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Abstract

The fidelity of experimental data pertaining to thermophysical properties can be directly related
to the purity of the materials tested. Water (including OH™ species) and oxygen are two of the
primary non-metallic impurities present in alkali and alkaline earth halide salts. It is generally
recognized these halide salts are either hygroscopic or react with oxygenated atmosphere to form
hydroxide or oxide species. With respect to water, most previous work has focused on either
adsorbed or absorbed water, which conspire to necessitate careful storage, handling, and
preparation of these materials for experimental analysis. Born out of the first author’s prior
experience with geologic minerals, it was hypothesized that synthetic analogues to natural
mineral phases (e.g., NaCl- halite, KCI- sylvite, etc.) are susceptible to the incorporation of fluid
inclusions. Indeed, in this work we identify fluid inclusions in nearly every commercially
produced chloride salt examined, even those advertised as ultra-dry. Thus, we present a brief
overview of the processes leading to fluid inclusion development within a single crystal, a
preliminary novel approach to estimating their volume, a method to non-destructively verify
their contents, and propose a method in which to mitigate their effects on subsequent
thermophysical property analysis. Lastly, a comparison is presented between the melting points
of precursor and purified salts, examining the efficacy of the method and implications for future
research.
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1.0 Introduction

Molten Salt Reactors (MSRs) utilize complex mixtures of either chlorides or fluorides which
contain fissile components to produce heat for power production. Non-fissile mixtures may also
be used as a medium for heat transfer and thermal regulation of the reactor. A thorough
understanding of their physical properties is required for these systems to operate predictably,
efficiently, and safely. To support this requirement, PNNL is engaged in developing techniques
for measuring thermophysical properties and providing fundamental data for various salt
mixtures. These data may then be utilized by MSR developers to advance their individual R&D
efforts.

Water plays a critical role in modifying the physical properties of materials. For example, it has
been shown that water affects the chemical stability and corrosion behavior of molten chloride
salts (Fernandez and Cabeza, 2020; Raiman et al., 2021; Rippy et al., 2023). Thermal
dehydration catalyzes hydrolysis in hygroscopic salts, leading to the formation of secondary
chemical species that in turn affect its thermophysical properties. Because of this, significant
efforts have been made to reduce exposure of salt to water and oxygen (e.g., PNNL-37190) and
in developing purification methods (Maricle and Hume, 1960; Indacochea et al., 1998; Witteman
et al., 2023). Although these methods are adequate at mitigating impurities in the molten state
through on-line monitoring and purification, there exists other potential sources of water
contamination in precursor materials that are relevant for benchtop-scale measurements.

The work herein documents for the first time the existence of fluid inclusions in synthetic
precursor salts used for thermophysical property measurements. Inclusions in general may be
defined as “a part of a crystal, not part of its regular structure” (Hurai et al., 2015). Fluid
inclusions then are pockets of fluid trapped in a single crystal which may include only gas, a gas-
liquid mixture, or only liquid. These features are ubiquitous in minerals formed in many geologic
environments (Roedder, 1984; Hurai et al., 2015). In the field of experimental petrology, mineral
analogues are routinely synthesized with fluid inclusions to better understand their behavior in
natural minerals (e.g., Bodnar et al., 1985). As such, they provide the only direct evidence of the
fluid and its chemical and physical condition at the time the mineral was precipitated, allowing
geologists to reconstruct past environments. In this context their existence may be viewed
favorably. Conversely, they may be viewed as troublesome impurities in areas where chemical
purity is extremely important, such as the pharmaceutical industry (e.g., Marc et al., 2021) and in
the manufacture of explosives (e.g., Cooper et al., 2020). In this work, the former stance is taken
as the goal is to produce fundamental thermophysical property data of the highest fidelity.

Fluid inclusions are features previously unrecognized in molten salt precursor materials.
Although inclusions were identified in several chlorides and fluorides, this report focuses on
those in NaCl and KCI. Other salts will be examined in detail along with those presented here in
subsequent peer-reviewed journal articles. The overall goal of the work here was to identify a
method in which to mitigate the effects of fluid inclusions on benchtop-scale thermophysical
property measurements. To do this, techniques were developed to identify and characterize their
size and total volume. Next, using methods previously established in the geoscience community,
develop the capability at PNNL to measure the chemistry of fluid inclusions using micro-Raman
spectroscopy. Next, two techniques to rid precursor materials of water were explored. Lastly, the
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melting point of non-purified and purified salts were measured to determine the effect, if any, of
fluid inclusions on the measured thermophysical properties.
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2.0 Experimental Approach

