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ABSTRACT: The resurgence of the molten-salt nuclear reactors / 4 Simulated
(MSRs) creates interesting problems in molten-salt chemistry. As \* cs

s o o 1 ' W ———|
MSRs operate, the composition and physical properties of salts
change because of fission and corrosion. Since Cr is the principal P —
corrosion product and NaCl is a common constituent, we studied the
atomic structure of molten NaCl-CrCl;. We found networks of
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monotonic temperature behavior with a remarkable agreement 1 /'/ R _ ;

between measurements and ab initio simulations. Even though the
corrosion results in minute quantities of dissolved Cr, the speciation
of Cr could lead to changes in molten-salt properties in nuclear and
solar salts. In particular, we found a much lower melting temperature
than expected and a broad metastable liquid—solid coexistence phase.

CrCl}~ octahedra and an intermediate-range order with a non-
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0 lipansandl —— NaCl-oCrcl; Meas'ured and simulated pair-distribution
functions of molten NaCl-CrCl; and the
-=== NaCl-CrCl; simulated structure showing CrClg
o 1 T 13 octahedra chains. EC: Edge Shared, FC:
r (A) Face Shared, and CS: Corner Shared

The availability of Cr isotopes with very different neutron scattering
properties makes Cr an ideal model multivalent ion for experimental validation of new atomistic models such as neural network

interatomic potentials.
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1. INTRODUCTION

Molten-salt nuclear reactor (MSR) concepts are important
candidates for next-generation nuclear power reactors, which
promise to be safer and more efficient than existing water-
based ones."”” Molten salts for MSRs are divided into two
broad classes: coolant salts and fuel salts. While coolant salts
are used to remove the heat generated by nuclear reactions,
fuel salts contain dissolved nuclear fuel. As the MSRs operate,
chemical compositions of both salts change. Nuclear fuel
burning creates new chemical species in fuel salts (fission,
transmutation, and decay products), while the composition of
coolant salts experiences effects of corrosion and radiolysis,
leading to changes in key physical properties of the melts such
as density, diffusivity, viscosity, thermal capacity, and so on
(corrosion is important for other applications of molten salts,
such as in solar thermal energy and heat storage). The design
of fully functional MSRs requires predictive modeling of these
changing physical properties. Successful modeling can only be
done based on detailed knowledge of the molecular structure
and speciation for the salt components and impurities.'
The microscopic structure of liquids is described by the pair
distribution function (PDF), which measures the distribution
of distances between atoms in the liquid phase.”® For
multicomponent mixtures, it is important to determine partial
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PDFs (correlations between particular kinds of ions) since
interatomic potentials are different for different ionic species.
Predictions of the partial PDFs can be made using both
classical and ab initio molecular dynamics (MD) simulations,
which are crucial for predicting chan%es in physical and
chemical properties of molten salts. =3¢ However, the
assumptions and approximations underlying these MD
simulations must be carefully validated with experimental
measurements since (1) the accuracy of physics-informed
empirical interatomic potentials is often limited by the
assumed functional form and (2) even ab initio MD
simulations inevitably involve simplifying assumptions and
approximations such as semi-empirical corrections for
dispersion interactions, leading to potential disagreement
with experimentally measured properties.”® The situation is
made more complicated by Coulomb interactions, which
dominate short- and medium-range structures in molten salts.
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Recently, machine learning-based interatomic potentials have
demonstrated hu%e potential for efficient yet accurate molten-
salt modeling.”'® However, their accuracy is intrinsically
bounded by the training data collected from ab initio MD
simulations. Therefore, careful experimental measurements are
needed to validate ab initio MD. Once validated, fast and
accurate machine learning potentials could be prepared and
used to predict thermodynamic and transport properties of the
melts.'~° Since PDFs can be experimentally measured using
neutron and X-ray diffraction, a direct comparison between
experiments and simulations can be made. Here, we report a
combined investigation of the structure of the molten NaCl—
CrCl; near-eutectic mixture by the diffraction measurements
and ab initio MD simulations.

We chose a NaCl—CrCl; near-eutectic mixture to elucidate
the behavior of Cr ions, the most important corrosion product
dissolved in the salts. These Cr ions come from structural
metal alloys that are in contact with molten salts, for example,
stainless-steel or high-nickel alloys.'" Despite the wealth of
recent corrosion studies and the importance of Cr as a
corrosion product, the phase diagram of NaCl-CrCl; and
similar mixtures has not received recent attention.'””'°
Moreover, to the best of our knowledge, the local structure
of Cr-containing molten salts has not been measured before,
although it has been analyzed by ab initio MD simulations in
fluoride salts.” Furthermore, Cr ions can exist in various
valence states in the melt, altering the redox potential of the
salt, interacting with other salt components (U, Te, Mg, Nj,
etc.) and adding complexity to the corrosion processes.
Although corrosion generally results in relatively small
quantities of Cr in the melt (tens of ppm'”'®), the near-
eutectic NaCl—CrCl; permits high-resolution measurements of
the structure around Cr ions.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

2.1. Sample Preparation. We chose near-eutectic composition of
78% NaCl and 22% CrCl; (in mol %)."* The molar concentration
ratio is cy,/cc./ccp = 0.32:0.09:0.59. This composition has a melting
temperature of about 600 °C according to the published phase
diagram."® We confirmed that the salt was completely molten above
600 °C, but our measurements showed a more complicated picture, as
described below.

Samples of natural (non-isotopically substituted Cr) salts were
prepared using commercially available high-purity NaCl and CrCly
(NaCl >99.5% and CrCly >99%, Sigma-Aldrich). The salt powders
were weighed, mixed, and melted in a glovebox filled with Ar. To
ensure homogeneity, the mixed powders were remelted twice at 820
°C. To ensure that the composition of the salt did not change due to
evaporation and sublimation during preparation, we measured the
total mass of NaCl and CrCl; powders before melting and the mass of
the prepared NaCl—CrCl; after melting. Figure 1 shows that the mass
loss due to the heating is below 1%. Therefore, effects of the mass loss
on the overall composition are minimal.

