Raman spectroscopy of uranium nitride kernels
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ABSTRACT

Uranium nitride is an advanced fuel candidate for a wide variety of advanced nuclear reactors.
This work summarizes the first characterization of UN kernels by Raman spectroscopy. First-
principles density functional theory calculations were performed to predict the Raman spectra of
uranium sesquinitride (UzN3), uranium dinitride (UNz), uranium mononitride (UN), uranium
monocarbide (UC), as well as U-N-C (UN1..C,) and a U-N-C-O mixture. A core—shell structure
was identified by scanning electron microscopy and Raman spectroscopy imaging. A signal at
~500 cm™! was identified on the periphery of the core-shell structure, possibly corresponding to
U2N3 and/or UNa. This signal broadens and shifts to 470 cm™ because of the formation of UNC,
UNCO or UzNsx structures. The culmination of this work demonstrates the feasibility of using

Raman spectroscopy to identify variations in composition and phases in UN kernels.
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1. INTRODUCTION

Uranium mononitride (UN) has been proposed as advanced fuel for space nuclear
propulsion and Generation IV reactors, including small modular and microreactors, because of its
higher melting temperature, better thermal conductivity, and greater fissile density compared with
UOz [1-3]. Some new reactor designs propose the use of UN in the form of coated particle fuel in
which a uranium-bearing kernel (between 250 um and 800 um in diameter) is coated with several

layers of ceramics such as pyrolytic carbon, SiC, or ZrC [4-7].

When used as a particle fuel, UN is fabricated through the use of sol-gel and carbothermic
reduction and nitridation (CTR-N), in which UO; reacts with C under N> atmosphere [8, 9]. A
similar CTR-N process is often used for synthesis of UN feedstock for monolithic pellet fabrication
[10]. Carbothermic reduction and nitridation is a complex process in which composition (e.g., the
amount, type, and distribution of carbon in the kernel), temperature, and atmosphere all interact to
dictate final stoichiometry and density [6, 11]. The effect of microstructure, density, and impurity
levels on UN properties and in-pile performance is not well understood, but differences in these
attributes among historic irradiation data are hypothesized to contribute to the broad scatter in
important behaviors such as fuel swelling and fission gas release [12]. The thermochemistry that
governs the CTR-N process has been studied computationally [13, 14], and limited experimental
studies have sought to inform and validate these models [15, 16]. However, the local
thermodynamic conditions inside a kernel during the CTR-N process are complex, and differences

in batch sizes, kernel geometries, and other factors challenge extrapolation of previous results and



models. Therefore, development of advanced characterization tools capable of evaluating UN
kernel chemistry is important to understand the progression of CTR-N reactions and to track local
variations in phase composition, leading to an improved understanding of the effect of synthesis

and process variables on resultant structure and chemistry.

Raman spectroscopy is a versatile, nondestructive technique capable of measuring a wide
variety of ceramic material properties, including composition, phases, crystal orientation, thermal
conductivity, and residual stress [17—19]. Raman spectroscopy has gained considerable importance
in the characterization of U-bearing compounds because it can identify small variations in
composition and defects [20, 21]. Although this technique has been widely used to characterize U
compounds, including oxides and metalorganics, very limited information exists on using Raman
spectroscopy to characterize other nuclear fuel compounds of interest such as UN [22, 23]. UN is
expected to be Raman nonactive, similar to ZrN, meaning the perfect crystal structure should not
show first-order Raman scattering. However, UN will have defect-induced first- and second-order
scattering modes affected by changes in composition and defect concentrations [24-26]. It is this
diversity in composition and phases, possibly generated during the carbothermic reduction, that
could be exploited for the characterization of UN using Raman spectroscopy, which could be

useful to understand the CTR-N and performance of this fuel.

This work summarizes a first-of-its-kind detailed study of the characterization of UN
particles by Raman spectroscopy. Density functional theory (DFT) modeling was performed to
identify the phonon vibrations and Raman peak locations of the phases UNz, UaN3, U32N24Cs,
U32N28Cas, and U32N24C404. This information was used to identify the phases detected by Raman
spectroscopy. Using Raman spectroscopy imaging, core—shell structures were identified with a

UN center and a UNCO/UNC outer shell.



