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ABSTRACT: Understanding and controlling the chemical pro-
cesses between molten salts and alloys is vital for the safe operation
of molten-salt nuclear reactors. Corrosion processes in molten salts
are highly dependent on the redox potential of the solution that
changes with the presence of fission and corrosion processes, and
as such, reactor designers develop electrochemical methods to
monitor the salt. However, electrochemical techniques rely on the
deconvolution of broad peaks, a process that may be imprecise in
the presence of multiple species that emerge during reactor
operation. Here, we describe in situ measurements of the
concentration and chemical state of corrosion products in molten
FLiNaK (eutectic mixture of LiF−NaK−KF) by high-resolution X-
ray absorption spectroscopy. We placed a NiCr foil in molten
FLiNaK and found the presence of both Ni2+ ions and metallic Ni in the melt, which we attribute to the foil disintegration due to Cr
dealloying.

1. INTRODUCTION
Molten-salt reactor (MSR) concepts are advanced nuclear
reactor designs that benefit from lower operating pressures and
higher heat transfer efficiency compared with traditional water-
cooled designs.1−4 Molten salts are utilized not only as a
coolant fluid but also as a carrier of the fissile material. These
applications require online monitoring of salt chemistry for a
number of reasons. First, molten alkali halides become
corrosive in the presence of impurities. Second, in the presence
of corrosion and fission products, the salts might change their
thermophysical and thermochemical properties, leading to
suboptimal reactor operation conditions, stress-corrosion
cracking,5,6 or undesired plating on metal parts.7−9 To
understand and mitigate changes in the salt during operation,
detailed information about the concentration of corrosion and
fission products is necessary and should be measured in situ.
Electrochemical techniques are proposed for that task. For
example, the redox potential of salt could be monitored and
controlled to mitigate the effects of impurities and to measure
the efficacy of salt-cleaning procedures,10−14 but the redox
potential is affected by all impurities in the mixture. While
electrochemical techniques are element specific,15,16 they are
relatively low-resolution methods that produce broad element-
specific peaks that overlap in multicomponent solutions.17 By
comparison, high-resolution X-ray absorption spectroscopy
(XAS) is an extremely sensitive atom-specific method. It is

sensitive to the oxidation state of ions and their local
environment at concentrations down to a few ppm, and it
can also be used to measure the concentration of impurities
with a detection limit of better than 10 ppm.18,19 Since XAS is
likely impractical to implement in a working reactor, these
studies should be conducted in the lab. To combine the
strengths of both methods, we are developing sample cells to
perform both XAS and electrochemical measurements of
molten salts simultaneously. This combination will reinforce
standard electrochemical methods and provide a rich data
stream for modeling. Here, we report the first step in this
direction by using XAS to quantify the corrosion product Ni
produced by a NiCr foil immersed in a molten fluoride salt.
In situ measurements of molten salts pose difficult

challenges. For example, optical characterization techniques
such as Raman, UV, and IR spectroscopy typically require cells
to be made out of transparent materials such as glass and
quartz. These materials degrade when in contact with molten
fluorides, which chemically attack them.20 As such, placing
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molten fluoride salts in containers made from graphite,21−23

glassy carbon,24 boron nitride,25−27 and metal alloys28−32

prevents the salt from degrading and penetrating the container.
While ceramics are compatible with XAS, they are difficult to
machine and seal; on the other hand, metals are not
compatible with XAS and can themselves contribute corrosion
products during measurements. Therefore, we are developing
an experimental apparatus for probing molten fluorides using a
pyrolytic boron nitride (BN) cell that was optimized for use
with XAS. Several new designs of electrochemical cells have
been developed with the goal of studying the corrosion
process,24,33−35 and we aim to augment these developments
starting from an XAS perspective. Our sample cell was
designed to perform quantitative XAS measurements on
fluoride-based salts. This apparatus, when employed at XAS
facilities, can be utilized to determine the time evolution of
important impurities in the salt at the microscopic level across
relevant time scales (minutes-to-hours) and temperatures (460
to 750 °C) pertinent to MSR technology.
We present our results of monitoring corrosion products