For neutron and X-ray diffraction measurements, the salt samples
were loaded into quartz capillaries (standard thin-wall quartz NMR
capillaries, S mm outer diameter for neutrons, 1 mm for X-rays, from
Wilmad-LabGlass). The capillaries were flame-sealed under rough
vacuum and allowed to cool in the glovebox furnace for testing the
stability under thermal cycling.

Isotopically enriched compositions were prepared by chlorination
of commercially available **Cr,O;. Chromium(III) chloride is
typically prepared by chlorination of chromium metal directly, by
carbothermic chlorination of oxide at elevated temperature, or by the
dissolution of chromium metal or chromium(III) oxide in hydro-
chloric acid. The isotopically enriched chromium was supplied as
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Figure 1. Mass change of NaCl—CrCl; salt after heating at different
temperatures for 30 min.

chromium(IIT) oxide. With the need for anhydrous CrCly and the
oxide form supplied for this experiment, the carbothermic
chlorination by carbon tetrachloride was chosen as the optimal
pathway for conversion. The reaction for this conversion is as follows

Cr,0, + 3CCl, — 2CrCl, + 3COCl, (1)

After purging for approximately 5 min, the furnace was turned on,
set to 450 °C, and monitored with both the furnace and external
thermocouple suspended on the outside of the quartz tube in the
middle of the furnace. The tube and material equilibrated at 450 °C
for approximately 10 min with a flowing at 0.2—0.3 SCFH before the
furnace set point was increased to 800 °C and the gas flow rate
decreased to 0.1—0.2 SCFH. After reaching 800 °C, the 3-way valve
was switched to allow the argon flow to pass through a bubbler filled
with 50 mL of carbon tetrachloride sitting in a water bath at
approximately 50 °C. The furnace exhaust for this reaction is first
routed through a chiller to return the gas to room temperature and
then bubbled through a 1 M NaOH solution to remove phosgene
safely before venting to the hood. After 2 h, the furnace was opened,
and the quartz boat was visually inspected for residual oxide. If no
oxide was present, the 3-way valve was switched to flow just Ar
through the tube furnace and the flow rate was increased to remove
any residual carbon tetrachloride from the flow path. The conversion
to CrCly forms dark purple, sheet-like crystals adhered to the upper
portion of the quartz tube with no material remaining in the boat. The
furnace was allowed to cool under argon flow to room temperature
and all the fittings were removed. The CrCl; crystals were then
removed toward the gas inlet side of the tube to avoid contamination
of the crystals with white solids that formed from the breakdown of
carbon tetrachloride at elevated temperatures. The crystals were then
carefully weighed into a sample vial and stored for shipment or used
for conversion to CrCl,.

Approximately, 1 g of **Cr,0; was weighed into a quartz boat and
spread evenly. The quartz boat was then inserted into the open end of
a tube furnace and centered in the middle of the heated zone. The
tube was then sealed and purged with argon gas to remove any
residual air. A schematic for the setup used for the conversion is
shown in Figure 2.

Within converted chromium chlorides, the concentration of Cr
was about 97% among four Cr isotopes (50, S2, 53, and 54). This
concentration was measured using inductively coupled plasma mass
spectroscopy (ICP—MS, 7900 system from Agilent Scientific
Instrument). For ICP—MS, the converted isotopic chromium (II)
chloride (**CrCl,) was completely dissolved and diluted in 2% HNO,
solution. We found 97% of isotopic enrichment of >*Cr with excellent
repeatability.

https://doi.org/10.1021/acsaem.0c02678
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Figure 2. Design schematic for CrCl; production.

2.2. Neutron Diffraction Methods. Neutron diffraction
measurements were conducted at NOMAD at the Spallation Neutron
Source at Oak Ridge National Laboratory.'” The scattered beam
intensity was calibrated using vanadium and diamond standards. For
heating the samples, we used a standard vanadium furnace routinely
used at NOMAD. Vacuum-sealed quartz capillaries contained enough
salt powder for up to 0.5 mL of melt. The cross-section of the
incoming neutron beam was always slightly smaller than the cross-
section of the melt such that the diffracted beam intensity could be
directly compared with that of calibration standards. The detected
neutron signal was normalized to the proton charge of the SNS
proton-beam accelerator and corrected by a wavelength-dependent
absorption factor. Using the known sample composition and tabulated
neutron scattering cross-sections, the intensity was directly compared
with the computer-simulated PDF.

2.3. X-ray Diffraction Methods. X-ray diffraction measurements
were conducted at the XPDF beamline (28-ID-1) at the National
Synchrotron Light Source II at Brookhaven National Laboratory. The
quartz capillaries were resistively heated using a nichrome wire, and
the temperature was measured using a standard thermocouple near
the molten zone. All measurements were performed in the
transmission mode with an amorphous silicon-based flat panel
detector (PerkinElmer) mounted orthogonally to the beam path.
The sample-to-detector distance and tilt of the detector relative to the
beam were refined using a Ni powder standard. The wavelength of the
incident X-rays was 0.1671 A (74.21 keV) and the sample-to-detector
distance was calculated to be 282.74 mm. All raw two-dimensional
patterns were background-corrected by subtracting a dark current
image. Noticeable artifact regions of the detector (beam stop and
damaged pixels) were masked. The corrected and masked two-
dimensional detector images were then radially integrated to obtain
one-dimensional powder diffraction patterns. The background signal
(quartz capillary and air scattering) was subtracted from the individual
XRD patterns. The powder patterns were corrected for PDE-specific
corrections (self-absorption, multiple scattering, and Compton
scattering)zo and converted to atomic PDFs, Gx(r), using
PDFgetX3”' over a Q-range of 0.1-22.0 A™". The atom positions
for the molten phase generated from VASP**~>* were imported into
TOPAS software (Bruker), and an X-ray PDF pattern was forward
predicted using a known instrument function for the XPDF beamline.