2.1 Fluid Inclusion Identification and Characterization
211 Optical Microscopy and ImageJ Analysis

A Keyence VHX-7000 digital microscope (Keyence Corporation of America, Itasca, IL.) was
used to capture images of single salt grains and their respective content of fluid inclusions. In
this study a grain is defined as a single particle from the bulk powder, with no distinction made
between grains that are mono- or polycrystalline. Images were captured under transmitted light
with varying magnifications (x500-x2500) depending on grain size and depth of inclusions.
Using the depth profile function in the microscope software a 3D image was captured to
determine volume of the grain. Images were captured in 0.5-2 pm increments depending on the
grain size to determine height of the fluid inclusions. Using ImageJ (LOCI, University of
Wisconsin) the cross-section surface area of the fluid inclusion was determined. Surface area was
calculated by tracing the cross-sectional boundaries and converting pixel to distance. When
paired with the first and last appearance of the inclusion via the measured images the total
volume of the inclusion was resolved. The pixel to distance conversion was done by measuring
the scale bar in ImageJ and dividing the micron scale by the length in pixels.

21.2 Model Development/Training

To automate the identification and volume computation of fluid inclusions, a machine learning
(ML)-based method was developed. The developed framework takes inspiration from MoCo (He
et al., 2020), a state-of-the-art self-supervised model framework. A ResNet-50 (He et al., 2015)
encoder was used as a backbone, initialized with filters pretrained on ImageNet (Russakovsky et
al., 2015). The encoder model is trained using the MoCo training method using the large
unlabeled dataset. This model is trained to convergence, which took 150 epochs. The encoder is
then attached to a decoder similar to UNet’s (Ronneberger et al., 2015), with skip connections at
each pooling layer of the ResNet architecture. The whole model (encoder and decoder) is then
trained for 150 epochs until convergence. During encoder training MoCo’s suggested
augmentations was used and randomly cropped the input image to 256x256. For decoder
training, the same augmentations were used and add random erasing to reduce overfitting. The
final predicted labels are upscaled to the original 2880x2160 resolution for final volume
calculation.

To compute the volume of the predicted inclusions, the pixel width and height between slices
were used with equation 1 to compute the total volume V of the inclusions in the grain.

(1)

Experimental Approach 3



PNNL-38394

Where N is the number of slices, M is the number of pixels, h is the slice height in um, p is pixel
width in pm, and x; € {0, 1} is the pixel prediction.

21.3 Micro Raman

Normal-Stokes Raman scattering spectra were collected using a Renishaw inVia™ confocal
Raman microscope using a 50x magnification objective and motorized stage. Incident light was
provided by a 488 nm class 3B laser (Renishaw RL-488, 200 mW continuous power).
Transmitted laser power was reduced using a series of neutral density filters resulting in
nominally 2.5% light transmission to the sample. Scattered light was projected across a
Renishaw Centrus CCD detector via a motorized variable-angle diffraction grating (1800
gr./mm). Spectra requiring multiple collections due to wide spectral range were collected in
segments and stitched together using Renishaw’s SynchroScan® technology. Prior to data
collection, wavenumber calibration was referenced to the Raman scattering band of an internal
silicon standard (520.5 cm™).

A series of grains were affixed to a glass slide using double sided tape. Within each grain,
multiple inclusions were probed via Raman spectroscopy to investigate the contents of each
inclusion. Depth measurements were performed by varying sampling coordinates along the Z-
axis to confirm that the observed signals originate from the inclusions themselves, rather than the
regions above or below it. Similarly, blank spectra were collected from the grain surface to
further corroborate the origin of the observed Raman scattering bands.

2.2 Host Material Characterization

All salts in this study used for characterization or thermophysical property measurement were
stored and prepped for analysis in an inert atmosphere glovebox (nominal H>O ~ 1 ppm; O»- 1
ppm). Where possible, salts were transported to the site of analysis using a vacuum sample
transfer vessel.

221 Melting Point

Two methods were used to determine the melting point of as received and purified salts. Each
method has its strengths and limitations, thus the aim was to reduce potential bias from either
and to verify they converged on a singular value, within uncertainty of each method.

2211 Thermomechanical Analysis (TMA)

Powdered salt was weighed into 0.25 g samples. Each sample was pressed into a green compact
using a 6 mm die and mechanical Carver hand press. The samples were loaded into a crucible
and plunger set. The assembled sample container was loaded into a small vacuum sealed
container and transported to the TMA. The TMA instrument is on a benchtop and does not have
a method of controlling the atmosphere while the sample is loaded. Therefore, the sample was
quickly removed from the small vacuum sealed container, loaded into the TMA, and placed
under an argon atmosphere to prevent gross oxygen and water contamination of the sample.