that leached into the molten salt from a NiCr foil immersed in
it. In our experiments, the foil was placed in molten FLiNaK,
the eutectic mixture of LiF−NaK−KF. We demonstrated
detailed measurements of the quantity and chemical state of Ni

by XAS. We calibrated the XAS intensity using salt mixtures
with known concentrations of Ni, and we deduced the
concentrations of both Ni2+ and metallic Ni as a function of
corrosion time at MSR operating temperatures. Furthermore,
we measured the spatial distribution of Ni in the salt samples
after quenching. We concluded that the unexpected Ni metal
signal is from grains of foil liberated due to moisture and
oxygen within the salt, increasing the corrosion rate.
We stipulate that the presence of a high concentration of Ni

in the salt is likely caused by the oxygen or moisture impurities
that penetrated thin membranes of the sample cells. Measuring
correlations between the concentration of oxygen/moisture
and corrosion products is beyond the scope of this work, which
is devoted to high-sensitivity measurements of corrosion
products. However, the next step of this research is to control
and measure the redox potential of the salt simultaneously with
XAS measurements. Most importantly, some ingress of oxygen
and moisture into operating MSR salt is expected, and it is
important to understand their effects. Our method could
provide an avenue of such exploration.

Figure 1. Pyrolytic boron nitride cell containing FLiNaK salt and a NiCr foil designed for XAS fluorescence measurements in a furnace. (a) 3D
design of the boron nitride cell including two parts. (b) FLiNak salt and NiCr foil loaded into the boron nitride cell. (c) Assembled cell placed in a
holder and then into the furnace.

Figure 2. (a) 3D design of the furnace built for XAS, and (b) the furnace installed at the ISS beamline. The BN cell sits in a central chamber of the
furnace with small holes for the incoming and transmitted beam. There is a larger window in the furnace for the fluorescence signal. A
thermocouple is placed through the top to monitor the temperature within the furnace.
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2. METHODS
2.1. Sample Preparations and Measurement Appara-

tus. FLiNaK, the eutectic mixture of LiF−NaK−KF, is a
model fluoride salt that was chosen because of the relative ease
of handling, well-known characteristics, and previous corrosion
studies.23,36,37 Its composition is a mixture of 46.5 mol % LiF,
11.5 mol % NaF, and 42 mol % KF salt. All three salts are high-
purity chemicals procured from Alfa Aesar. Purified FLiNaK
was prepared in a laboratory glovebox by drying, premixing,
and melting of component salts in cleaned and dried glassy-
carbon containers (procured from HTW, Germany). The salt
was checked for metallic impurities, but moisture analysis was
not performed since the focus of this study is not to prevent
corrosion but to monitor it.38 The Ni80/Cr20 foil with a
thickness of 0.005 mm was procured from Goodfellow
Cambridge Limited. FLiNaK salt specimens with known
concentrations of NiF2 were prepared by mixing NiF2 powder
(anhydrous, 99%, Strem Chemicals Inc.) with the above
FLiNaK salt in a certain ratio in glassy carbon crucibles. The
powders underwent several melting−freezing−grinding cycles
to fabricate well-mixed samples of FLiNaK−NiF2 with 400
ppm and 1200 ppm of NiF2.
To contain the salt, we designed a cell made from a pyrolytic

boron nitride (BN) that is capable of withstanding both the
corrosive nature of the salt and the high-temperature sample
environment of interest. This specifically designed boron
nitride cell is composed of two parts: the bottom salt
compartment and the top cover; the cell is shown in Figure
1a. Molten salt can be sealed in this cell by bolting the four
corners using stainless steel bolts and nuts. (The cell can
accommodate openings for the electrodes in the future.) We
note that thin BN membranes (0.5 mm thick) can allow for
moisture and air to penetrate into the cell. To minimize the
amount of oxygen and moisture, an Ar gas line placed at the
top of the furnace was flowing for the duration of the
experiment. The BN cell is placed in a custom ceramic furnace
capable of containing the sample apparatus with windows for
both transmission and fluorescence mode XAS, as shown in
Figure 2.
2.2. X-ray Absorption Spectroscopy. Fluorescence-

mode X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) measure-
ments were performed at the Inner Shell Spectroscopy (ISS)
beamline at the National Synchrotron Light Source II (NSLS-

