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ABSTRACT

Zirconium carbide (ZrC) is a candidate material for use in advanced high temperature reactors,
including space nuclear thermal propulsion applications. Thermal neutron scattering laws
(TSLs) are generated for carbon bound in ZrC, C(ZrC), and zirconium bound in ZrC, Zr(ZrC),
using ab initio lattice dynamics methods. These evaluations are to be submitted for inclusion
in ENDF/B-VIII.1 and use the incoherent approximation for inelastic scattering as well as the
new mixed elastic scattering treatment. The application of disordered alloy theory is
introduced to appropriately capture the isotopic composition of Zr and C in the elastic
scattering cross section. Localized higher energy vibrations in the C(ZrC) phonon density of
states that are separated from lower energy modes result in quantized oscillations in the
inelastic contributions to the TSL with a significant likelihood of large energy down-scattering
and up-scattering interactions, where the latter increases in probability with temperature. The
quanta of energy transfer during neutron thermalization is substantially greater than classically
expected within the thermal neutron energy range. MC21 critical mass calculations of ZrC
mixtures with high-enriched uranium demonstrate an impact of the TSLs when compared to
free-gas treatment for 2°U concentrations less than 0.2 g/cm®. Additional MC21 critical mass
calculations with homogenous mixtures of ZrC and reactor-grade graphite also demonstrate
sensitivity to the ZrC TSL for thermal spectrum driven fission systems.
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1. INTRODUCTION

Zirconium carbide (ZrC) is refractory material that is under consideration for use in advanced high
temperatures reactors, typically as a fission product barrier in advanced TRISO fuel and as a corrosion
barrier in space nuclear thermal propulsion (SNTP) applications [1,2]. During the Rover program ZrC was
investigated at Los Alamos Scientific Laboratory as the base material for (U,Zr)C solid solution and ZrC-
UC; composite fuel elements for NERVA-type SNTP concepts [3]. Composite (U,Zr)C-graphite fuel
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elements with uranium content between 3.5 % — 11.5 % metal fraction were tested in Nuclear Furnace 1
(NF-1) to characterize material performance at high temperatures and extremely high power densities.
While these historic experiments demonstrated that operating temperatures near 3000 K were achievable
for the hours long durations required for SNTP applications, the impact of carbon chemical binding in ZrC
on neutron thermalization was not considered despite the large volume fraction of carbides used in these
systems.

In neutron transport calculations (e.g., Monte Carlo), ENDF thermal scattering laws (TSLs) capture the
effect of chemical binding on thermalization of low-energy neutrons, typically neutrons less than 5 eV. The
TSL, S(«, B), is a temperature-dependent distribution function describing the scattered states of the incident
neutron that includes contributions from distinct (d) effects, due scattered wave interference from different
scattering sites, and self (s) non-interference [4],
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As an ENDF convention, the momentum and energy exchange between the neutron and scattering medium
are described by the unitless parameters a and £ as,
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where u is the scattering cosine, 4 is the nuclide to neutron mass ratio, the incident and scattered neutron
energies are E and E', kg is the Boltzmann constant, and T is temperature of the material. In crystalline
materials the TSL is computed with the phonon expansion [4,5],

S(a,B) = Xp SP(a, B), 4)

which is a summation over increasing orders of convolutions of the vibrational (phonon) spectra, with the
integer p indicating the number of phonons emitted and absorbed in the scattering process. Elastic
scattering corresponds to p = 0, whereas p > 0 contributions represent inelastic scattering. In the ENDF
thermal scattering sub-library, TSL material evaluations are conventionally generated in the incoherent
approximation whereby distinct effects on inelastic scattering are neglected. Within this approximation, the
double-differential scattering cross section is related to the TSL using Fermi’s Golden rule as [4],
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where ., and o, are the bound coherent and incoherent potential scattering cross sections of the nuclide.

Previous studies have indicated that ZrC may influence neutron thermalization and criticality [6]; however,
ZrC TSL evaluations have not previously been made available in ENDF to support analyses of reactors
using this material. In this work, the TSLs for carbon and zirconium bound in ZrC, represented as Zr(ZrC)
and C(ZrC), respectively, are generated from phonon spectra derived from ab initio lattice dynamics (AILD)
for inclusion in the ENDF/B-VIII.1 database. These TSLs were generated using the Full Law Analysis
Scattering System Hub (FLASSH), which includes a generalized coherent elastic scattering routine [7]. To
treat the effect of the isotopic composition of each element on elastic scattering, disordered alloy theory is
introduced to the standard TSL evaluation methodology. MC21 critical mass calculations were used to



evaluate the impact of the TSL when compared to free-gas (FG) treatment and reactor-grade graphite
(RxGr). Since ZrC has historically been paired with graphite in reactor systems, additional MC21 critical
mass analyses for composites of ZrC and RxGr were performed.