2. EXPERIMENTAL SECTION

2.1 UN kernel fabrication and characterization

The UN kernels were fabricated following the procedure outlined by Lindemer et al. [11]
with slight modifications. To start, an acid-deficient uranyl nitrate (ADUN) solution was prepared
following a procedure outlined by Haas et al. [27] with slight modifications. Briefly, uranium
sesquioxide (U3Og) powder was slowly digested in concentrated nitric acid to form a saturated
solution. The undissolved solids were allowed to settle, and the clear yellow solution was removed
to be used as the ADUN stock solution. Hexamethylenetetramine (HMTA) and urea were
dissolved in deionized water to create a 3.2 M HMTA/urea solution with equal HMTA and urea
concentrations. Enough of the ADUN and HMTA/urea solutions to form a 1.3 M [U] broth with
an HMTA:U ratio of 1.3 were measured separately in bottles. Enough Raven 5000 C black powder
was added to the HMTA/urea solution to make a C:U ratio of 2.4. Additionally, Tamol SN was
added to disperse the Raven 5000 C. The ADUN and HMTA/urea/C solutions were chilled in an
ice bath for at least an hour. After at least 30 minutes, the HMTA/urea/C solution was sonicated
with a Hielscher UP200S ultrasonic probe for 3 minutes for UNC-S1 or 20 minutes for UNC-S2.
The bottle was remixed and sonicated for an additional 3 minutes or 20 minutes—the same time
periods previously used—before being returned to the ice bath for 30 minutes. The two solutions
were mixed and loaded into a chilled broth pot. The broth was pumped through a needle to form
droplets before dropping into the gelation column with hot silicone oil. The gelled microspheres
were collected in a wire mesh basket and aged in the silicone oil before being removed and drained.

The microspheres were then washed with trichloroethylene to remove the silicone oil and with



aqueous M NH4OH to remove byproducts. The washed microspheres were allowed to dry

overnight and were sieved into separate size fractions.

The air-dried microspheres were loaded into a W crucible designed to work with an Astro
furnace from Thermal Technologies for CTR-N to UN kernels. The system was evacuated and
refilled with ultra-high purity (UHP) Ar. The furnace was heated to 1,800°C by heating to 700°C,
1,400°C, and 1,800°C at 3°C/min, 5°C/min, and 1°C/min, respectively, in flowing UHP Ar. The
furnace was held at temperature for 1 hour before being switched to flowing UHP N for 10 hours.
The furnace was purged with UHP Ar for 30 minutes before being cooled to room temperature at
30°C/min. The densities of UNC-S1 and UNC-S2 were 7.68 g/ml and 12.11 g/ml, respectively.
The UN kernels chosen for characterization are not representative of any specific optimized
fabrication process. Instead, they were selected as being representative of typical phase and
chemistry variations resulting from modifications to the CTR-N process. Scaling processes
developed in the laboratory (i.e., ~100 gram batch yields) similar to those relevant to commercial
fuel fabrication (i.e., kg batch yields) inherently require modifications to sol-gel synthesis
parameters, storage times, furnace conditions, and other factors. Initial attempts are likely to
produce kernels containing multiple phases and varied compositions which could facilitate their

identification using Raman spectroscopy.

The UN kernels were mounted in epoxy resin and polished to the cross section using SiC and
diamond paste down to 0.5 pm. Raman spectroscopy was performed using a Renishaw inVia
Qontor with a 633 nm wavelength laser and a 50 lens. Raman spectroscopy imaging was obtained
using an automated high-speed optically encoded sample stage for XY mapping, and a 1 um step
size with five spectra accumulations for each step. The data were processed using the software

WIiRE 5.5 to obtain peak position and intensity of the signals of interest. Additionally, scanning



electron microscopy (SEM) and electron diffraction spectroscopy were performed using a
TESCAN MIRA3 SEM and a Thermo Fisher Scientific Phenom XL desktop SEM. X-ray
diffraction patterns were obtained using a Bruker D2 Phaser with a Cu Ka source with a
wavelength of 1.5406 °A. NIST 640d silicon powder was added as an internal standard to align

the peak positions followed by alignment of samples without the standard.

