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Approach to Using 3D Laser-Induced Breakdown Spectroscopy
(LIBS) Data to Explore the Interaction of FLiNaK and FLiBe Molten
Salts with Nuclear-Grade Graphite

Kristian G. Myhre,* Hunter B. Andrews,* Dino Sulejmanovic, Cristian I. Contescu, James R. Keiser,
and Nidia C. Gallego*

Nuclear graphite has historically been a key component of many nuclear reactor designs and has emerged as key to
numerous advanced nuclear reactor design concepts. Molten salt reactors (MSRs) are one broad group of advanced reactor
designs currently being pursued by industry for commercialization. Several MSR designs under consideration use graphitic
materials that directly interface with a molten salt, whether it is a fuel salt, coolant salt, or both. Therefore, the interaction
of graphite materials with molten salts must be understood. To gain this required understanding, a range of data is needed
including porosity, strength, and composition as a function of different salt exposure parameters. A laser-induced
breakdown spectroscopy (LIBS) measurement and data analysis methodology was developed to obtain spatially resolved
elemental composition information for graphite samples exposed to a molten fluoride salt. Traditional univariate emission
line analysis of atomic, ionic, and molecular optical emission signals was coupled via correlation analysis with spectral
decomposition of the data using principal component analysis. Elemental depth profiling and elemental mapping were also
performed to visualize salt—graphite interactions. LIBS was demonstrated to be useful for measuring key analytes such as
fluorine and hydrogen, which are troublesome for other analysis techniques. Evidence for complex behavior was found,

thereby demonstrating the usefulness of the developed approach for future systematic studies.

l. Introduction

Molten salts are receiving an increased level of interest for use
in advanced nuclear reactor concepts. A growing number of
private companies around the world are actively pursuing the
commercialization of molten salt reactor (MSR) concepts, which
use molten salts as coolants, fissile fuel carriers, or both. A
thorough understanding of how materials interact with the
molten salts of interest is key to bringing MSR technologies to
market. The material—-salt interactions must be understood as
they relate to the safety basis of a specific MSR design. This
includes, but is not necessarily limited to, issues such as source
term (e.g., tritium and fission product transport) and behavior
under accident scenarios (e.g., production of reactive gases
when inadequately cooled). In addition to licensing, the
economic viability of MSRs is crucial to their commercial
success. One of several ways to improve the economic viability
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of MSRs is to increase their useful lifetime, which is largely
driven by the lifetime of materials and frequency of repairs.
Graphite is being considered for use in many MSR designs
because it can serve as a neutron moderator and is chemically
resistant toward many molten salts, especially fluoride salts.
From 1965 to 1969, the Molten Salt Reactor Experiment at Oak
Ridge National Laboratory (ORNL) demonstrated that graphite
could successfully be used in a molten fluoride salt reactor
system.! Graphite was selected for the experiment because of its
low wettability and higher resistance to corrosion compared to
known metal alloys for the fluoride salts of interest, which were
7LiF-BeF2—ZrF4—UF4 as the fuel salt and 7LiF-BeF2 eutectic as
the coolant salt.! Today, graphite still receives serious
consideration for use in advanced MSR designs being developed
by industry that use fluoride-containing salts. The interaction of
graphite with molten fluoride salts is therefore of high interest.
Laser-induced breakdown spectroscopy (LIBS) was identified
as a useful technique for providing spatially resolved chemical
composition data for graphite samples exposed to molten fluoride
salts. In recent years, many studies have detailed the use of LIBS
for elemental depth profiling and mapping.228 The reader is
pointed toward a recent review by Jolivet et al. for more thorough
exposition of published LIBS imaging studies.?? The LIBS technique
involves irradiation of a sample with an intense, focused beam of
light from a pulsed laser source. The power density achieved is
typically in excess of 10 GW cm™2, high enough to induce localized
optical breakdown of the target material thereby resulting in the
formation of a plasma. Excited species in the plasma, mostly
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neutral and ionic atomic species, de-excite and produce an optical
emission spectrum characteristic of the sample’s composition.
Molecular emission lines, almost always from diatomics, may also
be observed depending on the experimental parameters as well
as sample composition and properties.

This study aimed to investigate the use of LIBS for exploring the
interaction of molten FLiNaK (47:11:42 LiF:NaF:KF) and FLiBe (2:1
LiF:BeF,) salts with graphite and to develop a data analysis
methodology for future salt—graphite interaction studies.® A
significant benefit of using LIBS for these studies was the ability to
maintain an inert atmosphere, which prevents moisture and oxygen
absorption. Standard emission line intensity analysis and an
unsupervised learning approach to data analysis (i.e., principal
component analysis [PCA]) were explored, separately and in
combination, for evaluating the collected LIBS data.