Experimental Approach 4
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The melting point determination for the salts and temperature calibration metals were done using
the technique given by ASTM E1363-23. Salt melting points used a force of 25 mN for these
determinations and for the metals a force of 50 mN was used.

The temperature measurement was taken by a thermocouple that was placed close to the outer
wall of the crucible without touching the crucible (<2 mm). A temperature calibration was built
using 99.999% pure metal sample supplied by NETZSCH for this purpose. The regression
calibration used In, Pb, Sn, Ag, Bi, and Al, with all metals weighted as 1 except indium weighted
as 10 by software default. The 95% confidence single-point prediction band estimates the
temperature measurement error as about +3.8°C at the most.

The temperature program for each of the salts measured used a ramp rate of 10 K/min. The
temperature was ramped up to 900 °C for both KCl and NaCl. Then the temperature was cycled
between the maximum temperature and about 100°C below the melting point for a total of 4
ramp and cool cycles. Before initiating temperature ramps the furnace was evacuated and filled
with ultra-high purity argon passed through an additional oxygen and water getter. The sample
crucible was placed on a flat alumina pushrod that controlled the applied force on the sample at
25 mN for the full duration of the measurement. The upper anvil was an alumina wedge that
contacted the top of the plunger.

2.21.2 Differential Thermal Analysis (DTA)

Powdered salt was weighed into ~20 mg samples. Silver crucibles were used as the sample
holders and the baseline. The crucibles were loaded into a NETZSCH simultaneous thermal
analyzer (STA) equipped with the DTA sensor with protected thermocouple sample carrier. The
temperature program consisted of 7 segments. All segments had a ramp rate of 10 °C/min and 5-
minute dwell when the target temperature was reached. Segments cycled between 715 °C to
850°C to capture the melting point onset. Samples were run under argon with a carrier rate of 40
mL/min.

A temperature calibration was performed with In, Zn, and BaCO3. The operating parameters for
the temperature calibration was a ramp through the melting range to 100 °C past the melting
point. The temperature correction was applied in a similar way as described in 2.2.1.1.

2.2.2 Phase Purity

A Bruker D8 X-ray Diffractometer (XRD) (Bruker, Billerica, MA) was used for data acquisition.
Samples were packed into an inert dome holder to prevent water and oxygen adsorption to the
material. Running parameters are listed in Table 1.

Table 1. Operating Parameters for XRD phase purity characterization

Operational Parameters Setting
20 Range 5-90
Step Size (°) 0.02
Step Rate (dpm) 1
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XRD scans were analyzed using DIFFRAC.EVA (Bruker, Billerica, MA) software. For the
purposes of this work only phase identification was needed.

2.3 Purification for Melting Point Analysis

Salts were purchased from several vendors. They ranged in metal basis purity and vendor-
reported water content.

Dehydration and hydrochlorination were performed on both KCl1 and NaCl to remove water,
oxide ions, and hydroxide ions from the salts. Approximately 20 g of salt was loaded in a 100
mL high-purity alumina crucible (AdValue Technology) placed inside a quartz vessel. Quartz
wool (AdValue Technology) was placed on top of the quartz reactor for thermal insulation. A
custom-made Teflon lid was clamped to seal the quartz vessel, and a thermocouple inserted into
the quartz vessel was used to monitor the temperature inside the vessel. An alumina tube was
inserted into the reactor to introduce ultra-high-purity (UHP) Ar and/or anhydrous HCI gas.

The vessel was connected to a vacuum pump and heated to 200 °C at a rate of 250 °C/h and held
for an hour to remove moisture. A dry ice trap was used to protect the vacuum pump from
moisture. After one hour, the vacuum was disconnected and replaced with UHP Ar gas flowing
at 50 mL/min. The temperature was further increased to the melting point, and the UHP Ar gas
flow was increased to 90 mL/min. It was heated up to 770 °C and 900 °C for KCl and NacCl,
respectively. Then the 100% HCI gas was flowed at 40-70mL/min mixed with 90 mL/min UHP
Ar for up to 2 h. During the hydrochlorination step of the salt purification process, the effluent
gas coming out of the quartz reactor was bubbled into a titration cell connected to a TitroLine
7000 auto titrator running in pH state mode (pH=10) using 0.1M NaOH (Fisher Scientific,
>97%) as the titrant. The function of the auto titrator was to indicate the time at which there was
no net HCI gas consumption. Once the impurities were removed, the furnace was allowed to cool
to room temperature while UHP Ar was flowed into the vessel at a rate of 50 mL/min. The flow
rate was controlled using a rotameter (Omega).

