. (2) Temperature effects: At the
temperature used for this study, the bulk diffusion remains an
order of magnitude slower than the surface diffusion. However,
as the temperature increases or in other alloy systems with
lower melting points, the bulk diffusion may start contributing
to the process. Under such conditions, “inverse dendrite”
formation as proposed by Sieradzki et al.61 may also occur in
molten salt dealloying systems, via a vacancy-mediated lattice
diffusion mechanism.
This also leads to the question whether the dealloying in

molten salt is interface-controlled instead of long-range
diffusion control (Figure 7a-b). A future temperature-depend-
ent study could be conducted to determine whether the
phenomena occur at the interface, such as Cr dissolution and
Ni surface diffusion, or the bulk diffusion such as diffusion
through the porous network of molten salts ions inward or
dissolved Cr ions outward are the rate-determining factors.

Prior work has shown that free corrosion of Au−Ag in nitric
acid up to several μm in depth is interface-controlled.53

Much remains to be unveiled in molten salt dealloying
phenomena as the rates for the above competing mechanisms
change when in molten salt environments. The presence of W
and the simultaneous formation of the denser surface layer,
likely Ni−W alloy, above the dealloying region (Figure 7c)
likely inhibit both the long-range diffusion and interfacial
reaction by locally increasing the dissolved ion concentration
and thereby decreasing the driving forces for both events, but
the quantitative relationship is yet to be determined.
Additionally, the effects of having ions of a noble element,
e.g., W, as impurities in the system ultimately leading to the
dissolution of Ni with a porous shell as the remnants of the
event (Figure 7d). Although there is a driving force for W to
diffuse inward because of the concentration gradient and to
form a diffusion couple with Ni-20Cr, at the immersion
temperature used here, the bulk diffusion through the crystal
lattice is significantly lower than surface diffusion or diffusion
through the grain boundaries. The pores are therefore unlikely
to be formed by the Kirkendall effect but rather the results of
surface diffusion of Ni during the dealloying of Ni-20Cr.
Complications of the impurity-driven dissolution/corrosion

process lead to a more complex picture of molten salt
dealloying. Further work is required to quantitatively
determine the controlling factors of both mechanisms as
functions of reaction conditions, including the composition of
the initial binary alloy, the concentration of additional metal
ions with higher redox potentials, the reaction temperature and
solubility. Moreover, although corrosion is detrimental for
molten salt reactors, this dealloying phenomenon in molten
salt can be utilized to purposely form porous metals that
exhibit unique physical and chemical functionalities, creating
another dimension of molten salt applications.
Future work on studying this morphological evolution

quantitatively as a function of the reaction conditions including
alloy composition, impurity, and temperature will provide

Figure 7. Proposed mechanism for binary alloy (Ni-20Cr) dealloying in molten salt in the presence of a noble element (W): (a) pristine state and
(b) in a pure system where no surface deposition of other elements, a dissolution/dealloying only mechanism would result in a continuous
dissolution of the element with lower redox potential (Cr) as indicated by black arrows, whereas the remaining element (Ni) would rearrange by
surface diffusion (blue arrows), leading to further dealloying of the pristine alloy underneath. The morphology and topology of this process would
largely depend on the composition and dealloying conditions. (c) When another element with higher redox potential is present (W), an additional
surface deposition and potentially alloying with the undealloyed element (Ni) would from a layer on the surface, thereby altering the dealloying
rate. (d) As all of the element with the lowest redox potential (Cr) is fully dissolved, the impurity-facilitated molten salt reaction starts to react with
the undealloyed element (Ni), leaving the most noble element (W) as a shell of the structure.
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insights on the kinetics of these mechanismsprimarily
dissolution facilitated by impurities, as well as morphological
evolution facilitated by dealloying. With further understanding
of alloy−molten salt interactions and expanding the pathways
of the field to consider a broader range of materials science
phenomena, future strategies and materials to mitigate and
prevent materials degradation or even new functional materials
by dealloying using molten salts can be designed for important
future sustainable energy technologies.