2.2 DFT calculations

Uranium sesquinitride (U2N3), uranium dinitride (UNz), uranium mononitride (UN), uranium
monocarbide (UC), U-N-C mixtures (UN.xCy), and a U-N-C-O mixture were studied in the first-
principles plane-wave DFT calculations using the Vienna Ab initio Simulation Package (VASP).
The electron-ion interactions were described by the projector augmented wave method, and the
exchange-correlation interactions were captured by the local density approximation [28]. Atomic
positions and lattice constants for all structures were optimized until the residual forces were below
0.01 eV/A. The cutoff energy was set at 520 eV. To capture the strong on-site Coulomb repulsion
among the localized 5f electrons of uranium atoms, the DFT+U method was adopted using
Dudarev’s rotationally invariant approach with an effective Hubbard parameter (Uefr) of 1.85 eV
[29-31]. A ferromagnetic ordering was assumed on the uranium atoms. For trigonal U;Nj3, a
gamma-centered 12 x 12 x § k-point sampling was used, and the optimized lattice constants were
a=b=3.680 A and ¢ = 5.640 A. For cubic UN>, a gamma-centered 12 x 12 x 12 k-point sampling
was used, and the optimized lattice constants were a =b = ¢ = 5.225 A. For cubic UN, a gamma-
centered 12 x 12 x 12 k-point sampling was used, and the optimized lattice constants were a = b
= ¢ =4.825 A. For cubic UC, a gamma-centered 12 x 12 x 12 k-point sampling was used, and the

optimized lattice constants were a =b = ¢ = 4.883 A. To model the mixed structures between UN



and UC, a 2 x 2 x 2 supercell was built of the cubic UN, and nitrogen was substituted with carbon
atoms. Two supercell structures in the formulas of U3xN2sCs and UzaN24Cs were considered.
Atomic positions and lattice constants were relaxed with a gamma-centered 4 X 4 x 4 k-point
sampling. Furthermore, to reveal the effect of oxygen substitution, a mixture system of

U32N24C404 was evaluated in which carbon and oxygen atoms replace nitrogen atoms.

For each optimized structure, a supercell is required for the calculations of the dynamic matrix
using the finite difference scheme implemented in the Phonopy software [32]. The supercell sizes
along x, y, and z directions are close to or larger than 10 A to avoid spurious interactions between
neighboring cells. Hellmann—Feynman forces in the supercell were computed by VASP for
positive and negative atomic displacements (§ = 0.03 A) and then were used in Phonopy to
construct the dynamic matrix. The diagonalization of the dynamic matrix provides phonon
frequencies and phonon eigenvectors (i.e., vibrations). Raman scattering calculations were then

performed within the Placzek approximation. For the j-th phonon mode, Raman intensity is / «

(le+1)

" lei-R-el |7, where e; and es are the electric polarization vectors of the incident and scattered
J
light, respectively, and R is the Raman tensor of the phonon mode [33]; wj is the frequency of the

Jj-th phonon mode, and n; = (eMwi/kBT — 1)~1 is its Boltzmann distribution function at the given

temperature T = 300 K. The matrix element of the (3 x 3) Raman tensor R of the j-th phonon

mode [33-35] is
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where Yop = (€q4p — 8ap) /4 is the electric polarizability tensor related to the dielectric tensor,
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gqp» 1(W) is the position of the p-th atom along the direction is the derivative of the



polarizability tensor (essentially the dielectric tensor) over the atomic displacement, elj (W
corresponds to the displacement of the p-th atom along the direction [ in the j-th phonon mode
(i.e., the eigenvector of the dynamic matrix), M, is the mass of the p-th atom, and V, is the unit
cell volume. For positive and negative atomic displacements (5 = 0.03 A) in the unit cell, the
dielectric tensors g, were computed using VASP [36] at the experimental laser frequency 1.96
eV (633 nm), and thus their derivatives were obtained via the finite difference scheme [37]. Based
on the phonon frequencies, phonon eigenvectors, and the derivatives of dielectric tensors, Raman

tensor R and the Raman intensity of any phonon mode can be obtained.
3. RESULTS
3.1 Microstructure and Raman spectroscopy