A vacuum oven was used to dry approximately 2 g aliquots of NaCl and KCI. Two temperature
profiles were used. First, each 2 g batch was brought to an isothermal hold of 8 hours at 100 °C.
After the first hold, the samples were removed from the oven and approximately 100 grains were
mounted for examination via optical microscopy. After this analysis the remaining salt was again
loaded into the vacuum oven and brought to an isothermal hold for 8 hours at 200 °C. Images
were again taken on a small subset of grains from each salt via optical microscopy.
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3.0 Results and Discussion

The results of the measurements outlined below are anonymized to preclude direct correlation of
a particular salt to a specific manufacturer. It is understood that manufacturers likely spend
significant time and resources developing in-house expertise and processes to synthesize these
materials. Through anonymization, the results presented here address the greater issue of fluid
inclusions while eliminating the possibility of unintended negative consequences for any given
salt manufacturer.

3.1 Determination of Fluid Inclusion Volume

A depth profile was generated from the base of the grain (top of the glass slide) to the top of the
grain. Once generated, the grain was manually traced to calculate the volume and surface area.
The depth profile for NaCl-1 Grain 1 was taken in height increments of one micron which were
used when determining the height of analyzed fluid inclusions (e.g., Fig. 1).

Lens: E500:X500

Figure 1. Photomicrograph of NaCl-1 Grain 1 viewed under transmitted light. Fluid inclusions
are evidenced by the numerous rectangular objects containing spherical gas bubbles.

Fluid inclusions observed in both NaCl and KCI exhibited a cubic morphology generally
identical to the crystal system of their host crystals (Fig. 2). This is a common characteristic
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resulting from processes occurring at the crystal growth front during precipitation (Hurai et al.,
2015). Most inclusions also contained a gas bubble which was used as a diagnostic indicator that
what was being observed was in fact a fluid inclusion. These bubbles are typically formed by the
thermal contraction of the fluid phase upon cooling after entrapment, leaving a void space in
which dissolved gases in the liquid portion can exsolve, filling the void space. The total volumes
calculated by the methods employed here do not account for the volume fraction of the vapor
phase within the inclusions.

Figure 2. Images of manual fluid inclusion segmentation. (a) Outlined fluid inclusion segment
compared to grain. (b) Closeup of fluid inclusion segment. (c) First appearance of fluid inclusion
in image sequence. (d) Last appearance in image sequence.

Manual segmentation was found to be extremely labor intensive (Fig. 2b), with a typical analyst
investing approximately 6-8 hours per grain depending on the number of inclusions present.
Although the results are likely less prone to measurement uncertainty, the required time
investment precludes this technique from being scaled up to a meaningful level.

Results and Discussion 8
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To address this pitfall, an ML approach was developed using well-characterized techniques.
Once the workflow was established, the characterization of a single grain was reduced to
approximately a few seconds. Nevertheless, the ML results described below should be viewed as
preliminary; however, the workflow developed here does provide a foundation upon which
future work can be built.

A ML-model was developed to segment a set of salt grains. It was also used to determine the
total volume of the two-phase fluid inclusions in the grains. Qualitatively it performs well,
segmenting nearly all visible two-phase inclusions (Fig. 3). Some expansion of the inclusions’
segmentations is visible, which is hypothesized to be due to up- and down-scaling of the images.
Overall, the ML method tended to underestimate the inclusion volume compared to the hand
segmentation. The model had difficulty detecting inclusion borders near the top and bottom of
the inclusion, when they are very blurry. Another source of error for the model is the
downscaling and upscaling of the images. When segmented at lower resolution, large pixels
might be unable to correctly represent the inclusion boundary.

Figure 3. ML-derived segmentation from KCI (left) and NaCl (right).

Dice score was used to determine the performance of our model. This is a common metric used
in ML image segmentation. After training, the model Dice scores on the training and validation
sets are 0.793 and 0.760, respectively. Visually, segmentation accuracy was good, with some
expansion of inclusions into nearby regions.

The results of hand versus ML-derived volumes are presented in Table 2. A limited subset of
grains were analyzed by hand due to the time intensive nature of their derivation. However, for
those grains where inclusion-host grain pairs exist for the two methods, the results between them
generally agree. It is important to note the uncertainties associated with each method were not
determined, thus at this time their statistical correlation is uncertain. Variability does exist within
a single salt set, ranging between a factor of 2-10. This is consistent with qualitative observations
that within a particular salt, not every grain contains an equal number of fluid inclusions.