■ CONCLUSION

In summary, a multimodal microscopy study of synchrotron X-
ray nanotomography and transmission electron microscopy
was conducted to reveal the 3D morphological and chemical
evolution of pure metal and binary alloy in molten salt.
Notably, both treated Ni and Ni-20Cr developed a hollow,
shell-like structure with remnant Ni redeposition likely due to
the presence of the W. This is consistent with the literature
showing both the detrimental effects of noble metal impurities
but also a the superior corrosion resistance of Ni−W in alloy
design.59,62,63

The mechanisms governing the 3D morphological evolution
in the pure metal and binary alloy differ significantly. The pure
Ni metal likely corrodes through dissolution of Ni facilitated by
small amounts of O impurities, as well as W oxidizing Ni. The
presence of surface defects such as microcracks and grain
boundaries provide lower-energy paths for the dissolution to
proceed. In the binary Ni-20Cr system, corrosion progresses
more rapidly than the pure Ni metal. As Cr preferentially
dissolves in the molten salt from the Ni−Cr alloy, the
remaining Ni rearranges into a bicontinuous network.
Although the dissolution process is still likely facilitated by
the impurities including oxygen and moisture based on the
redox potentials of Ni, Cr, and KCl-MgCl2 salt, the
interconnected, bicontinuous porous metal network is
characteristic, resembling a dealloying mechanism that has
been studied in the recent years as a method to fabricate
nano-/mesoporous metals for functional applications. This
analogy has important implications including (1) this porous
structure will only form when the less noble element
composition is above the percolation threshold and parting
limit, and (2) a temperature effect should be considered for the
reaction at temperature sufficiently high in comparison to the
melting point of the alloy, when bulk diffusion starts to
contribute toward the system, in addition to the surface
diffusion.
Overall, the work directly visualizes in 3D how metals evolve

in molten salt, revealing structure including a bicontinuous
network under percolation dealloying conditions and hollow
structure formation under the presence of noble elements; the
work also developed multiscale, multimodal microscopy
characterization methodology for molten salt−metal systems
to study the morphology and chemistry from nanometer to
micrometer length scales.

■ METHODS
Salt Preparation. Salts used for experimentation were MgCl2 and

KCl. MgCl2 was purified via fractional distillation starting from a
commercial anhydrous salt and maintained in an air-free environment
throughout the duration of experiments. Distillation is an effective
method to remove both H2O and MgO.64 Any moisture present in
the MgCl2 at room temperature will usually be in the form of a
hexahydrate. At high temperatures, the hydrate eventually decom-

poses to MgO and HCl. During the distillation process, the MgCl2
was purified using a distillation chamber that consisted of a heated
zone and a cold zone. The MgCl2 was first loaded into one side of the
distillation column which was heated to 925 °C while under a
constant vacuum of 1 × 10−3 Torr. Over time, the pure MgCl2
evaporated from the heated zone and condensed in the cold zone
leaving any contaminants such as MgO in the heated zone. The vapor
pressure of the MgO is too low at this temperature to diffuse to the
cold zone. Once the distillation process finished, a valve to the
condensed MgCl2 was closed and the dried MgCl2 was transferred to
a glovebox without contacting air. The MgCl2 was kept in the
glovebox until being mixed. KCl was purchased as the 99.999%
Suprapur reagent grade. The ampule containing the KCl was opened
inside of an inert atmosphere drybox and was not removed for the
duration of preparation process. Just before fusing the KCl-MgCl2
mixtures, the distilled MgCl2 and anhydrous KCl were melted to 825
°C and held under vacuum for 15 min. Heating under vacuum worked
to remove any potential surface adsorbed water or gases that
potentially penetrated the glovebox, sealed jar, and sealed vials that
held the anhydrous salt before they were fused into the mixture and
used for experimentation.