Il. Experimental
Sample Production

Commercially available graphite materials were purchased and
machined into parallelepipeds with dimensions of roughly 12.7
x 12.7 x 25 mm. A set of graphite samples were exposed to
molten FLiNaK using a custom-built molten salt intrusion
system, for which the design and operation is discussed in detail
elsewhere.?® Briefly, the molten salt intrusion system was
designed to enable tests following the guidance provided in the
ASTM D8091-16 procedure addressing impregnation of
graphite with molten salt. All graphite samples were air-dried at
110°C for 2 h and then heated to 1,200°C for 12 h under vacuum
before the intrusion experiments. The intrusion system is
capable of operating under temperatures up to 750°C and
pressures up to 10 bar. Argon was used as a cover gas to
maintain a specified pressure. The intrusion system enables
samples to be immersed in a molten FLiNaK bath and
withdrawn prior to cooling to avoid freezing the salt around the
samples. The first set of samples analysed in this study were

Table 1. Characteristics of various graphite samples investigated.

exposed to molten FLiNaK at 750°C and 7.9 bar for 12 h.?° An
additional set of graphite samples was exposed to molten FLiBe
at 750°C for 1,000 h in static capsule tests. These initial tests
required less Be bearing salts to mitigate health and safety
concerns while providing information on the compatibility of
FLiBe and alloy materials for future system construction.
Additional information on the graphite samples investigated is
listed in Table 1. For the remainder of this paper, FLiNaK and
FLiBe exposed samples have a K or B prefix, respectively.

Laser-Induced Breakdown Spectroscopy Measurements

The samples that were not exposed to molten salts were
maintained in an inert atmosphere only during measurements.
The samples exposed to FLiNaK or FLiBe were maintained in an
inert atmosphere throughout the entirety of the
measurements. This was key to limiting any impurities from
reaction with or absorption of atmospheric water or oxygen due
to the hydroscopic nature of the residual salts. The exposed
samples were loaded into the sealable sample holder (Figure 1)
under an argon gas atmosphere within an inert glove box. A
block of acrylic was machined with rectangular slots to maintain
the samples at the correct distance and facilitate greater
repeatability. The loaded sample chamber was then sealed to
maintain the integrity of the samples and removed from the
inert atmosphere glove box to be loaded into the LIBS
instrument chamber. Once mounted onto the three-axis
translation stage by set screws, the inlet and outlet gas
connections were made. The inlet was connected to a helium
compressed gas cylinder. A flow rate of 0.1 L min~* of helium
was used even when no measurements were being performed.
The outlet was connected to a JSL series JetStream HEPA filter
system from Quatro Air Technologies. LIBS
measurements were performed using a J200-ns LIBS instrument
from Applied Spectra. The system included an Nd:YAG laser
operating at the fourth harmonic wavelength of 266 nm. The
laser energy was 16.4 + 0.32 mJ. The beam diameter on the
sample was 200 pm. The fluence and power density were

vacuum

Sample Graphite Grade | Grain Size BuII.< Skele'Fon Open pores | Closed pores | Total pores Porosity Por.e opening
Tag density density volume volume volume diameter
um gcm3 gcm3 cm3g? cm3g? cmig? % pum
K1 NBG-18 1600 1.86 2.02 0.044 0.048 0.092 17 12
o K2 PCEA 800 1.77 2.00 0.065 0.054 0.119 21 64
2 K3 1G-110 10 1.76 2.05 0.079 0.041 0.12 21 3.9
E K4 NBG-25 60 1.81 2.07 0.068 0.038 0.105 19 5.1
K5 2114 13 1.81 2.08 0.071 0.034 0.105 19 3.5
K6 ETU-10 15 1.74 2.10 0.098 0.031 0.129 22 3.6
Bl ZXF-5Q 1 1.80 2.12 0.083 0.026 0.109 20 0.5
B2 AXF-GQ 5 1.73 2.10 0.102 0.030 0.131 23 0.9
B3 ™ 10 1.73 2.10 0.102 0.030 0.132 23 2
2 K1 NBG-25 60 1.81 2.07 0.068 0.038 0.105 19 5.1
E B5 1G-110 10 1.76 2.05 0.079 0.041 0.12 21 3.9
B6 PCEA Il 800 1.77 2.00 0.065 0.054 0.119 21 64
B7 PCEA 800 1.77 2.00 0.065 0.054 0.119 21 64
B8 2114 13 1.81 2.08 0.071 0.034 0.105 19 3.5
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Gas out

Chamber door

Figure 1. Sealed sample chamber used to maintain an inert
atmosphere of either argon or helium during storage and
measurements. The sample chamber has two gas connectors,
an inlet, and an outlet that allow for gas to be flowed through
the chamber.

therefore 52.2 J cm™ and 13.1 GW cm™, respectively. A
repetition rate of 10 Hz was used for the laser during the
measurements. The laser was fired orthogonally onto the
sample surface through the sample chamber window and the
light was collected using a collimating lens at approximately a
30°angle from the laser path. An example picture of a graphite
sample’s surface before and after LIBS analysis is shown in
Figure S1 of the Supporting Information.

Data Analysis and Visualization

Analysis of the collected data was performed using a
combination of commercial software packages as well as
custom scripts written in Python 3.6.2. Initial data analysis was
performed using Clarity version 18.00212 from Applied Spectra.
The scikit-learn 0.23.2 Python library was used to perform
PCA.3° The results from emission line analysis and PCA were
visualized using the Plotly Python library.3! The hyperspectral
data were randomly split into equal partitions to form training
and test data The Pearson correlation coefficient (PCC) was
used for correlation analysis.3? Positive PCC values indicate that
the two variables being compared have a positive linear
correlation. Negative PCC values indicate that the two variables
being compared have a negative linear correlation. The linear
correlation between two variables is categorized as small,
medium, or large if the magnitude (absolute value) of the PCC
value is between 0.1 and 0.3, 0.3 and 0.5, or 0.5 and 1.0,
respectively. Note, a PCC value magnitude greater than 1 is not

This journal is © The Royal Society of Chemistry 20xx
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possible. A PCC value magnitude less than 0.1 is categorized as
having no linear correlation.