2. COMPUTATIONAL METHODS FOR TSL

ZrC crystallizes in cubic rock-salt structure (space group Fm-3m), shown in Figure 1, where each element
forms a face-centered cubic sublattice. Ab initio simulations of ZrC utilized the VASP electronic structure
theory code [8] within the MedeA atomistic environment [9]. These simulations used plane-augmented
wave potentials and a GGA-PBE exchange correlation functional [10,11]. A plane-wave energy of 500 eV
and Monkhorst-Pack k-mesh of less than 1.9 nm™ were used and found to provide energy convergence
within 5 meV/atom. Initially, the crystal geometry was optimized yielding a lattice parameter of 0.471017
nm in good agreement with the experimental value of 0.46983 nm [12].
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Figure 1. (a) ZrC crystal unit cell with Zr blue (large) and C brown (small). (b) AILD Phonon
dispersion relations compared to inelastic neutron scattering measurements at Oak Ridge National
Laboratory (ORNL) [13]. (¢c) Debye-Waller coefficient for C(ZrC) and Zr(ZrC) compared to
neutron diffraction analysis at Argonne National Laboratory (ANL) [14]. (d) Partial phonon DOS
for C(ZrC) and Zr(ZrC).

The phonon density of states (DOS) represents the fundamental input to the generation of the TSL in the
incoherent approximation and was generated for ZrC using AILD methods, described in Ref. [15], whereby



Hellmann-Feynman forces are extracted from VASP supercell calculations as the input to the PHONON
lattice dynamics code [16]. Phonons for ZrC were generated for a 4 X 4 X 4 supercell using 10° phonon
momentum vectors randomly sampled within the Brillouin zone to generate the phonon DOS. As illustrated
in Figure 1, phonon dispersion relations, which map the phonon momentum and energy states, are in good
agreement with experiment [13]. Debye-Waller coefficients, also shown Figure 1, are in reasonable
agreement with experiment [14]. These temperature dependent coefficients provide an integral validation
of the phonon DOS and are direct inputs to the elastic and inelastic contributions to the TSL as a
representation of the vibrational mean square displacement.

The partial phonon DOS for Zr and C bound in ZrC are illustrated in Figure 1. The C(ZrC) phonon spectrum
is observed to be relatively localized and separated in energy from the Zr(ZrC) spectrum in part due to the
large mass disparity between C and Zr. The localized high-energy modes of C(ZrC) are suitable to cause a
quantum harmonic oscillator effect in the TSL, which has been observed in the ENDF TSLs of uranium
mononitride and several metal hydrides (e.g., PuH,, ZrHy, and YH») [17-20]. In contrast to the featureless
TSLs of typical materials at higher energy transfer, quantum oscillator materials exhibit regularly structured
TSLs as a function § for large energy transfer with special consequences to neutron thermalization, which
will be discussed for ZrC in the subsequent section.

TSLs for natural C(ZrC) and Zr(ZrC) were generated in the incoherent approximation as File 7 evaluations
in ENDF-6 format [21] using the FLASSH code [7]. The phonon spectra used in the TSL evaluation for
each element were calculated using their elemental masses, which is reasonable based on the similar masses
among Zr nuclides and the low abundance of 1*C. Each TSL was evaluated with a phonon order of 300 in
Eq. (4) for temperatures ranging from 77 K to 2000 K, consistent with the maximum temperature of
crystalline and reactor-grade graphite ENDF/B-VIIIL.0 TSL evaluations [20]. Since *C and *'Zr have both
incoherent and coherent contributions to potential scattering, both the C(ZrC) and Zr(ZrC) evaluations use
mixed elastic scattering treatment [22]. Inelastic scattering on MT=4 and incoherent elastic scattering on
MT=2 are tabulated with the elemental average total free atom cross section and bound incoherent elastic
cross section, respectively. Table I and Table II lists total scattering cross sections and nuclide mass for C
and Zr derived from ENDF/B-VIIL.0 nuclide evaluations [20] as well as isotopic abundances from NIST
[23]. Total scattering cross sections corresponds to File 3 MT=2 of the nuclide evaluations at a neutron
energy of 0.0253 eV. Incoherent scattering cross section from Sears [24] and coherent scattering cross
section are also listed. The coherent cross sections for C and Zr are calculated using disordered alloy theory.

Disordered alloy theory [25], original developed for diffraction in metal alloys, may be applied to capture
interference effects from random distribution of different nuclides for each element among the crystal lattice
sites. Coherent elastic scattering on MT=2 is computed under the assumption of a non-textured
polycrystalline material, such that the cross section for a cubic material is given as,

1 1 2
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where E; and G; are the Bragg energies and reciprocal lattice vectors, respectively, related by E;. In
disordered alloy theory, the structure factor for a cubic material is given as,

F(G) =X, fib.;exp(iG; - R,) exp(—W, ;G?), (7)

where R, are the atom positions for each site, 4, in the crystal unit cell, W, ; are the Debye-Waller
coefficients, and f; is the atom fraction of each nuclide, j, at each lattice site. The bound coherent scattering
length for a nuclide, E”_ j» 1s related to the bound coherent scattering cross section as g¢op = 41tb*b . In the
present work a single Debye-Waller coefficient is used for each element such that coherent scattering is



dependent on the elemental average scattering length. A difference of around 1% in MT=2 for ZrC is found
with this treatment relative to using an elemental average of the coherent cross section for each element.