Molten-Salt Sample Treatment. Advances in X-ray microscopy
have enabled computed tomography to be performed at the nanoscale
and recently with the advances in synchrotron X-ray light source and
instrumentation, such X-ray nanotomography can be performed
within minutes.65 The technique, known as TXM enables non-
destructive three-dimensional characterization at sub-50 nm reso-
lution with tens of microns field of view, and is well suited for
studying the morphological evolution of alloys reacted with molten
salt. TXM has been used with great success to study the 3D
microstructure of a variety of systems including deformations in Al−
Cu alloys,66 growth of Cu nanowires,67 and electrochemically driven
phase transformations.68 The large field of view in TXM allows
information to be gained from a sizable volume of sample and allows
both conformation of overall morphology and more statistical
analysis.

Microwires were used in this study to enable the X-ray
nanotomography analysis; the cylindrical shape is required to ensure
a consistent X-ray attenuation from all imaging directions. The
diameter is required to be on the order of ∼ 20 μm to ensure
sufficient X-ray transmission, as well as a sample diameter smaller than
the field of view for the best 3D reconstruction. Starting wires of Ni-
20Cr (99.5% pure) with diameter 20 μm, and Ni wire (99.98% pure),
diameter 25 μm were thus used for this study (Goodfellow, USA).
Typical vendor analysis is available in the Supporting Information.
The 20 at. % Cr was chosen here for the availability of such fine
microwires as a model system in the work; fine wires with other
compositions could be prepared via methods such as the Taylor wire
technique.69 Both types of wires were drawn through a diamond die,
and annealing was not applied after the drawing. A certain level of the
impurities as well as potential residual stresses are expected and will
be addressed in the characterization and discussions.

For the corrosion test, each wire was cut to approximately 1 cm
length and placed in a precleaned quartz ampule. Each ampule
contained one wire. The purified salt was added, and the ampule was
evacuated and flame-sealed. Literature data indicated that the vapor
pressure for the KCl-MgCl2 would be relatively low and thus
significant volatilization would not be a major concern, especially with
sealed ampules filled with the salts.70,71 The quartz ampules
containing the salt and wire were placed in a box furnace and heated
to the target temperature of 800 °C at a ramp rate of approximately
20 °C/min. At each specified exposure time (e.g., 1, 2, 20 h, etc.), the
appropriate ampule was removed and placed on a heat resistant block
to rapidly cool to room temperature. Samples were then transferred
while still evacuated in the ampules to Brookhaven National
Laboratory for synchrotron analysis. Inductively coupled plasma-
massspectrometry (ICP-MS) spectroscopic analysis was also con-
ducted at ORNL on the quartz ampule; the quartz ampule was first
dissolved in hydrofluoric acid, followed by ICP analysis.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b19099
ACS Appl. Mater. Interfaces 2020, 12, 17321−17333

17329

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19099/suppl_file/am9b19099_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b19099?ref=pdf


Synchrotron TXM Experiment and Data Processing. Nano-
tomography and X-ray Adsorption Near Edge Structure (XANES)
Spectroscopic Imaging. The synchrotron X-ray nanotomography and
XANES spectroscopic imaging were conducted at the Full Field X-ray
Imaging (FXI) beamline (18-ID) [45], at the National Synchrotron
Light Source II (NSLS-II) at Brookhaven National Laboratory. The
FXI beamline is equipped with a TXM and operates in the 6−10 keV
energy range on a damping wiggler source, optimizing for fast
nanotomography with the capability to conduct a full nanotomo-
graphic 3D scan as short as 1 min.65