Ill. Results and Discussion
Determination of LIBS Measurement Parameters

LIBS measurement parameters should be selected with the
specific analytes of interest in mind. A high priority for these
measurements was the detection of fluorine. The signal-to-
noise ratio for fluorine was therefore used to optimize the LIBS
measurement parameters. The detection of fluorine through
measurement of an optical emission spectrum is challenging
compared to many other elements.?13233 The strongest
emission lines for fluorine are in the vacuum-—ultraviolet
spectral region (i.e., below 100 nm), thereby requiring
specialized detectors and measurement conditions such as
vacuum atmospheres.33 The latter must be maintained along
the entire light path from the emission source, in this case the
laser-induced plasma, to the detector. A sealed sample
chamber filled with an inert gas, either argon or helium, was
used in this work to maintain sample integrity. A picture of the
chamber loaded with several samples is given in Figure 1.
Although the atmospheric conditions of the sample chamber
itself can be controlled with the current setup, the entire light
path cannot. The emitted photons must go through the
chamber window, a few centimeters of ambient air, a collection
lens, and a short fiber-optic cable, making meaningful photon
detection in the vacuum-—ultraviolet spectral region not viable.
An alternative is to measure the concentration of fluorine using
molecular emission lines, such as those from CaF, for
guantitative detection in laser-induced plasmas.32 The
molecular emission method requires calcium to be added if not
already present in adequate concentration to produce
meaningful amounts of CaF. The addition of calcium was
determined to be impractical for the type of sample analyzed in
this work because of our desire to perform depth profiling,
which would require calcium be added in a cover gas or
repeatedly to the surface being analyzed. The visible and near-
infrared optical emission lines of fluorine are the third option
and were used for this work for fluorine detection. Several
studies have been published using the visible and near-infrared
emission lines, with the main line being the F | line at 685.6
nm.213233 Helium atmospheres are the preferred choice for
measuring the visible and near-infrared emission lines of F |
when performing measurements under vacuum is not
practical.213233 As noted in previous studies, the delay time is
an important factor for detecting the F | emission lines, with
delay times of less than 1 ps frequently used.?%3233 This is a
shorter delay time than typical for lines from C, Na, Li, and K,
which are the other elements of interest in this study. The
shorter delay time effectively results in measurement of a
higher apparent plasma temperature. The calculated intensities
for major emission lines from relevant species of C, Be, Na, Li, F,
and K as a function of plasma temperature are shown in
Figure 2. An increase in temperature first leads to an increase in
intensity for the neutral species until ionization occurs at a
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significant enough level where the emission intensity decreases.
The F1685.603 nm emission line can be seen to reach maximum
intensity just above a plasma temperature of 1.5 eV, which is
significantly higher than the other elements. This results from
the high electronegativity of fluorine and resulting high
excitation energy.

The signal-to-noise ratio of the F | 685.603 nm emission line
was used in this study to select the delay time and laser pulse
energy. LIBS spectra from 680 to 690 nm of a graphite sample
exposed to molten FLiNaK at various energies (100%, 80%, 60%,
40%, and 20% of the maximum 16.4 mJ) and delay times (0.25,
1, 2, 5, and 10 pus) are shown in Figures S2 and S3 of the
Supplementary Information. The variable energy
measurements were performed with a delay time of 0.25 ps.
The variable delay time measurements were performed with
100% energy. The highest signal-to-noise ratio for the F |
685.603 nm emission line was achieved with a delay time of
0.25 us and laser pulse energy percentage of 100%, as seen in

1:2

Figures S2 and S3 of the Supporting Information. These
parameters were used for all subsequent LIBS measurements.
The same settings were applied to the FLiBe-exposed samples
as well due to Be Il and F | having similar intensity vs
temperature trends.

Hyperspectral imaging data was collected as a function of
depth to produce 3D hyperspectral LIBS data. The x-axis and y-
axis dimensions consisted of a 10 by 10 grid of analysis spots
spaced 250 um apart center-to-center. The z-axis dimension
consisted of 50 laser shots at a given grid position. The depth
per shot was estimated to be ~200 nm based on previous depth
profiling work,3* although future work should more carefully
investigate the ablation rates of graphite samples because they
may be dramatically different from metal samples. The
hyperspectral data was then segmented using one of two data
analysis methods: univariate emission line analysis and PCA.

Cl——CI Be Il

Nal
1.0 4

Relative Intensity

084
0.6
04 -
024

Lil=——F1I

0.0

0.0

3.0

Temperature (eV)

Figure 2. Calculated normalized intensities of select carbon, beryllium, sodium, lithium, fluorine, and potassium emission lines as
a function of plasma temperature (eV) using the Saha-Boltzmann relation. The graph illustrates that higher temperatures (more
energy) are required to produce similar normalized intensities of neutral species for fluorine as compared to sodium, lithium,
potassium, and carbon. Note that the normalized intensities decrease after reaching a maximum due to ionization of neutral

species.

Emission Line Analysis

Emission line analysis involves calculation of the signal for an
observed emission line. The background-corrected emission line
intensities were used as the signal data for univariate analysis. The
integrated peak intensity was calculated using the approach
described in previous work.3>3¢ Briefly, a simple integration of two
spectral regions, an emission line region and a nearby background
region where there are no emission peaks, were calculated for
each spectrum. The background region was then subtracted from
the emission line region. The resulting difference was then divided
by the background region, resulting in the final background-
corrected and normalized signal used for univariate emission line
analysis. The emission lines used for emission line analysis are
listed in Table 2, which provides an abbreviated list of all emission
lines observed. Figure 3 shows example single-shot spectra of

4 | J. Anal. At. Spectrom., 2022, 00, 1-3

frozen FLiNaK salt, an unexposed graphite sample, a graphite
sample after exposure to molten FLiNaK, and a graphite sample
after exposure to molten FLiBe.