II).39 XANES and EXAFS measurements were performed on
specimens at the Ni K-edge (8.333 keV) (Figure 3). Spectra
were recorded by using a four-element silicon drift detector
(SDD) and a total fluorescence yield detector (PIPS diode).
Data were collected to a photoelectron wavenumber (k) value
of 14° A−1. For energy calibration, a Ni reference foil was
measured in transmission mode. Background subtraction,
spectra alignment, and normalization of the XANES and
EXAFS data were performed with ATHENA40 and Larch.41

Dedicated Python scripts were developed to visualize the
processed data and perform quantitative concentration
analyses of the XAS spectra.
The raw intensity of the step size in XANES is directly

related to the amount (or concentration) of the element in a
sample. The raw XANES signal can then be calibrated with
known samples to determine a linear relationship between the
step intensity and the concentration of an absorbing
element.18,19 As such, the two calibration samples and pure
FLiNaK were measured at room temperature with the BN cell
cover placed in front of the salt to match the environment of
the salt in the BN cell. The BN cell cover was placed at 45°
angles with respect to the incoming beam to minimize the path
that the X-ray beam travels through the BN cover.
The in situ XAS corrosion measurements were performed on

molten FLiNaK in the BN cell with a metal foil of Ni80−Cr20
placed toward the bottom. The foils were 0.005 mm thick and
approximately 9 mm wide coupons in the shape of a half moon
(see Figure 1b). The BN cell was placed inside an alumina
holder with a vertical shim for ease of placement and alignment
at the top of the heating furance (see Figures 1c and 2a).
We performed two corrosion experiments on molten

FLiNaK. The first experiment utilized a precursor heater that
used conduction to heat the sample and a closed BN cell. The
second experiment used the furnace built for an XAS beamline,
shown in Figure 2. The sample was placed at a 45° angle with
respect to the incoming beam, and the detector was placed
perpendicular to the incoming beam. Both samples were
heated at approximately 10 °C/min until reaching 500 and 650
°C, respectively. The X-ray beam was placed approximately 3
mm and 4 mm from the foil in each of the experiments,
respectively. Once the corrosion measurements were com-
pleted, the samples were quenched to room temperature. The
BN cell from the first experiment was vertically scanned after
being cooled to investigate the distribution of Ni within the
cell. The horizontal position of the X-ray beam was likely not

Figure 3. (a) XANES spectra of Ni2+ and Ni foil normalized for comparison. (b) XANES results of the Ni K-edge of FLiNaK with varying
concentrations of NiF2. The step size of the XANES measurement corresponds to the concentration of Ni in the sample. The vertical heights are
shifted for clarity.
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at the same location as the corrosion measurements due to the
cell and salt movement during quenching.
2.3. Quantitative Analysis of XANES. To monitor the

concentration of Ni corroded into the molten salt, the height
of the edge step of the Ni K-edge needed to be determined
from the XANES spectra. We fitted the pre-edge with a linear
function and the post-edge with a cubic function. The edge
step size is the difference in intensity between the refinements
at a chosen point in the energy spectrum; the same point in
energy was used to compare different spectra. This procedure
is shown in Figure 4a with fits to the pre- and post-edge
regions to calculate the size of the step.
To correlate the XANES Ni-edge step size with the

concentration of Ni ions in the salt, we calculated the step
sizes of the calibration samples. The step size relates linearly
with the concentration of Ni in the sample.18,19 The fits of the
step size correlated to the NiF2 concentration are shown in
Figures 4b and 4c. Uncertainties in the NiF2 concentration are
determined from the uncertainties calculated from the fitting
procedure for the pre- and post-edge regions.
Since XAS captures both the concentration of materials in

the step edge size and the oxidation state in the fine structure,
we can separate out the contribution of metallic Ni and Ni2+.
Both oxidation states can exist simultaneously in the melt, and
their respective spectra add together, creating a linear

combination of the components. We made use of Larch41

Python modules to perform the linear combination analysis
(LCA) on all of the corrosion measurements. The standards
for each of the oxidation states of Ni are shown in Figure 3a.
The fitting region and parameters for LCA were kept
consistent for each of the spectra. An example of the LCA
result is displayed in Figure 5a with the fits shown as a red line.