To obtain a tomography image, we focused monochromatic X-rays
onto the sample by a capillary condenser. The sample sits on an air-
bearing rotary stage and was rotated from 0 to 180° at a speed of 1°
per second; the images were collected in a fly scan mode, in which
images were continuously recorded with a lens-coupled CCD detector
with an exposure time ranging from 0.1 to 0.5 s. The detector used is
the Andor Neo 5.5 camera with 2560 (H) × 2160 (V) pixels and 6.5
μm × 6.5 μm pixel size and the data were collected with binning of 2.
The microscopy was setup such that the field view of the TXM was
41.6 μm (H) × 35.1 μm (V), with a pixel size of 32.5 nm. The data
acquisition was conducted using BlueSky package, and the data
management was handled by DataBroker package,72 both developed
in-house at NSLS-II. This procedure is repeated both at an energy
slightly above and at an energy slightly below the X-ray absorption
edge of the element of interest. In the case of Ni phase for both pure
Ni and Ni-20Cr wires, the adsorption K-edge is at 8.333 keV, so the
above-edge tomography was conducted at 8.4 keV and the below-
edge one was conducted at 8.3 keV. The tomographic reconstruction
was conducted using the standard filtered-back-projection in
TomoPy, a Python-based tomographic reconstruction package
developed at the Advanced Photon Source and implemented at the
NSLS-II FXI beamline. All tomographic data were reconstructed with
binning 2, yielding a voxel size of either 32.5 or 34.4 nm in the
reconstructed volume.
The reconstructed 3D volume images were processed by cropping

the central slices of ∼30 μm height where data has sufficient signal-to-
noise ratio for good data quality using Fiji, a distributed version of
freeware ImageJ73 for further processing. 3D median filter was then
applied in ImageJ to further reduce the noise level for visualization.
The commercial software (Thermo Fisher Scientific, v9.4) was used
for visualization of reconstructed data.
The XANES spectroscopic imaging was also conducted at the FXI

beamline (18-ID) of NSLS-II. A series of TXM images were collected
as a function of incident X-ray energy across specific absorption
edges: Ni K-edge (8.333 keV) for both Ni and Ni-20Cr samples, and
Cr K-edge (5.989 keV) for Ni-20Cr sample. Standard foil and powder
samples of Ni foil, Cr foil, and nickel oxide power were also measured
with the same conditions as the samples. Customized software
developed in-house at Brookhaven National Laboratory was used for
normalization and visualization of the XANES images to extra the
XANES spectra data from the regions of interest (ROIs).
The vacuum-sealed quartz ampules as received from ORNL were

scratched with a diamond pen and placed in a clean plastic bag for
confinement during opening. The top part of the ampule was then
broken open within the bag with a hammer. The bottom portion of
the intact ampule, which contains solidified salt containing the
corroded wire was then extracted and placed in DI water to dissolve
the salt. Once the salt had dissolved completely, the wire was
extracted and placed in a thin Kapton tube with diameter of 1 mm,
which was then placed in an FXI sample holder for tomographic
measurements.
TEM/STEM Sample Preparation and Analysis. The TEM

samples were prepared by using a FEI Quanta 3D field-emission gun
SEM-focused ion beam (FIB) system. The surface morphology of
pristine and corrosion treated metal wires before TEM sample
preparation was characterized in SEM/FIB. Platinum (Pt) coating was
deposited to protect the surface before ion milling. TEM lamellae
were created by coarse trenching 20 × 15 × 15 μm samples using the
FIB. Samples were thinned down to around 100 nm in the FIB during
a final milling step of 5 kV at 77 pA ion emission current. Gallium ion

beam damage was cleaned with a final polish using 2 kV at 27 pA ion
emission current. TEM lamellae were prepared along both
longitudinal and transverse directions of pristine and corrosion
treated Ni and Ni-20Cr wires. A FEI 200 kV Titan Themis 200
scanning transmission electron microscope (S/TEM) equipped with a
Super-X EDX system was used for structure and composition analysis.
The Cliff-Lorimer method was used for EDX elemental quantification
in salt, metals, and impurities. The interface between metal and salt
was visualized using HRTEM.
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