Emission lines for neutral and singly ionized carbon species
were observed in all of the LIBS spectra; this was expected
because the sample matrix was graphite. LIBS analysis of
carbon-based materials typically uses longer delay times and
lower fluences than the 0.25 ps delay time and 52.2 J cm™2
fluence used in this work.3738 Observations related to emission
lines from ionized carbon species are not typically reported for
this reason. The spectra measured in this work were taken at
higher apparent plasma temperatures to optimize for detection
of fluorine, as previously mentioned. The plasmas in this work
were observed at high enough temperatures for measurable
amounts of C Il to be produced and excited. Emission lines for

This journal is © The Royal Society of Chemistry 2022
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neutral hydrogen, neutral helium, and neutral oxygen were
observed in both the graphite samples that were and were not
exposed to molten salts. The hydrogen and oxygen were likely
predominately present as residual absorbed water and oxygen.
Helium was used as the cover gas during LIBS measurements
and therefore expected to be observed in every spectrum.
Emission lines for F 1, Li |, Na |, and K | were observed in the LIBS
spectra of the FLiNaK-exposed graphite samples. Emission lines
for F I, Li I, and Be Il were observed in the LIBS spectra of the
FLiBe-exposed graphite samples. No emission lines for ionized
fluorine, lithium, or sodium were observed. A frozen piece of
the FLiNaK used for the intrusion tests was tested to verify peak
identification, peak ratios, and identify impurities. Several
additional fluorine and potassium lines were seen in the salt
sample. Neutral hydrogen and oxygen lines were identified,
confirming the presence of trace moisture in the salt itself.

FLiNaK-Exposed Emission Line Analysis

Correlation analysis was performed to understand the
relationship among the univariate emission signals measured. The
matrix of PCC values for H I, He I, Lil,CI,O1I,FI,Nal, K1, Cll, and
C2 Swan in Sample K1 is shown in Table S1 of the Supporting
Information with results described here. The Lil, FI, Na |, and K |
signals were found to have a large correlation with each other. The
large correlation of FLiNaK salt constituent signals is intuitive. The
H | signal matrix was found to have a large positive correlation to
the O | signal matrix; a small positive correlation to the C Il and
FLiNak salt signal matrices; a small negative correlation to the C2
Swan signal matrix; and no correlation to the He | and C | matrices.
The large positive correlation of the H | and O | signal matrices is
likely due to hydrogen and oxygen being present in the sample as
water. The H | signal had a small positive correlation with the salt
signal matrices, but O | only had a small positive correlation with F
I. These correlations of hydrogen and oxygen with constituents of
FLiNaK are likely due to the absorption of water by the FLiNaK salt,
which is very hygroscopic. Water and oxygen absorption will still
have occurred despite the samples being kept in an inert
environment. The H | is most highly correlated with fluorine- and
potassium-related signals across the FLiNaK-exposed samples.
This may indicate a preferential absorption of water by a

Journal of /Analytical Atomic Spectrometry

partitioned KF phase. The C | and C Il signal matrices were found
to have a high positive correlation, which likely balanced the
formation of both species in plasmas of the same temperature
with the parasitic relationship of C Il formation from C | at higher
plasma temperatures. The He | signal matrix did not have any
consistent large positive correlations; this can be expected
because the He | signal was from the cover gas and not part of the
matrix itself. However, the He | signal had a strong negative
correlation with most of the salt signal matrices. This can be
attributed to a difference in the plasma formation in the presence
of FLiNaK, altering the contribution of He to the plasma
composition. Interestingly, the C2 Swan signal has a small
negative correlation to the He | signal matrix and a small-to-
medium positive correlation to the Lil, Na |, and K | signal matrices.
This relationship indicates that the formation, excitation, or a
combination of formation and excitation of diatomic carbon in the
plasma is related to the presence of FLiNaK. This could be related
to the plasma temperature with the presence of FLiNaK salt
constituents, especially fluorine, requiring more energy for
excitation compared to pure carbon, thereby decreasing the
amount of diatomic carbon destroyed during the laser-induced
plasma formation process. While minor fluctuations were seen,
these results are representative of the entire set of FLiNaK-
exposed graphites.

FLiBe-Exposed Emission Line Analysis

The same correlation analysis was performed for the FLiBe-
exposed samples using relevant lines. The matrix of PCC values
forHI,Hel, Lil,Cl,0OI,Fl,Bell, Cll,and C2 Swan in Sample Bl is
shown in Table S2 of the Supporting Information with results
described here. The He | signal showed large positive correlations
with the O | and C Il signal matrices, but no major trends were
found across all FLiBe-exposed graphites. This indicates the
positive correlations found were spurious. The H | signal showed
varying levels of positive correlations with the O | signal matrices
and low negative correlations to salt signal matrices. Here,
Sample B1 differed from the other FLiBe-exposed samples which
showed small-to-medium positive

Table 2. Abbreviated list of atomic, ionic, and molecular emission lines identified in this work. The emission lines in this table were

used for univariate emission line analysis.