2.4. Ab Initio Molecular Dynamics Methods. Ab initio MD
simulations were carried out using the Vienna ab initio simulation
package (VASP)**"** under the Born-Oppenheimer approximation.
For electronic self-consistent calculations, the generalized gradient
approximation (GGA) in the form of Perdew—Burke—Ernzerhof
(PBE)***” was adopted for the exchange—correlation functional.
Core electrons were modeled using projector-augmented wave
(PAW) pseudo-potentials***® (Na_pv: 2p®2s', Cl: 3s?3p°, and
Cr_pv: 3p°3d°s’) with an energy cutoff of 600 eV. We used Gaussian
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smearing with a width of 0.05 eV for partial occupancy of states and
only the I" point for Brillouin zone integration. Spin polarization was
included to capture the magnetic properties of elemental Cr.
Additionally, DFT-D2 van der Waals corrections from Grimme
were employed to account for dispersion interactions.’® The
convergence criterion for self-consistent calculations was set to 0.1
meV. MD simulations were carried out in an isobaric—isothermal
(NPT, i.e., constant number of atoms N, pressure P, and temperature
T) ensemble at 1 atm pressure. The supercell was first initialized with
a random structure generated with the Packmol package to avoid
overlapping atomic positions. In total, the supercell contains 72 Cl
atoms, 11 Cr atoms, and 39 Na atoms to represent the composition
used in the measurements. The initial random configuration was
equilibrated at 926.85 °C for 20 ps to develop the liquid structure.
The equilibrated liquid structure was cooled to 701.85 °C, the
temperature of the measurements, within another 20 ps. Finally, a
~40 ps long equilibrium MD simulation was performed at 701.85 °C
to calculate various liquid properties. According to previous work, a
simulation time of 40 ps should be sufficient to obtain converged
molten-salt properties.’” A time step of 1 fs was used for all MD
simulations. The time-averaged box lengths along x, y, and z
directions are 17.3, 14.4, and 14.1 A, respectively.

3. EXPERIMENTAL AND COMPUTATIONAL RESULTS

Our main result is shown in Figure 3. This figure shows total PDFs of
isotopically substituted NaCl—CrCl,. Isotopic substitution of **Cr
does not change the chemistry and interatomic interactions that are
determined mostly by outer electron shells. However, it chan§es the
: . . k5]
neutron scattering cross-section of Cr in a profound way.”” The

21 Simulated

1.

0. 1j —— NaClI->3CrCl3
—-— NaCl-9CrCl5
--- NaCl-"?CrCl3

27 Measured

1-

S

0. —— NaClI->3CrCl3
_— NaCI—OCrCI3
--- NaCl-"?{CrCl3

8 9 10

Figure 3. Simulated (top) and measured (bottom) PDFs (neutron)
of three chemically identical molten NaCl—CrCl; mixtures with
different isotopic contents of Cr: natural Cr, 100% **Cr, and the zero-
mix (the mixture of isotopes that results in no neutron diffraction
signal from Cr). These neutron diffraction measurements of the liquid
phase were conducted at 700 °C. Simulations are time-averaged
partial PDFs from AIMD simulations, namely, the weighted sum of
the partial PDFs with weight factors depending on both the atomic
concentrations and their neutron scattering lengths. The weighted
sum was Fourier-transformed to obtain the total structure factor,
which was Fourier-transformed again, with an experimentally
consistent Q cutoff, to obtain the simulated PDFs.
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Table 1. Normalized Weight Factors w,g

Cl-Cl Na—Cl
neutron 3Cr 0.771 0.317
neutron °Cr 0.688 0.283
neutron ™Cr 0.626 0.258
FOD 0 0
X-ray (at Q = 0) 0.149 0.356

Cr—Cl Na—Na Na—Cr Cr—Cr

—0.103 0.033 —0.021 0.0035
0 0.029 0 0
0.073 0.026 0.015 0.0021
0.833 0 0.171 —-0.0037
0.118 0.212 0.141 0.024

consistency with which our ab-initio MD simulations predict PDFs for
different isotopes of Cr means that the interatomic interactions are
modeled correctly, especially the most important contributions from
Cr—ClI and Cr—Na pairs. By utilizing a combination of neutron
diffraction with isotopic substitution of **Cr, X-ray diffraction, and ab
initio MD simulations, we demonstrate the formation of CrCI3~
octahedra with Cr—Cl distances of 2.342 + 0.003 A and CI-Cl
distances of 3.50 + 0.01 A. The most likely distance between Cr** and
CI™ corresponds well with the sum of their Shannon radii (0.615 A for
Cr** and 1.81 A for CI7).** As a result of the chromium—chloride
attraction, Cl ions are on average closer together than they are in pure
molten NaCl. On the other hand, the environment around Na ions is
unaffected by Cr and it looks on average like it does in molten NaCl.
We found the formation of chains and networks by corner- and edge-
sharing octahedra. We also found evidence for a mid-range order that
is likely related to interchain correlations. Therefore, our model
ternary salt shows the structure that is reminiscent of NaCl-UCL,,*®
the salt that is likely to be used in MSRs. We expect that Cr impurities
will affect network formation of the abovementioned salts, thus
affecting the diffusivity and viscosity, especially near salt—metal
interfaces. Our results give us confidence that our model would
correctly predict the effects of Cr impurities on the structure and
physical properties of multicomponent salts.