Fig. 1 shows an example of the overall fabricated microstructure of the 800 um UN kernels. The
UNC-S1 kernel (Figs. 1a and 1b) was highly porous, with pore sizes ranging up to 70 um. Higher
magnification micrographs (Fig. 1b) show a microstructure composed of a dense material between
10 um and 20 pm in length, surrounded by porosity. These islands of dense material also appeared
to have center and outer rings with different contrasts and a central pore. Some of these islands
had a dendritic-like structure suggesting a diffusion-limited process. Fig. S1 (in Supplemental
Information) shows the elemental mapping of this kernel, which indicates the presence of not only
uranium, carbon, and nitrogen, but also oxygen. Elemental mappings show localized
concentrations of carbon, oxygen, and possibly nitrogen. However, it would be desirable to have

information on composition and phases present in the fuel to better understand the CTR-N process.



Fig. 1. SEM micrographs of (a, b) UNC-S1 and (c, d) UNC-S2 kernels analyzed.

Similarly, Fig. 1c shows the overall microstructure of the UNC-S2 kernel, which has a visibly
higher density than UNC-S1 given the lower concentration of residual porosity. This can be clearly
seen in Fig. 1d, in which well-interconnected grains between 5 um and 15 pm are observed, with
residual inter- and intra-porosity. Some residual gray areas at the grain boundaries and around
porosity are still detectable (Fig. 1d). The elemental maps in Fig. S2 show that this kernel had a
higher concentration of uranium and nitrogen, some localized regions of carbon, and a lower

concentration of oxygen.



Fig. 2 shows the microstructure of the UNC-S1 kernel using an optical microscope. As in
the micrographs obtained by SEM (Fig. 1b), it is possible to observe a bright area approximately
10 um—-20 um in length surrounded by porosity and gray material. Raman spectra were collected
in these bright and gray areas to analyze possible differences in composition and phases. Fig. 2
shows that it was not possible to clearly detect a signal at the center of the bright area. However,
as measurements were taken away from the center of this bright particle, it was possible to first
observe a peak at 505 cm™!, which then broadens and shifts toward 470 cm™. Additional signals
were observed at above 600 cm’!, including one at 1,609 cm! at the interface of the bright particle

and the gray area.
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Fig. 2. Microstructure of the UNC-S1 kernel observed using an optical microscope and Raman

spectroscopy single point spectra (1 um separation between spectrum).

Fig. 3 shows the optical image and Raman spectra of kernel UNC-S2. For this sample, there was
a continuous grain structure with residual porosity and the presence of some gray areas. In most

of the sample, it was not possible to detect a signal. However, in the gray areas, two signals located
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at 157 cm™ and 481 cm™ were observed (Fig. 3). Similarly, an additional signal at 432 cm™ was
also observed at the pores, in addition to another two stronger bands at 132 cm” and

1,609 cm™.
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Fig. 3. Microstructure of the UNC-S2 kernel observed using an optical

microscope and Raman spectroscopy single point spectra.

X-ray diffraction also shows clear differences between sample UNC-S1 and UNC-S2 (Fig. 4a).
Sample UNC-S1 displayed a mixture of three phases, identified as UO2, a-U>N3+x and UCxNix
[38]. This UCxNix phase was assigned as such since the position of the diffraction peaks were
found between the expected signals for pure UN and UC (Figure S3). Conversely, sample UNC-

S2 showed an increase in purity since only the UC«N1.x phase was observed (Fig. 4b).

11



|(b)l UO, UCN,, [—UNC-s1] !
\ b X x, |
| | | |—— UNC-s2| !

oU,N,., |  UC N,

1:Lx

uo,

ua‘l—ustmi

Intensity (arb. units)
Intensity (arb. units)

30 50 70 90 110 28 30 32 34 36 38
26 (°) 26 (°)
Fig. 4. (a) x-ray diffraction patterns of samples UNC-S1 and UNC-S2. (b) XRD patterns in the

region of 26-38° and the phases identified in the samples.