Results and Discussion 9
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Table 2. Results of calculated fluid inclusion volumes and volume fraction.

ML Model Hand

Volume Total Volume Segmented Total Volume

Salt (um3) Fraction (%) Volume (um?3) Fraction (%)
NaCl-1 Grain 1 67164.9 0.65 177111.9 1.71
NaCl-1 Grain 2 9736.7 1.79 6006.4 1.10
NaCl-2 Grain 1 13928.3 0.05 N/A N/A
NaCl-2 Grain 2 6762.6 0.02 N/A N/A
NaCl-2 Grain 3 9911.7 0.02 N/A N/A
KCI-1 Grain 1 1735.3 0.11 N/A N/A
KCI-1 Grain 2 35188.9 1.00 61431.5 1.70
KCI-1 Grain 3 14022.9 0.13 53382.4 0.50
KCI-2 Grain 1 29164.8 0.09 N/A N/A
KCI-2 Grain 2 4826.8 0.04 N/A N/A
KCI-2 Grain 3 5149.1 0.11 N/A N/A

The volume of water calculated (as volume fraction) regardless of the method may have
significant implications for the evaluation of thermophysical properties. For example, for NaCl-1
Grain 2, both methods suggest that NaCl-1 Grain 2 contains between 1.10 and 1.79 vol % water.
This is a significant contributor to the total impurities potentially present in a salt sample. This
will likely become a greater issue for reactor scale-up. For example, in an unpurified 50:50
mixture (by weight) of NaCI-KCl, our results suggest that for every kg of that mixture, one might
expect approximately 4.8 g of water to be present (at ~1 vol% water).

3.2 Identification of Fluid Inclusion Chemistry

We developed a micro-Raman spectroscopy capability at PNNL to verify that the contents within
the identified fluid inclusions were in fact water; Raman spectroscopy is commonly used in the
geosciences for this purpose. Individual grains were selected from the bulk NaCl and KC1
materials for investigation via Raman vibrational spectroscopy. Raman data were collected from
multiple inclusions within each grain using a 488 nm class 3B incident laser and a Renishaw
inVia Raman microscope. Initial attempts focused on using grains that were mounted in epoxy
on thin sections. However, difficulties detecting Raman scattering from this sample
configuration were encountered. We chose instead to mount full grains onto glass slides using
two-sided tape. The first sample to be investigated using this sample configuration was NaCl-1,
which featured relatively large inclusions (shortest edge generally ca. 10 um) that were facile to
measure and allowed for straightforward optimization of the collection parameters.

3.21 Micro Raman Analysis of NaCl-1 Fluid Inclusions

Raman scattering spectra were collected from NaCl-1 at four locations, including three
inclusions, across a broad spectral region (30—5500 cm™) to identify any and all scattering

Results and Discussion
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signals present (Fig. 4). NaCl adopts a high-symmetry centrosymmetric cubic fluorite structure
and therefore does not possess any Raman-active vibrational modes under normal conditions.
Any Raman signals detected here therefore stem from crystallographic defects or impurities.
Data collected from all four measurement locations feature a broad, elevated baseline consistent
with background sample fluorescence under excitation at 488 nm (Fig. 4). As NaCl is also not
expected to fluoresce, the elevated baseline is likely due either to trace impurities or to the
tape/adhesive used to immobilize the sample. The latter is further supported by the presence of a
minor Raman band at ca. 2900 cm’!; signals in this region are typically associated with organic
C—H vibrations that would be expected from such adhesives (Fig. 4).

The elevated baseline and broad peak at ca. 2900 cm™! are the only signals present at the surface
of the grain, far from any inclusions (Fig. 4). In contrast, all three inclusions additionally contain
a broad signal at ca. 3400 cm™!. This spectral feature is consistent with the presence of water
within these three two-phase inclusions.
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Figure 4: Extended-range Raman scattering spectra collected from various locations, both on the
surface and centered on three NaCl-1 inclusions.

Higher resolution data were collected within a narrow region centered at ca. 3400 cm! to further
interrogate these water-associated features (Fig. 5). This higher quality data enabled Gaussian
peak deconvolution of these bands into four components. Similar multicomponent scattering
signals have previously been observed from concentrated aqueous solutions of NaCl at room
temperature.
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Figure 5: Water-region Raman scattering spectra collected from various locations, both on the
surface and centered on three NaCl-1 inclusions.