3.1. Neutron Scattering. Measured neutron scattering intensity
is proportional to the differential cross-section do/d€2, which itself is
proportional to the total structure factor

S(Q) = 20 ) cuphuby(Sp(Q) — 1)
a p (2)

where Q is the wavevector transfer, o and f represent salt
components, ¢, is the molar concentration of the a salt component,
and b, is the tabulated neutron scattering length of the component a.
Saﬁ(Q) is the partial structure factor, which describes the structure of
the melt. Thus, the result of the measurements is a weighted sum of
six pairwise contributions, Cr—Cl, Cr—Na, Cr—Cr, Na—Cl, CI-C],
and Na—Na. Since the scattering length b, is different for different Cr
isotopes, isotopic substitutions can help us to determine S,;(Q) by
changing the coefficients c,c4b,by without changing the chemical
composition of the samples. The scattering lengths of Cr are as
follows: b, = 3.635 fm for natural Cr (the mix of stable *°Cr, **Cr,
3Cr, and %*Cr) and b, = —4.2 fm.**> A mixture of natural **Cr and

$3Cr was also made where be,, = 0, which is called zero-mix and

denoted as °Cr. It is convenient to use dimensionless weight factors
that are normalized such that Y, Y sc,csbsby = wos = 1. For the
samples involved here, the weight factors are given in Table 1.

It is apparent from this table that the total neutron structure factor
is dominated by the Cl—Cl partial due to the high concentration and
the large coherent scattering length of chlorine. On the other hand,
the contribution of the chromium partials is relatively small.

The pair distribution function (PDF) g,(r) is obtained through a
discrete Fourier transform

Q

L 3% as(Q) sin(@)AQ
Q

27r2p

= rz wqp[gaﬁ(r) - 1]
op

rlg (r) = 1]

(3)

The physical meaning of a partial pair distribution function g,(r) is
the probability of finding an atom at a distance r from another atom at

the origin compared to the probability of finding an atom at the same
distance in a completely disordered system. Figure 3 shows the
measured and simulated total neutron PDFs.

To separate the contributions of Cr—CI, Cr—Na, and Cr—Cr pairs,
the normalized intensity of *Cr-substituted salt was subtracted from
that of natural salt to obtain the first-order difference (FOD)
differential cross-section per atom (fm?/Sr/atom). To extract the
PDF, we follow a well-established procedure.'”*”*"

The difference between the signals from two isotopic compositions
is that the FOD function contains only contributions from Cr—Cl,
Cr—Na, and Cr—Cr pairs

AS(Q) = Snatural - Sisotopic

weeelScea(Q) — 11 + wep[Seana(Q) — 1]
+ wered Serer(Q) — 11 (4)

where the values of the weight factors are listed in the FOD line of the
Table 1: Weral = CCrCCI(bCr - bCr53)bC1F WCrNa = CCrCNa(bCr - hCrS3)hNaJ
201 2 2
and Werer = Cor (hCr - bCr53 )
As a result of eq 4, we can extract the contribution of only the pairs
that contain Cr ions, namely, Cr—Cl, Cr—Na, and Cr—Cr (also, the

instrumental background cancels, resulting in a high signal-to-
background ratio). Figure 4 shows the FOD Ag(r) for both

g4 a —— Simulated FOD
o Measured FOD
6.
<
IS
I
| W
0.
>, b — Cr-Cl
--- Cr-Na
—-— Cr-Cr x50

Agp(r)

Figure 4. Measured and simulated FOD in the neutron pair
distribution function (Ag,(r)) for isotopically substituted
NaCl—**CrCl; and natural NaCl—CrCly. (a) Comparison between
the measured (circles) and simulated (line) FOD. (b) Simulated
partial PDFs that contribute to the FOD, Cr—Cl, Cr—Na, and Cr—Cr.
The Cr—Cr contribution is very small; therefore, it is multiplied by a
factor of S0 to show on the scale of the figure. The most likely
nearest-neighbor and next-nearest-neighbor positions for the Cr—Cr
pair can be identified as 3.5 and 7 A, respectively.
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Figure 5. Measured and simulated PDFs (neutron) of the zero-mix NaCl—"CrCl,. The measured total PDF is denoted by brown dots, while
simulated partials are as follows: blue line for Na—Na, green dashed line for Na—Cl, and red dash-dotted line for CI-ClL

measurements and simulations. The dominant sharp peak at 2.34 A
corresponds to the first shell of Cr—Cl neighbors, while the feature at
~6 A corresponds to the second Cr—Cl shell. The contribution from
Cr—Cr pairs is very small due to the small weight factor w¢,c, = —0.04
fm? in eq 4. However, the first and second shells are visible at 3.5 and
7 A, respectively.

The total structure factor is calculated from the measured
intensities as follows

(d_ﬁ) — AInat - IS3
dQ FOD Iv

(%)
where I, I5;, and I, are the measured intensities of NaCl—CrCl,,
NaCl—*CrCl;, and vanadium calibration samples, respectively. A is
related to the number of atoms in the beam and the incoherent

vanadium cross-section

d,’op,

B 47zd52/§

= 156.3 fm?*/Sr
(6)

where the subscript v stands for vanadium and s stands for sample.
Partial PDFs are determined as discrete Fourier transforms of the
total structure factor

1
2

rlAg (r) = 11 = » Z Q[(d—Q]FOD - P(Q)}sin(Qir}.)AQ

(7)

where P(Q) is the Placzek correction.’” The results are plotted in
Figure 4, which shows that the first peak at 2.34 A is due to Cr—Cl
pairs only. Therefore, the integration of this peak was used to
determine the coordination number (CN) N(r,.), namely, the
number of Cl ions surrounding a Cr ion