3. RESULTS
The results for the calibration measurements are shown in
Figure 4. The pre- and post-edges are fit, and the resulting step
edge was calculated at a single energy value. Since the
concentrations relate linearly with the step size,18,19 we fit the
results with the orange dashed line. This fitting result was used
to calculate the total Ni concentration during corrosion
measurements. LCA was then used to separate metallic Ni
from Ni2+.
The results of the first corrosion measurements are displayed

in Figure 5. The XANES spectra showed a clear increase in
intensity during the duration of the 4 h, but after LCA, we
determined that the Ni2+ concentration plateaued. Metallic Ni
increased significantly after approximately 2 h and decreased
toward the end of the experiment. The metallic Ni appeared to
be mobile in the molten salt by moving into the X-ray beam
and then moving out of it. Note that the concentration of Ni2+

Figure 4. Step size fitting results of XANES spectra. (a) XANES spectra of the Ni K-edge with fits to the pre- and post-edge and the calculated step
size. (b) The fits to the spectra with known concentrations of NiF2. (c) Fit correlating the step size with NiF2 concentration.

Figure 5. XANES results of the Ni K-edge of molten FLiNaK at 500 °C over a period of 3.75 h. (a) Two of the spectra analyzed with LCA using a
Ni metal spectra and a Ni2+ spectra; the fitting bounds are shown as red vertical lines. (b) The concentration of Ni ions calculated from the XANES
step size. (c) The spatial distribution of Ni concentrations postcorrosion at room temperature where 0 mm corresponds to the location of the metal
foil.
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did not start out at zero due to prebeamtime baking during
sample preparation, although the concentration of metallic Ni
did start at zero and required significantly more time at high
temperature before appearing in the melt.
Postcorrosion XANES spectra collected along the vertical

direction of the BN cell were measured to determine a
snapshot of the spatial distribution of Ni within the salt. The
spectra as a function of the distance from the foil are shown in
Figure 5c. To avoid time-dependent changes in concentration
during measurements, the spatial scans were done at room
temperature after high-temperature corrosion experiments
were completed. The Ni2+ valence state is apparent from the
XANES measurements at the distances away from the foil
location, and the spectrum at 0 mm is purely metallic, as
expected. The concentration at the foil (0 mm) should be 106
ppm, and we calculated it to be 9.7(6) × 105 ppm, which
validates the accuracy of the procedure. A concentration
gradient within the salt is apparent on a log−linear scale. We
found that the spatial profiles of both Ni2+ and Ni0
concentrations cannot be fitted by a simple diffusion equation.
We note that in Figure 5c the concentration of Ni2+ at 3 mm
distance from the foil is much larger than that in Figure 5b.
This is likely caused by the slight variation in horizontal
position of the X-ray beam placement during measurements
the following day and the salt movement during quenching.
Furthermore, there is a small depth component to the salt that
could lead to small variations.
This first corrosion experiment demonstrated that the

custom BN cells were sufficiently transparent for XAS
measurements to capture the valence state and concentration
of corroded Ni ions while containing the salt at elevated
temperatures. The BN cells both withstood the extreme
temperatures within the furnace and held the salt without
leakage. XAS captured the Ni concentration with enough
temporal resolution to precisely track the corrosion products
entering the melt.
The results from the second experiment and the Ni

concentrations calculated from the XANES measurements
are presented in Figure 6. The concentration of corroded Ni
within the salt still did not follow a clear trend but, rather,
peaked in certain regions and then decreased again. The
XANES spectra in this experiment, similar to the previous
ones, detected the presence of Ni2+ and metallic Ni (see Figure
6a). The metallic Ni XANES spectra were obvious at the

locations of the peaks (2 and 3 h) in Figure 6a. This behavior
is suggestive that the extreme environment caused small
pieces/grains of the foil to be liberated from the foil and
subsequently move throughout the melt. This is potentially
related to the grain boundary attack described by Olson et al.23

and Liu et al.42 The concentration of Ni2+ also spiked in unison
with the metallic Ni peaks, suggesting that the metallic Ni
pieces carry large Ni2+ concentration gradients with them.