The absence of these signals at the surface of the grain indicates that these features may arise
from the inclusion contents. To confirm this, variable depth Raman measurements were
conducted to track the intensity of these spectral features as the sampling area was moved along
the Z-axis (height) through the inclusion (Fig. 6). Throughout this measurement, the intensity of
the water signal rose then fell, reaching its apex as the sample volume traversed the inclusion.
This provides confirmation that these water-associated signals stem from the contents of the
inclusion itself, rather than the surrounding region.
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Figure 6: Raman depth series data collected from NaCl-1 inclusion 3.

The signals at ca. 2900 cm™! that we previously assigned to organic adhesives consistently

intensified as the sample was raised and the sampling volume neared the tape. This is another
indication that this feature originates from the adhesives of the tape.
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3.2.2 Micro Raman Analysis of KCI-1 Inclusions

Four grains from KCI-1 were selected for analysis and again immobilized on a glass slide using
double-sided tape. In general, inclusions in the KCI-1 samples were larger than those observed in
NaCl-1 (generally longest edge ca. >20 um). Optical images from selected inclusions are shown
in Figure 7. Unlike the other inclusions investigated thus far, two single-phase inclusions were
also targeted for analysis in this case (grain 4, inclusions 2 and 3).

2450 -2400 -2350 2300 -0 0 50

Figure 7. Bright-field optical images (50x magnification objective) of KCI-1 (top left) grain 2
inclusion 1, (top right) grain 3 inclusion 1, (middle left) grain 4 inclusion 1, (middle right) grain
4 inclusion 2, and (bottom) grain 4 inclusion 3.

Wide-region Raman scans (Fig. 8) revealed only the same background fluorescence, plus
adhesive- and water-associated signals previously observed in NaCl-1.
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Figure 8: Extended-range Raman scattering spectra collected from various inclusions within
KCI-1 grains.

Higher-resolution scans of the ca. 3400 cm! region again revealed a four-component water
scattering feature (Fig. 9) in all but two of the investigated inclusions. Interestingly, neither of
the two single-phase inclusions selected from grain 4 (Fig. 9, inclusions 2 and 3, purple and gold
traces) displayed any signals aside from background fluorescence. This indicates that no water
was present within these inclusions, a possible sign of decrepitation.
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Figure 9: Water-region Raman scattering spectra collected from various inclusions within KCI-1
grains.
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Identical variable-depth Raman measurements were conducted on KCI-1 grain 2 inclusion 1
(Fig. 10) and revealed similar behavior to NaCl-1 grain 3 (Fig. 6). The intensity of the water-
associated scattering feature in the KCl sample rose and fell commensurately with proximity to
the inclusion depth. These results confirm that this 4-component scattering feature again
originated from the contents of the inclusion.
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Figure 10: (top) Raman scattering depth series data collected from KCI-1 grain 2 inclusion 1 and
(bottom) optical image of KCI-1 grain 2 inclusion 1 at 50x magnification.

3.3 Salt Purification

Vacuum drying in an inert oven is a common method to dehydrate salts prior to analysis. It was
hypothesized that this may be an effective method in which to destroy fluid inclusions. In natural
minerals however, fluid inclusions have been observed in minerals that have been subjected to
temperatures and pressures reaching 10 kb and 1000 °C (van der Kerkhof et al., 2014).
Obviously, the main differences between natural minerals the salts considered here are the rates
and duration at which they are subjected to these conditions. Nonetheless, if the rate of
expansion of the fluid within an inclusion upon heating surpasses the elastic modulus of the host
mineral, then it could produce a fracture from which the entrapped fluid can escape. It is
reasonable to think this process may occur during rapid heating in a vacuum oven, hence the
justification to test this hypothesis.

KCl NaCl

100 C

200C

Figure 11. Photomicrographs showing fluid inclusions after drying by vacuum oven.
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No observable change in the number or state of fluid inclusions was detected in salts subjected to
vacuum oven drying (Fig. 11). The inclusions persisted after being subjected to a total of 16
hours of elevated temperatures, first at 100 °C for 8 hours then 200 °C for an additional 8 hours.
Due to this, an alternative method was needed to purify the salts prior to evaluation of melting
point.

Hydrochlorination of salt in the molten state was investigated as a potential method to destroy
fluid inclusions. Simply melting the salt would destroy the fluid inclusions, but the release of
water upon melting likely creates oxides and hydroxides. Thus, it was hypothesized this method
would address both these issues.