3.2 DFT calculations

First-principles DFT calculations were performed on a variety of uranium compounds,
including U;N3, UN2, UN, UC, as well as U-N-C (UN.,Cyx) and a U-N-C-O mixture, to understand
the Raman signal identified at approximately 500 cm™ (Fig. 5). According to group theory, U2N3
in the trigonal phase belongs to the space group P3ml (No. 164), and its Raman modes are
categorized into nondegenerated Ai; symmetry modes and doubly degenerated E; symmetry
modes. Fig. 5a illustrates its atomic structures in a 3 x 3 x 2 supercell, and Fig. 5b shows its
computed Raman spectrum. Two major Raman peaks were identified as being associated with
UzNs: one located at approximately 484 cm™ with A, symmetry and the other located at
approximately 506 cm™ with E; symmetry. The atomic displacements of these two Raman modes

are indicated in Fig. 5c by black arrows, which are concentrated on N atoms. However, UN; in the
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cubic phase belongs to the space group Fm3m (No. 225). In its primitive unit cell, it has one triply
degenerated optical phonon mode with Ty, symmetry at approximately 350 cm™! (infrared active)
and one triply degenerated optical phonon mode with T2z symmetry at approximately 514 cm’!
(Raman active). Therefore, a single Raman peak located at approximately 514 cm™ is observed in
the calculated Raman spectrum of UNj, as seen in Fig. 5b. The atomic displacements of this Tog
Raman mode are also illustrated in Fig. 5c and are also concentrated on N atoms. These results
suggest that U2N3 and UN; could be contributing to the experimentally observed Raman peak at

approximately 500 cm™.

To determine whether other uranium compounds play a role in Raman scattering, UN and
UC were also studied. Both compounds are in the cubic phase and belong to the space group
Fm3m (No. 225) [31]. Although phonon modes can be Raman active in the space group Fm3m
based on group theory, the bond configurations in UN and UC render all phonon modes infrared
active instead of Raman active (Supplemental Information). The DFT calculations indicate that
UN and UC in the primitive unit cell (two atoms in total) have one triply degenerated optical
phonon mode, with T1, symmetry of approximately 446 cm™ for UN and 421.56 cm™! for UC (see
calculated phonon dispersions in Fig. S4 in Supplemental Information). Therefore, ideal UN and
UC do not exhibit any Raman signals. During CTR-N, C atoms can be introduced into the UN

structure.
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Fig. 5. (a) Atomic structure of a 3 x 3 x 2 supercell of trigonal U,N3, (b) calculated Raman spectra of U>Nj3
and UNp, (c¢) atomic displacements of characteristic Raman modes for U;N3 and UN>, (d) atomic structure,
(e) calculated Raman spectrum, (f) atomic displacements of the dominant Raman peak (A; symmetry) for
UsN24Cs, (e) calculated Raman spectrum of U3N2sCs shown as a dashed line, (g) atomic structure, (h)
calculated Raman spectrum, and (i) atomic displacements of the dominant Raman peak for U3»N24C4Os.
(Lorentzian broadening was used with a full width at half maximum of 20 cm™ for all Raman spectra.