N(rp) = 47rcC[p/ o Ag (r)r* dr = 5.83
0 n (8)
where c¢ is the atomic concentration of Cl (0.590), p is the total
number density (0.0362 A™%), and r,,,, = 3.5 A. We compared this
experimental value of N(r,,) with AIMD simulations. The
simulations resulted in N(32 A) = 5.66 and N(3.7 A) = 5.8,
consistent with experiments and only weakly dependent on r,.
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To compare NaCl—CrCl; with NaCl, we use the zero-mix, which is
a ®Cr-enriched salt such that the neutron scattering length of Cr is
zero, meaning that the Cr ions do not contribute to the measured
diffraction signal (we denote such salt as NaCl—-"CrCl;). The ratio of
molar concentrations of natural Cr and **Cr corresponds to the ratio
of coherent scattering lengths bc, = 3.635 fm and b, = —4.2 fm. The

zero-mix allows us to measure PDFs formed by pairs containing Na*
and CI” only and directly compare the structure with that of pure
NaCl, which has been extensively studied. Figures S and 6
demonstrate this comparison. The strongest signals correspond to
the first and second shells of Na—Cl and CI—Cl pairs. The sum of the
three simulated PDFs perfectly reproduces the measurements. Figure
6 shows simulated partial PDFs of Na- and Cl-containing pairs for
NaCl-°CrCl; and pure NaCl (from MD simulations based on a
neural network interatomic potential'®). Here, the partial 8up(r) was
calculated from AIMD trajectories according to the standard
definition g,4(r) = dn,s(r)/ (4nr*drp,), where dn,(r) is the number
of @ atoms around a given f atom at distances r + dr and p,, is the
average number density of & atoms in the entire sample. Remarkably,
the distribution of Na—Cl and Na—Na distances is almost the same
for both salts. The only difference is in Cl—Cl distribution, which
shows the same features but smaller Cl—Cl distances due to the
strong attraction from Cr** ions to form Cr**-centered octahedra (the
most likely CI—Cl vertex separation is ~3.32 A, as analyzed in the
following). The comparison of the neutron partial structure factors of
NaCl and NaCl-NaCrCl; is shown in Figure 7. Although the partial
5,(Q) is reminiscent of each other, there are marked differences in the
positions of the peaks.

Measurements of the static structure factor S,(Q) are shown in
Figure 8. In addition to the expected short-range order, Figure 8
reveals a strong peak at ~1 A™'. This peak is often referred to as the
prepeak or the first sharp diffraction peak. Ab-initio simulations
reproduce the short-range order very well (above 2 A™'), and they
show features resembling the prepeak. It is not prominent in ab-initio
simulations due to the small sample volume (the sample volume will
be expanded once the simulations use neural network potentials, as
demonstrated for a simpler NaCl melt'®). Unlike NaCl—CrCl,, where
the prepeak is almost unchanged in the zero-mix, pure NaCl does not
show the prepeak; see Figure 7. The comparison of the partial
structure factors of NaCl and NaCl—CrCl, is shown in Figure 8.
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Figure 6. Simulated partial PDFs (neutron) of NaCl and zero-mix
NaCl-°CrCl;. (a) Na—Na (blue line for NaCl and blue dots for
NaCl-"CrCl;) and Na—Cl (green line for NaCl and green circles for
NaCl-CrCl,) and (b) CI—ClI (red dash-dotted line for NaCl and red
dots for NaCl—-°CrCly). These partial PDFs were directly obtained
from the average structure in AIMD simulation (AIMD simulation
details can be found in the Methods section).
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Figure 7. Comparison of the partial structure factors S,(Q) of NaCl
and zero-mix NaCl—CrCl,. (a) Partial structure factors of molten
NaCl, as deduced by reverse Monte-Carlo from neutron diffraction
measurements.’® (b) Simulated partial S(Q) that includes Cl-Cl,
Na—Na, and Na—Cl pairs only.

To probe the nature of the prepeak, Figure 9 shows the FOD of the
structure factor AS(Q) defined in eq 4. This figure shows that the
prepeak is driven by correlations between Cr and Cl ions. The
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Figure 8. Structure factor (neutron) in molten NaCl—CrCl; at 700
°C. Three different isotopic compositions are shown for comparison.
(a) Measured and (b) simulated.
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Figure 9. (a) Measured and simulated FOD in S(Q) for isotopically
substituted NaCl—*CrCl; and natural NaCl—CrCl;. (b) Simulated
partial contributions to AS(Q). Note that the relatively small Cr—Na
partial is multiplied by a factor of 2 and that of C—Cr is multiplied by

20 to show details.

prepeak corresponds to correlations that ]gropagate over distances
longer than nearest-neighbor distances.”*”*

3.2. X-ray Scattering. Figure 10 shows the results of the Sx(Q)
measurements for NaCl—CrCl; at different temperatures. From this
figure, we observe multiple regions with subtle differences in the
structure. Below 485 °C, the Syx(Q)’s have intense peaks consistent
with the crystalline state. The Sx(Q) changes abruptly above 485 °C
with the formation of some sharp diffraction peaks (related to large
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Figure 10. Structure factor Sx(Q) (measured by X-rays) as a function
of temperature for NaCl—CrCl;. The 48S and 675 °C temperatures
are highlighted as thicker traces and discussed within the text.

NaCl crystallites) superimposed on top of broad/diffuse peaks. This
temperature corresponds to the melting T, = 485 °C of the solid
solution and is in general agreement with the results obtained using
the temperature-scanning technique. At temperatures between 485
and 675 °C, the NaCl peaks decrease in intensity, with a concomitant
increase in amplitude from the diffuse scattering component. Finally,
above 675 °C, the Sx(Q)’s are composed of a single diffuse scattering
component. Upon cooling, the transformation is reversible, with a
reduction in the broad features and gradual emergence of sharp
diffraction peaks. Another important observation from Figure 10 is
the prepeak at ~1 A™". This peak in the liquid state corresponds to
the so-called intermediate-range order.*”*'

To follow the temperature evolution of the diffuse scattering in
Figure 10, we refined the position, full width at half maximum
(fwhm), and area of the prepeak (at ~1.04 A™') and the first
diffraction peak (at ~2.4 A™') with a Gaussian and log—normal peak
functions, respectively. The latter was needed due to the peak
asymmetry. The fitting results for the two peaks are shown in Figure
11. Several temperature-dependent trends in the prepeak are
observable from this figure, including an apparent inflection point at
575 °C and a clear reversal in trends for all refined parameters. The
prepeak position changes slightly with temperature, while the width
and area vary throughout the heating (and cooling) cycle. This is in
contrast to the changes in the 2.4 A™' peak, where above 575 °C,
changes continue to appear linear.