Real-time monitoring of the hydrochlorination was used to determine how long to run the
chlorination. Figure 12 (a) and 12 (b) give the titration plots for the hydrochlorination of KCI and
NaCl, respectively. Initially, the feed HCI] gas was bypassed around the quartz vessel, directly
into the auto-titrator cell. This established the input rate of HCI gas flow (red lines in Figure 12).
Then the feed gas was introduced into the vessel to react with impurities in the salt. The reaction
of HCI gas with impurities decreases the rate of HCI flowing out in the effluent gas (green lines
in Figure 12). The expected reactions are given below (Eq. 2 and Eq. 3).

HCl+ 0%~ - H,0 + 2Cl~ (2)
HCl+ OH™ - H,0 + Cl™ (3)

When the HCI stops reacting with impurities, its flow rate in the effluent stream should be
similar to its flow rate in the feed stream (blue lines in Figure 12). Fig 12 (a) shows the slope
(0.06803 mL/min) returning to its initial value (0.06336 mL/min) after about 7 minutes, whereas
it took around 4 minutes for the slope (0.14236 mL/min) to return to its initial value (0.16519
mL/min). The difference in the initial values of the flow rates of KCI and NaCl is due to
controlling the flow meter for HCI gas.

After purification, aliquots of the salts were interrogated for the presence of fluid inclusions via
optical microscopy (Fig. 12 ¢ and d). No fluid inclusions were observed. The crystalline material
exhibited high optical clarity making it difficult to observe any internal features. This added
confidence to the efficacy of the method.
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Figure 12. Titration profile for KCI (a) and NaCl (b). Photomicrographs of single grains of
purified KCI (c¢) and NaCl (d) by hydrochlorination. No fluid inclusions were identified under
transmitted light.

To confirm the phase purity of the hydrochlorinated salts, x-ray diffraction patterns of an aliquot
of each salt were collected. The diffractograms in Figure 13 suggest the samples exhibit high
phase purity, at least within the sensitivity of the method to detect impurities. Although not the
focus of the micro-Raman analysis, collected spectra on the purified NaCl-2 sample corroborates
the XRD results. Because of this, confidence was high that measured thermophysical properties
(e.g., melting point) from these samples would be representative of the fundamental value.
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Figure 13. XRD scans of purified NaCl-2 (top) and KCI-1 (bottom) with hkl lines for peak
identification in orange.

3.4 Determination of Melting Point
To assess the potential effects of fluid inclusions on thermophysical properties and to determine

the efficacy of the hydrochlorination purification method, melting point was measured by
differential thermal analysis (DTA) and thermomechanical analysis (TMA). This physical
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property was chosen due to the relative ease of measuring and its hypothesized sensitivity to
water contents.

The results of the melting point analysis for DTA are shown in Figure 14. Four samples were
measured, two sodium chlorides and two potassium chlorides, each as a non-purified and
purified pair from the same stock salt. Melting is an endothermic process and is evidenced in the
DTA curve by the sharp drop in the signal (Fig. 14). For simplicity the TGA mass curves are not
shown in Figure 14, but it should be noted only a slight mass loss was detected at initial melt
onset. Future work will investigate if this is related to mass loss due to liberation of water
contained within the inclusions or some other source.
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Figure 14. Melting point determined by DTA for a) NaCl-2, b) NaCl-2 Purified, c) KCI-1, and d)
KCI-1 Purified. Multiple melting points annotated in the top panel but apply to all panels.

Results of melting point temperature derived by TMA are shown in Figure 15. Only two samples
could be run due to time constraints, NaCl-1 and NaCl-2 purified. Additionally, the limited on-
hand supply of NaCl-1 precluded it from being purified via hydrochlorination. The volume
change associated with phase change from solid to liquid manifests as a sharp drop in the dL/Lo
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signal in the TMA, where dL/Lo is the unitless ratio between the change in length divided by the
initial length (Fig. 15).
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Figure 15. Melting point determined by TMA for a) NaCl-1 and b) NaCl-2 Purified. Positions in
dL/Lo curve (red) showing melting point are annotated.