Atomic symbols and colors of U, N, C, and O elements are shown on the bottom left.)
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To model the substitution of nitrogen atoms by carbon atoms in UN, a 2 x 2 x 2 supercell of the
cubic UN was constructed, and two mixture structures in the formula of U32N23Cs and U32N24Cs
were considered. The atomic structure of U32N24Cg (Fig. 5d) indicates that the C substitution gives
rise to nonsymmetric C-U-N bond configurations as opposed to only symmetric N-U-N in UN
(and only symmetric C-U-C in UC). Consequently, the symmetry of U3»N24Cg is significantly
reduced to the space group Pmm?2 (No. 25), which leads to Raman active phonon modes, as shown
by its computed Raman spectrum (i.e., solid line in Fig. 5e¢). In multiple Raman modes with A
symmetry in U3N2Cs ranging from 381 cm™' to 449 cm™ the phonon mode located at
approximately 416 cm™ exhibits the strongest Raman signal. The atomic displacements of this
dominant A; Raman peak are illustrated in Fig. 5f, which shows that the vibrations are mostly
contributed by the C impurity atoms. The vibrational patterns of other Raman modes are shown in
Fig. S5 in Supplemental Information. Similar results are found for U3»N»sC4, as shown by the
dashed line in Fig. Se, in which the dominant Raman peak is located at ~414 cm™. Because the
intensity of the dominant peak is mostly contributed by the C impurity atoms, the peak intensity
of U3xN2sCs4 with a reduced amount of C atoms is weaker compared with that of U32N24Cs.
Following this trend, without the C impurity atoms, Raman intensity would be zero, which is

consistent with prior discussions on ideal UN.

In addition to the carbon impurity element in UN, oxygen atoms can also be introduced
during the material synthesis. To reveal how oxygen substitution affects Raman scattering, a U-N-
C-O compound—U32N24C40s—was modeled. The atomic structure is shown in Fig. 5g. There
were eight Raman modes with A; symmetry ranging from 383 cm™ to 456 cm™. Modes at
428 cm! and 454 cm™! showed the strongest Raman intensities according to the calculations

illustrated in Fig. Sh. The vibrational patterns of these Raman modes are shown in Fig. S6 in

15



Supplemental Information. Compared with the Raman spectra of U3aN24Cs and U32N2sCs shown
in Fig. Se, the Raman spectrum of U3:N24C404 in Fig. 5h indicates that the presence of O atoms
does not alter the frequencies of phonon modes (also see Figs. S4 and S5), but it does change the
relative intensities between Raman modes. In U3N2Cs and U3N2gCs, Raman peaks at
approximately 416 cm™ are dominant over peaks close to 450 cm™'. In U32N24C4Os, the trend is
almost opposite because the Raman peak at 454 cm! is strongest. To summarize, the introduction
of C and/or O impurity atoms into the Raman inactive UN compound breaks the symmetry and
renders many phonon modes Raman active, giving rise to Raman peaks ranging from ~415 cm’!

to 454 cm™.

4. DISCUSSION

Raman spectroscopy imaging was performed to identify variations in band position and
intensity which could indicate differences in phases or composition based on the modeling results.
Fig. 6b shows the variation of intensity of the band at 505 cm™!, which DFT calculations suggested
could originate from the presence of U>sN3 or UN». This signal was stronger on the outer rim, but
no signal was detected at the center of the particle. Based on what was observed in the two phases,
it is possible that the signal identified came from U>N3 because UN> has been suggested to be less
stable [39]. Furthermore, the lack of signal at the center of these particles could suggest the
presence of a core with highly stoichiometric UN which, as described above, does not generate a

Raman active band.

1

Similarly, Fig. 6¢ shows the peak shift from approximately 505 cm ~ in the bright areas

toward 460 cm™! in the gray regions, with some areas including a peak as low as 443 cm™!. This
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peak shift and broadening could be related to variations in the concentration of carbon, oxygen or
nitrogen. DFT calculations suggest that changes in the concentration of these elements can
generate a broadening and pick shift of the signal. For example, UNCO compositions could
generate a signal at approximately 450 cm™, which could be possible given the presence of carbon,
nitrogen, and oxygen throughout the sample (Fig. 2). These broader signals could also come from
the U2N3+x phase identified by XRD. Therefore, the broadening and shift of the signal towards a
lower wave number could suggest a gradient in carbon, oxygen or nitrogen content as the distance
increased from the centers of the bright spots. This concentration gradient would also explain why
the signal varied in intensity corresponding to the G band of carbon at 1,609 cm™!, which suggests

that the carbon concentration also increased with distance from the edges of the bright spots.