Species Observed wavelength (nm) NIST wavelength*! (nm)
Hl 656.26 656.279
He | 706.667 706.519

. 610.353
Lil 610.333 610.365
Cl 247.818 247.856

777.194

Ol 777.35 777.417
777.539

Fl 685.619 685.603
Nal 588.975 588.995
Kl 766.479 766.49
313.042

Be ll 313.026 313.107
283.672

cl 283.705 283.761
C, Swan 516.435 Ref. 42

This journal is © The Royal Society of Chemistry 20xx
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40 Figure 3. Collected surface spectra of (a) unexposed graphite, (b) FLiNaK-exposed graphite (Sample K1), (c) frozen FLiNaK salt, and
M (d) FLiBe-exposed graphite (Sample B5). All samples were collected under a He cover gas with the same acquisition settings. The
42 laser line at 266 nm was removed from spectra prior to analysis.
43
44 correlations between the H | and salt signal matrices. This may Spectral Dimensionality Reduction with PCA
45 indicate FLiBe is less affected by absorption of water than FLiNaK, PCA, an unsupervised learning approach, was used for spectral
46 though further studies would be required to draw conclusions. decomposition of the LIBS depth profiling data with the goal of
47 The H I signal alsc? showed me.dlum-to-hlgh positive conjrelatlons increasing interpretability through dimensionality reduction.
48 with carbon emissions, particularly the C2 Swan signal. As The goal of PCA is to optimally describe the variance in the
49 expecte-d, the. FLiBe salt constituents shc.)w- large  positive spectral data by projecting the original data onto a new latent
50 correlations with one another. The salt emission peaks show variable space with reduced dimensionality.3® Detailed analysis
51 varying levels of correlation to C I, C Il, and C2 Swan emissions of the first five principal components for PCA was completed for
52 with no clear trends seen throughout the sample set. This lack ¢ iNaK- and FLiBe-exposed samples, respectively
53 of correlation is likely due to the absence of external pressure ’
54 forcing the intrusion of FLiBe salt into the graphite pores. The C  rinak PCA Investigation
55 I, C ll, and C2 Swan signals were all positively correlated, Generally, the first five components, PCA-C1 through PCA-CS,
g? exhibiting the same behavior as the FLiNaK data. were seemingly most appropriate to describe the variability of
58 FLiNaK-exposed graphite data while maintaining a reasonable
59 number of components with physical meaning. PCA-C6 through
60
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PCA-C10 each explain 1.5% or less of the spectral variance.
Although PCA-C6 through PCA-C10 have well-defined spectral
loadings, they do not show any large correlations to the signal
matrices determined through univariate emission line analysis.
Correlation analysis between the 3D univariate emission line
data and the PCA scores was performed to better understand
the meaning behind each PCA component. The resulting PCC
values for Sample K1 are provided in Table 3 and discussed
below.

PCA-C1 explains 81.5% of the spectral variance in Sample
K1’s spectra. The PCA-C1 scores matrix has a large positive
correlation to the Li |, F I, Na |, and K | signal matrices; a small
positive correlation with H I and C2 Swan signal matrices; a small
negative correlation with the C Il signal matrix; and a large
negative correlation with He | and C | signal matrices. The
species that PCA-C1 is positively correlated with are
components of FLiNaK. The PCA-C1 loading vector, shown in
Figure S4 in the Supporting Information, shows positive loading
coefficients for emission lines associated with Li I, F I, Na I, and
K I. PCA-C1 is also positively correlated with the formation of
diatomic carbon species, which may indicate that diatomic
carbon forms more readily with increased FLiNaK content. This
was also indicated during the previously discussed emission
signal correlation analysis. The species that PCA-C1 is negatively
correlated with are related to graphite. PCA-C1 can therefore
be categorized as showing the distribution of FLiNaK wvs.
graphite with the ratio of FLiNaK to graphite, increasing with the
score of PCA-C1.

PCA-C2 explains 7.3% of the spectral variance for Sample K1,
a significant decrease from its predecessor. The PCA-C2 score
matrix has no large correlations with any species. PCA-C2 has
small positive correlations with Lil, O I, Na I, K I, and C2 Swan
signal matrices and low negative correlations with H I, He I, C |,
and C Il signal matrices. Inspection of the loadings for PCA-C2
provides further information. The PCA-C2 loading vector is
negative for carbon species and helium, indicating that PCC
values should be interpreted in reverse. In short, PCA-C2 is a
score of the purity of the graphite.

PCA-C3 explains 4.1% of the spectral variance for Sample K1.
The PCA-C3 score matrix has a small positive correlation to the
F | signal matrix; a small negative correlation tothe H I, C 1, and
Na | signal matrices; and a medium negative correlation to the
He | and C2 Swan signal matrices. The PCA-C3 loading vector
shows negative coefficients for carbon species and the He |
signal. The loadings for other species’ peaks are negative, but
the peak shoulders are given positive coefficients. PCA-C3 is
likely a score of the spectral background due to mostly graphite
concentration. Thus, the majority of spectral variance is
explained by the overall sample concentration (or density).
Future work could measure the total ablated mass in addition
to the LIBS spectrum for each analysed spot to better
understand the nature of PCA-C3. Previous work by Prochazka
et al. 4% exhibited similar matrix effects that were explained by
the first component during PCA of LIBS data of bacteria.