Results from both methods are tabulated in Table 3. It was hypothesized that the water contained
within the inclusions would only affect the first melting point. After being liberated upon first
melt, the water would be swept away by the argon cover gas. Upon solidification after dropping
below the melting point, the salt would be free of water and thus any subsequent melts would be
representative of the melting point of the pure salt. Based on the DTA results, it does not appear
that the presence of fluid inclusions made a measurable impact to the melting point temperature.
However, the TMA results suggest a different interpretation may be possible. The salt NaCl-1,
which of the sodium chloride salts tested was determined to have the largest volume of fluid
inclusions, does show a 5.3 °C depression in the melting point temperature as measured by
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TMA. However, a similar magnitude depression in the melting point temperature was also
measured for the NaCl-2 Purified salt. Potassium chloride samples KCI-1 and KCI-1 purified
show no statistical difference in the first melt and subsequent melt temperatures. The large
increase in the dL/Lo signal after the first melt is an artifact of the geometry of the sample,
crucible cross-sectional area, volume change upon melting of the salt, and the movement of the
plunger after the thaw/freeze cycle. It does not have to do with different water content between
the first and subsequent melts.

Table 3. Comparison of measured melting points between DTA and TMA, respectively.

First Melt Average Temperature
Temperature of Subsequent Melts Cited Melting Point
Salt (°C) (°C) (°C)

NaCl-1 As Received 807.1; 798.7 807.2; 804.0 800.9 +2.1"
NaCl-2 As Received 806.9; 807.1;

NaCl-2 Purified 803.6; 797.6 803.7; 803.1
KCI-1 As Received 775.1; N/A 775.5; N/A 7751 +2.11

KCI-1 Purified 775.7; N/A 774; N/A

!(Janz et al., 1975)

More work is needed to better understand the implication of the melting point results. Currently,
it is unclear if the observed depression is related to the presence of fluid inclusions. For the TMA
results, it is possible the apparent depression in measured melting point is an artifact of the
measurement technique, but the system was carefully calibrated before analysis. Another
possibility relates to the total mass of the salts measured versus the sensitivity of the techniques
used. For example, using a nominal density 1.0 g/cm?® for the water within the inclusions, a
nominal density of 2.16 g/cm? for NaCl at room temperature, a 0.25 g sample aliquot, and the
calculated total volume of water for NaCl-1 Grain 1 of 1.71 vol % (highest estimate), the total
mass of water in the sample is approximately 2 mg. It is possible this mass of water does not
affect the melting point to a degree that is resolvable by the DTA or TMA. A simple test would
be to increase the mass of sample used in each method to find the threshold mass needed to
produce a measurable result.

Results and Discussion

21



PNNL-38394

4.0 Conclusions

This work presents for the first time a detailed and targeted study of fluid inclusions in synthetic
alkali chloride salts for the purpose of molten salt research. Number, size and total volume of
inclusions vary both grain-to-grain and across manufacturers, suggesting differing synthetic
process pathways. Observable inclusions typically exist as two-phase inclusions consisting of
both a liquid and gas phase. Long-axis XY dimensions typically range between ~3-15 ym. Two
methods were developed to determine the volume of the inclusions, a manual method requiring
direct human determination and a supervised-ML technique. Preliminary results suggest the salts
investigated contain ~0.02-1.7 volume percent water as fluid inclusions.

A new capability at PNNL was developed utilizing micro-Raman spectroscopy to non-
destructively measure the contents of inclusions, or more generally features below the surface of
the material in which it is hosted. Comparisons between purified salts and regions observed to be
inclusion free differ in the measured Raman spectra from those of zones targeting fluid
inclusions. Inclusions were verified to contain water evidenced by broad Raman spectral features
centered around ca. 3400 cm™!. Depth profiles starting above the target inclusion, moving down
into the inclusion, and finally below the inclusion show a commensurate increase then decrease
in the measured intensity of the spectral feature associated with water near ca. 3400 cm™.

Two purification methods were employed in the attempt to rid the host salt of their fluid
inclusions. Vacuum drying at 100 and 200 °C for a duration of 8 hours was found to be
inadequate at removing fluid inclusions. Hydrochlorination was used to successfully remove the
fluid inclusions.

Melting point data were collected for pre- and post-hydrochlorinated sodium and potassium
chloride salts, i.e., inclusion-bearing and inclusion-free. The results are mixed between the two
methods, with data derived by TMA suggesting there is a ca. 5 °C depression in NaCl salts
containing fluid inclusions vs inclusion free salt. However, a similar trend was observed in
purified salts, thus currently more work is needed to delineate this discrepancy.

It is recommended that any salt purchased from commercial vendors be interrogated for the
existence of fluid inclusions. They provide a significant unwanted source of water, which may
lead to compromised and misleading thermophysical data, increased corrosion of container
materials, and corrosion products in the salt. The hydrochlorination method was found to
eliminate fluid inclusions from the salt. Similar purification methods should be developed and
implemented for fluoride salts.
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