The temperature dependence of the intermediate-range order,
which manifests itself as the prepeak at 1 A™" in the X-ray scattering
results, has been studied before.”>*' The position of the prepeak has
been shown to evolve with temperature in either direction, increasing
or decreasing in Q. In both cases, the most important influences are
the decreasing density and increasing thermal motion with the
temperature. In our case, we found that both the prepeak and the
main diffraction peak that correspond to the Cr—Cl structure behave
anomalously below about 600 °C, where the peaks move as if
interionic distances decrease with increasing temperature. The
temperature dependence of both 1 and 2.5 A™" peaks above 575 °C
is attributable to thermal expansion, which leads to a shift in the peak
position, while thermal disorder leads to increased fwhm and a
decrease in area. Note that the anomalies are all in the two-phase
region and not in the single-phase liquid. In this region, we cannot
exclude the effect of changing the concentration of species in the
liquid as the solid NaCl dissolves with increasing temperature.

X-ray measured and simulated PDFs are shown in Figure 12 at
different temperatures. With increasing temperature, Figure 12 shows
changes in the pair correlations including a decrease in intensity
associated with the Na—CI and Na—Cr/Cr—Na correlation peaks at
2.65 and 4.0 A, respectively.
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We highlight the combination of neutron and X-ray diffraction
measurements carried out in this work. These two probes comple-
ment each other to determine partial PDFs.””** Neutrons are
particularly useful for studying elements whose isotopes show
relatively large differences in the neutron cross-section; examples
include Cr, Nj, Li, and H among others. For instance, Figure 5 shows
that Cl-Cl and Na—Cl make overwhelming contributions to the
neutron signal except at the lowest r. The isotopic substitution of Cr
allowed us to separate the signal from Cr, Na, and CI, as shown in
Figures 4 and S. The significance of the isotopic substitution
technique cannot be overestimated for studies of multicomponent
melts. However, when isotopic substitution is not achievable (such as
for Cs, F, and other elements that do not have stable isotopes with
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Figure 12. Pair distribution functions (X-ray) of molten NaCl—CrCl,
measured and simulated. Measurements at different temperatures are
shown, while simulations are at 700 °C. Note that the measurements
below about 675 °C are in the two-phase state, where the relative
concentration of Cr in the melt was likely changing with the
temperature.

large contrast for neutron diffraction), the combination of X-rays and
neutrons can extract the information about partial PDFs not otherwise
available. Equally importantly, neutrons and X-rays present very
different experimental constraints such as compatibility between salts
and crucibles, potential radiation damage to crucibles, and sometimes
a large background from the crucibles and sample environment in
general (e.g, quartz crucibles are suitable for both neutrons and X-rays
and can be used with chloride salts but not with fluoride salts). Our
measurements demonstrate relative strengths and weaknesses of both
techniques for studying the structure of multicomponent salts.

3.3. Density Measurements. We measured the density of
molten NaCl—CrCl; by weighing the salt and measuring the volume
of the melt. The volume was deduced from the height of the melt
inside a calibrated crucible. The height was determined by inserting a
1 mm-diameter quartz rod into the molten salt at different
temperatures. The molten salt visibly stained the quartz, and the
stained part of the rod was used to determine the height. The error
due to the displacement of the melt by the rod is extremely small
because of its small volume. The rod’s vertical orientation was the
same for all measurements. The results are shown in Figure 13. The
prediction from ab-initio molecular dynamics simulations is 1.93 g/
cm® with a standard deviation of 0.04 g/cm® about three percent
smaller than the measurement.

3.4. Melting Temperature. Temperature measurements on
cooling (the cooling curve) showed the arrest point at about 454 °C.

NaCl—-CrCl, salt in a glassy-carbon crucible was heated to 820 °C
in a glovebox. The salt container was then removed from the furnace
and the thermocouple was immediately inserted into the melt and the
temperature was recorded till the salt naturally cooled down to about
150 °C. The arrest point was recorded, indicating a phase change at
about 454 °C; see Figure 14.

This temperature corresponds well with X-ray diffraction results
during both heating and cooling (Figure 10). The phase transition at
485 °C and the appearance of the liquid plus NaCl phase are at odds
with the published phase diagram."® Importantly, our measurements
of the structure were done at 700 °C with both neutrons and X-rays
and are definitely in the liquid phase. The published phase diagram
shows the formation of a congruently melting compound, Na;CrCly,
with the melting temperature of 620 °C. Our measurements, however,
show a much lower melting point and the coexistence of NaCl crystals
within the liquid between 485 and 675 °C. This low-temperature
liquid is likely metastable due to a high potential barrier for the
formation of Na;CrCly crystals, which contain multiple octahedra per
unit cell We postulate that the liquid persists to much lower
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Figure 14. Temperature of NaCl—CrCl; as a function of time while
naturally cooling in the glovebox. The inset in the upper-right corner
shows the salt crucible and the thermocouple.

temperatures than expected due to a competition between the short-
range order (networks of octahedra) and crystallization.