PCA-C4 explains 2.8% of the spectral variance. The PCA-C4
score matrix shows a large positive correlation to the He I signal
matrix; a medium positive correlation to the F | signal matrix;

This journal is © The Royal Society of Chemistry 20xx
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and small positive correlations with C I, O I, and K | signal
matrices. The loading vector shows a positive coefficient for the
He | and F | signals and positive coefficients for the K1 and O |
signal baselines. This leads to PCA-C4 likely accounting for
further background effects.

PCA-C5 explains 1.6% of the spectral variance. The score
matrix shows a large positive correlation to the C2 Swan signal
matrix; a small positive correlation to the C |, F I, and K | signal
matrices; and a small negative correlation to the He |, Li |, and
O | signal matrices. The loading vector shows a positive
coefficient assigned to the carbon molecular band as well as the
K emission peaks. The coefficient for the 610.35 nm Li | line is
negative, and the coefficient for the 670.77 nm Li | line is
positive. This can be interpreted as Li having no major effect on
PCA-C5. Rather, the component seems to focus on the diatomic
carbon and potassium emissions.

The PCA analysis was completed in the same fashion for the
remaining FLiNaK-exposed samples with similar results. The first
three components typically captured the major relationships
pertaining to the salt signal, the graphite signal, and the
background/matrix effects. Moisture relationships were
typically captured in either the salt or graphite principal
components. The latter two components mostly captured
helium, diatomic carbon, or remaining background variance.

FLiBe PCA Investigation

As with the FLiNaK-exposed graphite data, the first five PCA
components generally offer the most useful explanation of the
spectra variance. PCA components beyond five were
investigated but typically explained less than 1.5% of the
spectral variance making their physical explanation less evident.
The resulting PCC values for Sample B1 are provided in Table 4
and discussed below.

PCA-C1 explains 81.3% of Sample B1’s spectral variance. The
PCA-C1 score matrix has a large positive correlation to the H I,
He I, C 1, and C Il signal matrices; a medium positive correlation
to the C2 Swan signal matrix; a small positive correlation to the
O I signal matrix; and small negative correlations to the Li | and
Be Il signal matrices. The PCA-C1 loading vector, shown in Figure
S5 in the Supporting Information, shows negative coefficients
for all emission signals, except for Li I. PCA-C1 is therefore
related to the inverse of the graphite purity. As the salt present
decreases and the carbon peaks become more intense, the PCA-
C1 score decreases.

PCA-C2 explains 6.4% of Sample B1’s spectral variance. PCA-
C2 shows a large positive correlation to Li |, F I, and Be Il signal
matrices; a small negative correlation to the He | signal matrix;
and a medium negative correlation to the H 1 and C2 Swan signal
matrices. The PCA-C2 loading vector shows a positive
coefficient for carbon and salt species and a negative coefficient
for the helium line. The largest weighted signal is that of the Be
Il line. This leads to PCA-C2 being attributed to the signal
variance from salt species. The negative correlation to the C2
Swan emission may indicate that the diatomic carbon emission
is less likely in the presence of FLiBe. This is different from the
behavior observed with FLiNaK, but the difference could also be
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due to FLiBe being only a surface-level contaminant, whereas
FLiNaK samples had intrusion. Another interesting finding is

Table 3. Correlation analysis between the 3D distributions of elements and the principal components from PCA for Sample K1.

vaapr'izi::: HI He | Lil cl ol Fi Na | Kl cll Sx;n
PCA-C1 81.5% 0.15 -0.54 0.95 -0.48 0.01 0.73 0.92 0.91 -0.14 0.21
PCA-C2 7.3% 028 | -024 | 018 | -0.19 0.1 -0.08 | 0.23 011 | -029 | 0.13
PCA-C3 4.1% 023 | -032 | -0.09 0.3 -0.05 025 | 028 | -0.09 | -0.12 | -0.34
PCA-C4 2.8% 0.05 0.64 0.02 0.18 0.2 032 | 006 | 014 | -0.01 | 0.02
PCA-C5 1.6% 0.02 023 | -017 0.18 -0.21 0.1 -0.01 0.23 0.09 0.54

Table 4. Correlation analysis between the 3D distributions of elements and the principal components from PCA for Sample B1.

vaapr'i?::: HI He | Lil cl ol Fi Be ll clil Sﬁ;n
PCA-C1 81.3% 053 | 067 | -028 | 061 [ 029 [ 009 [ -0.19 [ 091 | 041
PCA-C2 6.4% 032 | 015 | 062 | 005 [ 009 | 07 | o8 [ -0.04 | 035
PCA-C3 4.5% 041 | 002 [ 016 | 025 | 014 | 001 | 002 [ 022 | 063
PCA-C4 2.3% 008 | 037 | 054 | 026 | 029 | -037 | 004 | 016 [ 015
PCA-C5 1.5% 046 | 047 | 027 | 008 | -005 | 013 | 008 [ -002 [ 04

that the hydrogen and oxygen emissions are more captured in
the graphite purity component (PCA-C1l) than in the salt
component (PCA-C2). This adds weight to the observation in the
emission peak correlation analysis that FLiBe salts appear less
affected by moisture absorption than FLiNaK.

PCA-C3 explains 4.5% of Sample B1’s spectral variance. PCA-
C3 had a large positive correlation to the C2 Swan emission
signal matrix; a medium positive correlation to H | signal matrix;
and a small positive correlation to Li I, C I, O I, and C Il signal
matrices. The PCA-C3 loadings show negative coefficients for
salt species and positive coefficients for carbon species and the
H | emission signal. This component again shows a correlation
between the H | and C2 Swan band. The H | emission peak is
highly affected by plasma conditions, as the peak is typically
used to determine plasma density. The formation of diatomic
carbon in the plasma depends highly on these conditions; thus,
this component may capture variance in the plasma properties.