4. DISCUSSION
The two experiments described above were made from the
same materials in similar conditions. They show similar
behavior, with some differences in detail. The first experiment
showed an initial increase in Ni2+ concentration that stabilized
and remained nearly constant for the remainder of the
experiment. The concentration of Ni metal increased
drastically after 2 h and then decreased toward the end. This
suggests that very small pieces of foil were transported through
the beam. The second experiment showed a relatively small
and basically constant concentration of Ni2+ with occasional
spikes in the Ni metal signal. The explanation for the lower and
more constant Ni2+ concentration and more chaotic Ni metal
concentration in the second experiment lies in the difference in
the external conditions. The second experiment maintained a
significantly higher temperature, which contributed to the
metallic grains moving more quickly through the melt.
Furthermore, the X-ray beam was placed farther from the
foil in the second experiment, causing lower concentrations
and smaller pieces of Ni metal to reach the beam. Nonetheless,
we do not expect the experiments to match exactly since in
each case the foil placement might move slightly within the
melt and break apart in unique ways. Interestingly, both
experiments had nearly zero metallic Ni until approximately
1.5 h had passed. This technique successfully quantified the
corrosion products entering the melt by using XAS.
The corrosion of the foil was accelerated by the penetration

of oxygen and moisture through the thin BN membrane from
the external environment. Without the addition of oxygen and
moisture, the concentrations of Ni2+ and Ni0 would have been
much lower. Although an effort was made to shield the cells
from the environment by flowing Ar gas into the furnace,
oxygen and moisture did enter the salt. However, it does not
invalidate our conclusions, as the scope of this study focused
on monitoring corrosion products rather than preventing or
controlling corrosion. Future studies are planned to combine
electrochemical monitoring of the redox potential with XAS
measurements that correlate the corrosion rate with the redox
potential of the salt. These measurements require a more
thorough control of the impurities within the salt. The use of
electrochemical measurements will be potentially helpful in
elucidating the causes of the large concentration variations we
find between experiments.
One possible explanation of the presence of a Ni metal

signal in these experiments is due to a radiation-induced
reduction of Ni2+ to Ni0.43,44 While this might have been a
contributing factor in our experiments, it was not the dominant
source of metallic Ni for a few reasons. First, the fluoride salt
was contained in a BN cell rather than quartz, which
attenuated the X-ray beam intensity significantly and reduced
the radiation dose. Second, we see in Figure 5c the metallic Ni
concentration gradient that emanates directly from the NiCr
foil and does not show a peak located at the X-ray beam
location (3 mm). Lastly, the concentration of Ni metal in our

Figure 6. Results of the Ni K-edge XANES spectra at 650 °C over a
period of 5 h. The concentration of Ni ions was calculated from the
XANES step size.
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experiments is highly dynamic, with peaks caused by metal
pieces moving through the beam rather than a steady increase
that would be caused by the static beam placement. Therefore,
we propose an alternative explanation that small Ni-rich grains
were liberated from the foil due to the dissolution of Cr.
Previous X-ray tomography and quasi in situ TEM
observations of NiCr wires in molten KCl−MgCl2 showed
dealloying, grain boundary attacks, and salt penetration in
cracks and pores.42,45,46 Such dealloying leaves behind a
spongelike structure of Ni-rich grains that would easily detach
into the solution. When caught in the X-ray beam, these pieces
resulted in the dramatic spikes in Ni metal fluorescence shown
in Figures 5b and 6. As expected, there is a coincident increase
in Ni2+ concentration due to some dissolution of ions from
metal pieces.

5. CONCLUSIONS
While the results for the corrosion processes varied slightly
between experiments, in situ XAS proved to be a promising
technique to investigate corrosion products produced by the
interaction of molten salts and metals. Each experiment had
slight variations in the conditions in the cell, but XANES
captured the local Ni concentration and charge state in each
case. The small X-ray beam probes the melt near the interface
between the salt and foil, where the corrosion process occurs.
XANES measurements captured and quantified the chemical
state of Ni in the salt and provided an avenue to study not only
the rate of corrosion directly next to the foil but also the
diffusion or convection that occurs within the mixture.
Combining the precise quantification of XAS with electro-
chemical techniques in future work will provide a method to
elucidate the low-resolution peaks that are vital for monitoring
of MSRs during operation. This work is a step toward these
developments.
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