3.5. Ab Initio Molecular Dynamics Simulations. The
simulations show the formation of CrClI}~ octahedra, with bond
angles of Cl—Cr—Cl triplets concentrated at ~90 and ~171°, while
the Cl—Cl end-to-end distances clustered at ~3.35 and ~4.75 A.
CrCI}™ octahedra are the dominant coordination environment with a
fraction of at least 65%. The second dominant coordination
environment is CrCI3~, with a fraction between 20 and 32%. Figure
15 shows the distributions of the bond angles and end-to-end
distances for CI-Cr—Cl and Cr—CI—Cr triplets. All configurations at
T = 701.85 °C were used for such structural analyses (except for the
first 4 ps ones that are considered equilibration steps), spanning a
period of ~35 ps. The statistics of Cl—Cr—Cl triplets provide local
structural information around Cr** ions, while those of Cr—Cl—Cr
triplets indicate how the octahedra connect to each other. Because of
the relatively high concentration of Cr** ions in this eutectic system,
CrCI¥~ octahedra are often interconnected to form chains or networks
well beyond the first Cr—Cl shell. Octahedra can form corner-sharing,
edge-sharing, and face-sharing connections.” Our simulations suggest
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Figure 15. Parameters of Cr**-centered polyhedral structures from ab initio MD simulation. (a) Distributions of bond angles for Cl—Cr—Cl triplets
and corresponding Cl—Cl distances, suggesting distorted Cr-centered octahedra (upper-left inset) or quadrilateral-based pyramids (lower-right
inset). (b) Distributions of bond angles for Cr—Cl—Cr triplets and the corresponding Cr—Cr distances, suggesting dominant edge sharing (upper-
left inset) and corner sharing (lower-right inset) among octahedra and pyramids. Color depths indicate the number of data points in each bin. The
histograms along the abscissa and ordinate are sums of all bin values along the corresponding directions.
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that corner sharing and edge sharing are the dominant connections in
our system.

Next, we analyze how the connectivity among octahedra evolves
with time. To this end, we identified and counted corner-sharing,
edge-sharing, face-sharing, and isolated octahedra in each config-
uration. For each Cr** ion, we employed a cutoff distance of dc,c, =
5.75 A to identify its neighboring Cr** ions; see Figure 15. If a Cr**
ion does not have any neighboring Cr** ions or if it does not share any
CI” ions with its neighboring Cr* ions, then, we identify it as an
isolated octahedron. If one CI™ ion is shared between two neighboring
Cr* ions, we count this as one corner sharing. Similarly, if two or
three CI™ ions are shared between two neighboring Cr*" ions, we
count it as one edge or face sharing. The cutoff distance to identify
shared Cl™ ions is dc,c; = 3.2 A, a value near the first minimum on the
Cr—ClI PDEF. With these counts, we define a parameter called as the
average connectivity (AC), which characterizes the extent of
octahedral connection in a given configuration

Neg + Ngg + N
AC = CSC ESC ES
NS - N

otal — 1s<§lated (9)
where Ncg, Ngg, and Ngg are the number of corner-sharing, edge-
sharing, and face-sharing octahedra, respectively. NS, is the total
number of Cr** ions, while NS, .4 is the number of isolated Cr** ions.
AC defined in eq 9 is the average number of connections per
connected octahedron, similar to the average number of bonds per
atom in a crystal. Figure 16 shows the time evolution of AC (solid
line) and the number of connected octahedra (dashed line). To
understand the physical meaning of such an evolution, we divided AC
into different regimes. As shown in Figure 16b, if octahedra form a
dimer, then AC = 0.5. For chains or rings, the average connections per
octahedron are between 0.5 and 1.0, depending on the length of the
chain. AC > 1.0 means that each octahedron on average has at least
three connections, thus suggesting the formation of networks. Based
on this understanding, we divided the plot in Figure 16a into two
regions; the light-blue-shaded region contains chains of rings of
connected octahedra, while the light-yellow region contains networks.
The lowest value AC = 0.5 simply means that all connected octahedra
are in the form of dimers. As can be seen, there are six connected
octahedra at the beginning of this plot, but all of them exist as dimers,
that is, three dimers in total. As the simulation continues, the
connected octahedra fluctuate between 4 and 9, presenting chains or
rings and occasionally forming networks until reaching the point of 30
ps. After that, the chains/rings are broken down and most of the
octahedra form dimers or very short chains, suggesting that the
lifetime of such chains/rings is in the order of 10 ps. Figure 16c shows
a snapshot at t = 16.2 ps, where there are nine connected octahedra,
consistent with the plot in Figure 16a. As can be seen, seven of the
connected octahedra form a chain and two of them form a dimer. The
connections of this chain consist of corner sharing, edge sharing, and
face sharing, demonstrating excellent consistency with the AC = 0.89
in Figure 16a. From this analysis, we can see that Cr**-centered
octahedra are an essential structural motif in this system, and they
often interconnect to form chains/rings or even networks with a
lifetime in the order of 10 ps. Previous studies suggested that
correlations between neighboring chains of octahedra are the reason
behind the prepeak at about 1 A" Since only a single chain or
isolated dimers were observed throughout current AIMD simulations,
we expect that a larger simulation box would be required to observe
interchain correlations and thus the prepeak.

Our simulations suggest that corner sharing and edge sharing are
the dominant connections in our system. As seen in Figure 15a, bond
angles of Cl1—Cr—Cl triplets concentrate at ~90 and ~171°, while the
Cl—Cl end-to-end distances cluster at ~3.35 and ~4.75 A. Such
geometrical relations suggest the formation of Cr**-centered
octahedra or pyramids, as shown in the insets of Figure 15a. For
regular octahedra, the shorter Cl—Cl distance is J2 times the Cr—Cl
distance, while the longer Cl—ClI end-to-end distance is twice the Cr—
Cl distance. In comparison, our ab initio MD results suggest factors of
1.425 (3.35/2.35) and 2.02 (4.75/2.35), , consistent with the
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octahedral structural motif. Due to large thermal fluctuations at T =
701.85 °C, most octahedra are highly distorted; thus, both bond
angles and Cl—ClI distances show wide variations in their values. As
shown in Figure 15b, the distribution of bond angles and Cr—Cr
distances for Cr—CI—Cr triplets shows two dominant clusters. The
lower-left cluster is centered at the bond angle around 90° with a
corresponding Cr—Cr distance near 3.44 A. This observation is
consistent with the scenario of edge sharing between two regular
octahedra, where the bond angle for Cr—Cl—Cr triplets is 90° and the
corresponding Cr—Cr distance is 3.32 A. We note that the observed
Cr—Cr distance is on average slightly larger than that derived from
two regular edge-sharing octahedra. This difference could be ascribed
to the repulsive interactions between Cr** ions (ignored in the
calculation using two regular octahedra). On the other hand, another
cluster in Figure 15b is centered at a bond angle of ~133° and a Cr—
Cr distance of ~4.65 A that correspond to corner-sharing octahedra
with certain folding between two Cr—ClI bonds. Such folding can be
due to the attraction between Cr’* and Cl” ions from neighboring
octahedra. The configuration where Cr—Cl—Cr triplets form a
straight line (i, the bond angle of 180°) should be an unstable
(or shallow metastable) state such that thermal fluctuations may easily
break the subtle equilibrium and cause the system to fall into the more
stable folding configuration. The bond angle in this local minimum is
mainly determined by the attractions between Cr** and CI~ ions, the
repulsion between Cr** ions, and the repulsion between Cl™ ions. The
average Cr—Cr distance is also larger than that from the ideal case
with a bond angle of 133° (4.31 A) due to the repulsive interactions
between Cr’* ions.