PCA-C4 explains 2.3% of Sample B1’s spectral variance. This
component had a small positive correlation to the C 1, C Il, and
C2 Swan signal matrices; a small negative correlation to the O |
signal matrix; a medium negative correlation to the He | and F |
signal matrices; and a large negative correlation to the Li | signal
matrix. Investigation of the loadings show positive coefficients
for most of the spectra; however, the C2 Swan band background
region and the He | peak shoulders have negative coefficients.

PCA-C5 explains 1.5% of Sample B1’s spectral variance. PCA-
C5 shows a medium positive correlation to the H | and C2 Swan
signal matrices; a small positive correlation to the Li | and F |
signal matrices; and a medium negative correlation to the He |
signal. The loading vector shows positive coefficients for all
signals except the He | and Li | peaks. Both PCA-C4 and PCA-C5

8 | J. Anal. At. Spectrom., 2022, 00, 1-3

appear to capture variance in the background signals. This can
be inferred from the loading vectors weighing peak shoulders
and centroids differently and also the broad features in the
loadings. Due to the FLiBe salt being a surface-level
contaminant rather than a penetrated component, there was
likely a larger variance in the background emissions while boring
into the graphite with sequential shots.

As with the FLiNaK samples, most of the FLiBe PCA results
provided similar findings. These components typically could be
attributed to the salt, moisture, graphite, or some combination
of these signals. The latter PCA components were generally
related to background effects or perhaps captured variance in
the plasma properties. The PCA provides an additional factor for
identifying and validating the relationships seen in the emission
peak correlation analysis. These PCA components can also be
mapped over the sample surface or used to build depth profiles
and examine how the overall salt signal varies spatially.
However, in this study, only the emission peak depth profiles
and maps will be discussed, as they are more convenient for
comparing amongst different samples.

Elemental Depth Profiling and Mapping

The values calculated during the emission line analysis were
also investigated as a function of shot penetration. A 10 x 10
shot pattern was used to scan each sample. Each spot was shot
sequentially up to 200 times, but only the first 50 shots were
used. Data collected from shots above 50 showed no significant
salt emission signals. The emission signals as a function of shot
number for the FLiNaK-exposed graphites are shown in Figure
4. Each emission line y-scale was mean-centered and only the
first 25 shots were plotted to better see the salt penetration

This journal is © The Royal Society of Chemistry 2022
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near the surface and compare differences between the graphite
samples.

H | and O | signals are much greater at the surface of the
samples and show a penetration level of approximately five
shots. The F I, Li I, Na I, and K | signal trends match for their
respective samples. This may indicate that the bulk salt
penetration is representative of the FLiNaK salt composition
and that any partitioning, such as a KF component, would exist
on a much lower level. The F | emission signal depth profiles
generally show a lower level of penetration than the other salt
components, although this is likely due to the F | signal being
significantly weaker than the others. The salt species seem to

Atomic Spectrol

Article

show a penetration level around five shots, corresponding to
moisture.

Samples K1 and K2 differ from the other salt penetration
trends, showing significantly higher surface levels and a greater
penetration range. These two graphite grades have larger grain
size, and their pore diameters are quite different from the
others, as detailed in Table 1. This increase in average surface-
level salt concentration can be attributed to those differences.
The apparent increased penetration depth is likely an artifact of
the greater surface levels, rather than a significant difference
from other graphite grades. This is supported by weight gain
during the FLiNaK intrusion tests, which showed Samples K1 and
K2 to have the lowest intrusion volumes.?®

K1 K2 K3 K4 K5 K6
HI 1 01 Fl1
_ T I T T ‘ T i T T T | T T T I ‘
=
'z Lil Nal . KI
a7 =
g
= i
2 7
E — -
& ] T T T 1 T
Cl . Ccl C2 Swan
—T = I & 7 ° I - —F — & 7 [ " I B L S S B S
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Number of Shots Number of Shots Number of Shots

Figure 4. Emission line depth profiles for FLiNaK-exposed graphite samples. The y-scale for each trend has been mean-centered

for better qualitative comparison between samples.

The carbon emission signals increase as salt emission signals
decrease. Interestingly, the salt-to-carbon ratios decrease
appears to be consistent for different salt species for a given
sample. In other words, the Li/C ratio decreases at the same
rate as the Na/C ratio decreases for sample K1. This represents
the ratio change from salt to graphite and shows a consistent
salt composition. The C2 Swan emission signal reaches a
maximum value slightly faster than C I and C Il (~2 vs 4 shots).
This complements the earlier hypothesis that the C2 Swan band
forms much more readily when salt is present, but at the
outermost surface the increased salt levels may mitigate this
behavior. This explanation matches the salt species’ and the C2
Swan band having small-to-medium positive correlations,
rather than large. A slight slope can be seen in most trends
beyond 10 shots; although it is more apparent in the carbon
emission trends, this is likely due to the optical configuration of
the LIBS experiment being altered as the graphite sample
surface was ablated further from the optimal focal point with

This journal is © The Royal Society of Chemistry 20xx

each successive shot. The difference between the C |, C Il, and
C2 Swan emissions may also be related to this changing depth
phenomenon. Future studies could systematically investigate
signal vs shot depth of a more homogonous material to
determine the underlying relations.