Fig. 7 shows the Raman spectroscopy imaging of sample UNC-S2. For this sample, only
some regions showed the presence of a band at 481 cm™ and at 1,609 cm™. According to DFT
calculations, it is not possible to clearly assign the phase composition of the areas in which only
the signals at 481 cm™ and 157 cm™ are present (Fig. 3). These signals could be related to UNC or
UNCO. Fig. 5e shows that as the concentration of carbon reduced from U3>N24Cg to U32N2gCs, the
intensity of the band at approximately 150 cm™! increased, even becoming more prominent than
the band located at approximately 425 cm'. This signal is similar to that shown in Fig. 3, in which
a strong signal was detected at 157 cm'. Similarly, the signal at 1,609 cm™, which is related to the
G band of carbon, shows the presence of some residual carbon, mostly located in some pores. The
presence of oxygen generates a nonsymmetrical signal (Fig. Sh) which is similar to that detected

in Fig. 3.
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Fig. 6. Raman spectroscopy imaging of UNC-S1: (a) optical image, (b) intensity of the band at 505 cm!,
(¢) peak position (frequency) of the band between 443 cm™ and 505 cm!, and (d) intensity of the band at

1,609 cm.

Although the purpose of this work is not to understand the CTR-N process, some of these
results indicate the presence of a core—shell structure similar to that reported for the fabrication of
ZrN, in which a nitrogen-rich core could be produced as a result of the nucleation of zirconium
oxynitride around carbon agglomerates [8, 40]. As nitrogen atoms diffuse into the nuclei, they
replace oxygen, and carbon is consumed, resulting in a stoichiometric ZrN core. The nucleation of
an oxynitride caused by a carbon agglomerate could explain the formation of the bright islands

observed in Fig. 1, which also appear to be coalescing.
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Fig. 7. Raman spectroscopy imaging of UNC-S2: (a) optical image, (b) intensity of the band at 481 cm™!,

and (c) intensity of the band at 1,609 cm™.

Large porosity observed in some of these bright areas could also indicate significant initial
concentrations of carbon in the UO3 sol—gel kernel. The carbon source and dispersion method is
qualitatively appreciated to have a significant effect on the resulting structure and purity of UN
kernels produced through CTR-N. The conversion process described in Section 2.1 deviates from
other common UN feedstock synthesis methods in that a hydrogen clean-up step is not included at
the conclusion of nitridation. Introduction of hydrogen gas at elevated temperatures has the benefit
of removing unreacted free carbon, but it also has the potential complication of forming hydrogen

cyanide (HCN). The absence of hydrogen suggests that any carbon initially present in the UO3 +
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C kernel could only be lost through reactions with uranium oxide, other oxygen sources, or in the
case of the kernel periphery, contact with furnace fixturing. Carbon diffusion and residual porosity
resulting from the Kirkendall effect is also a possible contributor [41]. However, observations have
suggested that higher stoichiometric uranium nitrides such as U;N3 could be produced at lower
synthesis temperatures or favored in the presence of oxygen, which is the case in this study [42].
As the CTR-N reaction progresses, carbon and oxygen are consumed toward the formation of a
more stoichiometric UN, leaving some UNC structures close to residual carbon and grain
boundaries. As demonstrated in this study, use of Raman spectroscopy in conjunction with more
deliberate variations in kernel synthesis or CTR-N parameters could more robustly elucidate the
effects on the resulting UN structure and chemistry. It should be noted that the phonon frequencies
calculated by DFT could deviate from the experimental values by up to 10 cm™' [43, 44], and thus
this variation needs to be taken into consideration when comparing calculated and experimental
data. Nevertheless, previous works have shown that DFT calculations can provide accurate

predictions on trends of peak shifts and broadening in different materials [45, 46].