4. DISCUSSION AND CONCLUSIONS

To illustrate the level of insight that our studies offer into the
structure of molten NaCl—CrCl;, we synthesize the findings by
simulations and experiments. Although the formation of
octahedra and their chains is not unexpected for Cr’* ions in
NaCl, they have been studied here for the first time. At the
same time, we showed that partial PDFs in the Na—Cl
subsystem are unaffected by the presence of Cr; see Figure 6 a.
In Figure 6 b, note the characteristic small peak at ~4.8 A. This
separation corresponds to the distance between two opposite
vertices of the octahedra. We found that in pure NaCl, the
most popular coordination number is 6, which should
correspond to an octahedral local structure, considering that
Cl—Na—Cl angles are mostly 90°."” Considering that the most
likely Na—Cl distance is ~2.76 A, the most likely separation
between two opposite vertices of octahedra will be 5.52 A. This
number matches well with the observed secondary peak at
~$.5 A in the Cl—Cl partial PDF of NaCl—CrCl, that appears
also in NaCl at ~S5.5 A. It is worth noting that such a detailed
insight into the structure of the Cr-containing melt is made
possible by the availability of different Cr isotopes with both
positive and negative neutron scattering lengths, thus making
isotopic substitution a very effective tool for probing the
structure of the liquid. Given the common structural motifs
between Cr and other multivalent cations (especially transition
metals but also rare earths and actinides), Cr could serve as a
model ion to experimentally probe some of the structures and
dynamics with high resolution.

There are multiple implications of our findings for molten-
salt reactors (MSRs). The motivation of this work is to provide
structural information that can be utilized as experimental
validation for developing novel atomistic models such as neural
network interatomic potentials.”'”** The need for such
simulations stems from the need to predict physical properties
of molten salts such as density, heat capacity, viscosity, and so
on. It is impractical to measure all these properties and their
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changes for many different salt compositions especially when
the melts could contain more than 10 components and
impurities. However, computer simulations can predict these
properties well if the interatomic potentials are known.”* As
the first step, we demonstrated a remarkable overall agreement
between our ab initio MD simulations and measurements of
Cr-containing molten salts.

Although Cr impurities in real systems will be at a very low
level, by studying high Cr concentration here, we were able to
validate computer simulations with high fidelity. Cr-ion
concentration will be the highest near surfaces, where the
impurity will affect the diffusivity, viscosity, and redox potential
of the salt, thus affecting the corrosion rate directly. The
interaction between corrosion products with dissolved nuclear
fuel and other salt components needs to be predicted based on
models such as that successfully tested here.” Importantly, Cr—
Clg octahedra are very similar to U—Cly octahedra in U-
containing salts. Indeed, let us compare the octahedra formed
in molten NaCl—CrCl; and NaCl-UCI,; (78 mol % NaCl). In
the uranium salt, the most likely distance between U** and CI~
is 2.74 A.>° This is larger than the Cr—Cl distance of 2.342 A,
as dictated by the larger Shannon radius of U** (1.025 A for
U 15 0.615 A for Cr**).** Also, the coordination numbers of
the metal ions are the same in both salts at similar
concentrations, CN =~ 5.8. The difference between the salts
is in the connectivity between octahedra; see Figure 16. While
the Cr ions tend to form multiple-octahedral chains, the
corresponding U salt has only 10% octahedra in trimers and
20% in dimers, while the vast majority are monomers.
Therefore, it is conceivable that the presence of Cr ions in
U salts could modify the structure and thus affect macroscopic
physical properties.

The unexpected observation of the supercooled liquid and
NaCl precipitation is important because the molten-salt
chemistry in MSRs is normally approached within a
chemical—thermodynamic equilibrium framework, assuming
that chemical reactions and phase transitions are very rapid at
reactor operating temperatures, up to 650 °C. However, this
assumption may not be valid in a dynamic system such as an
MSR. For instance, the fuel salt is going to experience
temperature transients of about 100 °C within minutes as it
circulates through the system, potentially leading to the
formation of precipitates and out-of-equilibrium phases.
Examples of non-equilibrium effects have previously been
observed in molten-salt systems such as the formation of
complex ions and changes in ion coordination may have
caused a melting point depression in NH,NOj salts with added
metals (Li, Na, K, Ag, Ca, Sr, and Pb).46 Also, compound
formation in a LiCl-Li,O salt used in the production of
uranium metal caused lowering of the melting point and
covaporization of the LiCI-Li,O salt.”” However, a detailed
analysis of non-equilibrium effects has not yet been done for
molten-salt systems relevant to MSRs, where nuclear reactions
produce heat in circulating melts."® The idealized two-
component salt studied here can be used to approach this
problem since observations have shown a supercooled liquid
200 °C below the published equilibrium melting. Specifically,
we have observed a supercooled liquid, where the inter-
mediate-range order is stabilized with increasing temperature
until the equilibrium melting temperature is reached.*”* Such
results are important for approaching the non-equilibrium
phenomena arising due to temperature cycling relevant to
operating MSRs.
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