While the depth profiles show averaged behavior of the salt
species’ penetration into the graphite, layered 2D maps were also
constructed to examine location-specific behavior. The 2D
emission signal maps of Sample K1 for CI, F1, Lil, Nal, and K I
signals are shown in Figure 5. The first, third, sixth, ninth, and
twelfth shot depth layers are mapped to visualize the decay of
salt species emissions; meanwhile the carbon signal remains
relatively unchanged. Regions can be seen in the maps where the
salt is gathered, likely coincident with a large pore. The Lil and Na
I signals provide the best examination of salt locations within the
graphite sample given their more intense signals. Three hot spots
correspond to salt accumulation. The first hot spot (21.2 mm,
71.4 mm) shows F | intrusion up to six shots and Li | and Na |

J. Anal. At. Spectrom., 2022, 00, 1-3 | 9
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intrusion up to approximately nine shots. The second hot spot’s
signal (22.7 mm, 71.1 mm) for all salt species throughout the 12
shots shown in Figure 5. Additionally, the absence of carbon in
this spot can be seen in the C | maps. The third hot spot (22.7 mm
,71.6 mm) appears to be mostly at the surface, diminishing after
three shots. These maps illustrate that the increased salt species’
penetration seen in the depth profiles shown in Figure 4 is indeed
due to the sample’s increased pore diameter, rather than a
systematic greater level of intrusion.

The same depth profile analysis was performed for the FLiBe-
exposed samples; due to the lack of external pressure applied
during the exposure, no significant penetration trends were
observed. This confirms that the FLiBe-exposed samples in this
study exhibit only surface-level interactions. Future testing will
involve using the salt intrusion system briefly described earlier
with FLiBe salts to better understand graphite—FLiBe interactions.

2D emission signal maps were constructed for the carbon and
salt species’ surface levels on Sample B1 (Figure 6). There are
several notable features in the maps. First, the carbon emission

JAAS

singles are more intense on the left side of the sample and steadily
decrease as the sample is scanned to the right. This could be an
artifact of the sample surface being slightly tilted relative to the
translation-stage plane, or more simply the salt layer on the
sample surface may have been uneven in this sample. This effect
is mitigated in sequential shots, but in the case of the FLiBe-
exposed samples, the surface is of most interest. Second, five cold
spots appear along the diagonal of the sample surface where the
signal from all species is significantly lower. This likely corresponds
to a feature in the graphite surface, such as pits or large pores, that
impacted the ablation process, thereby reducing the signal
relative to other locations. Lastly, the salt accumulation can be
seen in the upper right portion of the sample surface where F |, Li
I, and Be Il levels are the greatest. This is a great example of how
LIBS can provide an elemental map including fluorine and
beryllium levels in an inert environment. This capability is crucial
for molten salt research where inert atmospheres are vital,
impurities have large impacts, and toxic elements are frequently
at use.

ClI
73 11 shot

0.90
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22
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Figure 5. Normalized species’ emission peaks mapped over sampling area for Sample K1. Columns show descending shot layers

into the sample surface.
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Figure 6. Normalized species’ emission peaks mapped over sampling area for Sample B1. No depth analysis was performed due to

exposure tests not applying external pressures.

Conclusions

This study showed LIBS to be a useful tool for exploring the
interaction of molten salts with nuclear-grade graphite. Depth
profiles of H, Li, C, O, F, Na, and K in a graphite matrix were
obtained using univariate analysis of known emission lines for
neutral species. Emission line analysis was also performed for
singly ionized beryllium, carbon, and diatomic carbon (C2
Swan). PCA was used to better understand the interaction of
molten FLiNaK and FLiBe with graphite. Correlation analysis was
performed on the spatially resolved univariate emission signals
and the first five principal component scores from PCA. The
correlation analysis was helpful in interpreting the PCA results,
which revealed a more complex behaviour than originally
expected. 3D distribution of FLiNaK in the porous graphite
matrix was found to be inhomogeneous. Analysis of the 3D
spectral data was found to provide more detailed information
compared to conventional depth profile analysis. The 2D
surface mapping of FLiBe salt on graphite surfaces also
demonstrates the feasibility of extending 3D analysis to future
FLiBe intrusion tests. The results from this study suggest that a
reaction between the FLiNaK and graphite may occur and
involve the partitioning of KF from the bulk FLiNaK, albeit at a
low level. However, the purpose of this study was not to
understand the reactions taking place but rather to develop a
methodology for acquiring and analyzing 3D hyperspectral data
of graphite samples exposed to molten fluoride salts. Future
work will investigate the chemical reactions taking place
through systematic examination with LIBS of a large sample set
of FLiNaK-exposed graphite samples. This large sample set will
likely need to include samples exposed to salts for different
times and at different pressures to identify with certainty those
characteristics belonging to specific graphite grades.
Fortunately, LIBS is very amenable to high throughput testing to
enable these large systematic studies in the future.

A positive correlation between carbon and fluorine signals
was not seen in any FLiNaK- or FLiBe-exposed graphites. If any
carbon—graphite chemical reactions did occur, they were too
minor to be identified with LIBS. Additional techniques, such as
Raman spectroscopy, may also be useful for confirming the
presence of fluorocarbon bonds in the samples. This study has

This journal is © The Royal Society of Chemistry 20xx

laid the foundation for ongoing efforts to systematically study
the interaction of molten salts with materials, such as graphite
and metal alloys. The use of additional approaches to
complement univariate emission analysis and PCA should also
be explored and may even be helpful in revealing new material
behavior(s).
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