Results from this work show that Raman spectroscopy can be used to characterize UN because it
can differentiate between different phases and compositions at micrometer resolution using
predicted Raman spectra from DFT calculations. This information could be used to understand
the effect of fabrication variables on the CTR-N (as illustrated above) which in turn control the
microstructure, physical properties, and fuel performance. Further work is underway to combine
Raman spectroscopy with techniques such as x-ray diffraction and transmission electron

microscopy to better understand the CTR-N of UN to support kernel development.
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5. CONCLUSIONS

Raman spectroscopy and DFT calculations were used to characterize two different UN kernels.
Raman spectroscopy and DFT results suggest the presence of a core—shell structure in one
sample. DFT calculations suggest that U2N3 and UN: could generate a signal at approximately
500 cm™!, which was also observed by Raman spectroscopy, close to the center of the core—shell
structure. This signal had a broadening and shifting toward lower wavenumbers, which
calculations suggested could be related to the presence of U2N3+x. UNC or UNCO. Because the
calculations indicated that the UNCO mixture compound gives rise to dominant Raman peaks
that are closer to experimental peaks in frequencies, and given the presence of oxygen
throughout the sample, it was expected that the signal detected was related to UNCO or UzN3.x
since it was detected by XRD. Overall, Raman spectroscopy and DFT suggested that the
microstructure was composed of a UN core surrounded by U>N3 and U2N3.x or
UNCO/UNCO+C layers. As the CTR-N progressed, the amount of residual carbon detected was
reduced considerably in the second sample (UNC-S2), with only some areas showing the
presence of a signal at 481 cm™!, which could be related to the presence of UNC or UNCO. To
the authors’ knowledge, this is the first dedicated study of Raman spectroscopy applied for the
characterization of uranium nitride. Because Raman spectroscopy can track possible changes in
composition and phases, it could be used to better understand the synthesis and performance of

this material.
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SUPPLEMENTAL INFORMATION

Fig. S1. Elemental maps of UNC-S1 kernel: (a) uranium, (b) carbon, (c) oxygen, (d) nitrogen.
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Fig. S2. Elemental maps of kernel UNC-S2: (a) uranium, (b) carbon, (c) oxygen, (d) nitrogen.
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Fig. S3. Detail of the x-ray diffraction patterns of samples UNC-S1 and UNC-S2 showing

possible phases present.
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(a) Calculated phonon dispersion of UN

(b) Calculated phonon dispersion of UC
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Fig. S4. Calculated phonon dispersion of UN and UC.
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Fig. S5. Calculated atomic displacements (black arrows) of Raman modes in U32N»4Cg ranging from 381

cm’! to 449 cm™!

, in which the Raman mode at 416 cm™! exhibits the strongest signals.

31



@U @N @C @0
383 cm’!

413 cm’!
e PN 1 9.9 [
o sogediel e o sigsfiet e o sefegeel o
0 2900 © o 022 O R T IR
4-.’.003..00. *) ° ..09.0..9'9.. (¥ —0Q 000...09. e
& o il Co % e ®
Q ;o.z'z".‘_gg o~ (%) zﬁ.%o‘.'.% [* () ;ggz%‘:og o
e 96"92'00 e ° 9-0.02‘9_2 © o 90"9..'00 ©
-0 0g%"° 0 Vg0 —0 ©0g%0"®
426 cm’! 428 cm’! 443 cm’!
o 0, o =0 _©
¢ 302'0209 o 0-*832;9‘.‘08 © o :0.3 s %0 ©
(] Y : :
«o:oog.%(v. o ° 20'6“0%.030 o ° ¢ "Q%;Q_. @
oL ° %ﬁa "o
© $0eg0e%c ©08el0g% ©  © fugioges
0o C% 0e20e% 0 %09
“'...°og'6'°° (#) ° 4 S o ° (.e.oqg.oq_. (¥
454 cm™ 456 cm’!
, @y 0 0
9.-322;8‘:00 P @ 892:-2.‘09..—0
9 Qo
0%—0390390 © -® 90-830:9. ©
@ Q .‘i"'.
.-89_‘82‘:08 o ) :o.;%._, ?:-4
0c%0,° 0209
.,‘00 .00. [*) -0 .‘.Onog'.ou,. ¥

Fig. S6. Calculated atomic displacements (black arrows) of Raman modes in U3,N24C4O;4 ranging from 383
cm! to 456 cm™!, in which Raman modes at 428 cm™! and 454 cm™! show the strongest intensities.
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