Table I. Neutron mass ratio and free scattering cross sections for elemental carbon.

Nuclide Abundance A Otror (D) Ocon (D) Oinc (D)
12C 0.9893 11.89365 4.748167 4.748167 0
13C 0.0107 12.89165 5.732169 5.43935741 0.29281159
Natural C 11.9043286 4.75869582 4.75532245 0.00309601

Table II. Neutron mass ratio and free scattering cross sections for elemental zirconium.

Nuclide Abundance A Oror (D) Ocon (D) Oinc (D)
0Zr 0.5145 89.1324 5.265975 5.265975 0
NZr 0.1122 90.1247 9.694484 9.547758128  0.14672587
%27r 0.1715 91.1155 7.025888 7.025888 0
“Zr 0.1738 93.0996 8.611622 8.611622 0
%Zr 0.028 95.0844 4.826874 4.826874 0
Natural Zr 90.43999307 6.63385741 6.5201180 0.01646390

3. RESULTS AND DISCUSSION
3.1. Thermal Scattering Law and Secondary Neutron Distributions

The inelastic contribution to the TSLs for C(ZrC) and Zr(ZrC) is illustrated in Figure 2 for 293.6 K and
2000 K. The Zr(ZrC) S(a, B) is dominated by low energy transfer for neutron scattering that approaches a
FG behavior at high momentum transfer (i.e., a), which is typical of heavy nuclides in crystalline materials
(e.g., U(UN) and Zr(ZrHy)). Highly structured quantized oscillations, however, are observed in the S(a, )
of C(ZrC). These quantum oscillations occur at integer values of the average energy of the partial phonon
spectra, approximately kT = 0.065 eV, such that each integer quanta from g = 0 corresponds directly
to the phonon order of the interaction. For low momentum transfer, illustrated with @ = 0.0415, 1-phonon
interaction processes are dominant across the entire temperature range of the evaluation. However, as
momentum transfer increases, discrete multi-phonon interactions become likely, most prominently for
down-scattering. As temperature increases, high momentum transfer S(a, B) approaches the FG, but retains
low amplitude oscillations even at 2000 K. In contrast to metal hydrides such as zirconium hydride where
down-scattering interactions (f < 0) due to quantum oscillations are highly favored [17], up-scattering
interactions are of a similar magnitude to low energy down-scattering events.

Secondary energy distributions for C(ZrC) and carbon in RxGr, C(RxGr), are compared for several incident
neutron energies in Figure 3. Collision of epithermal neutrons with C(ZrC) at room temperature, as
exemplified at E = 1 eV, result in larger energy loss due to quantum oscillations when compared to RXGr,
which has a more conventional behavior approaching a FG in this energy range. At high temperatures near
2000 K, the effects of chemical binding on the secondary neutron energy for C(ZrC) and C(RxGr) are less
pronounced in the epithermal range, with both compounds approximating the FG despite some remnants of
guantized energy exchange in ZrC.



As the neutron energy approaches the energy range of the phonon spectra between 0.05 eV and 0.08 eV,
near complete energy loss becomes probable. These unconventionally large energy transfers are
characteristic of quantum oscillator materials but are highly improbable for conventional moderators or a
FG. Quantized 1-phonon energy loss is forbidden for thermal neutrons below the 0.05 eV cutoff of the
C(ZrC) phonon spectra such that thermalization due to collisions with carbon becomes inefficient. Whereas
scattering with C(RxGr) in the thermal energy range (~0.0253 eV) is characterized by quasi-elastic energy
events, large energy up-scattering events dominate scattering with C(ZrC) in this energy range.
Consequently, C(ZrC) will promote a hardening of the thermal spectrum toward higher neutron energies
that is divergent from the ideal Maxwell Boltzmann distribution approached with moderators such as RxGr.
At low temperatures these large up-scattering events are 1-phonon energy transfers of nearly 0.065 eV;
however, at high temperatures approaching 2000 K 2-phonon and 3-phonon energy transfers of around 0.13
eV and 0.2 eV, respectively, are also likely. Therefore, hardening of the thermal spectra is anticipated to
accelerate with increasing temperature. Moreover, these large discrete energy transfers are the underlying
mechanism for the large prompt negative moderator feedback coefficient of ZrHx-moderated TRIGA
reactors [26]. ZrC can be anticipated to provide similar effects.
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Figure 2. Inelastic contribution to the TSL for (a) C(ZrC) and (b) Zr(ZrC) evaluated at 293.6 K
and 2000 K. The a and B values for each temperature are referenced to kgT = 0.0253 eV.
Oscillations in C(ZrC) S(a, B) occur at integer values of approximately SkgT = 0.065 eV.

The total integrated cross section at 293.6 K for ZrC and the inelastic contributions from C and Zr at 293.6
K and 2000 K are illustrated in Figure 3. Due to the larger scattering cross section of Zr, inelastic scattering
with Zr is generally more likely relative to C above the thermal neutron temperature (i.e., E = kgT). Within
this energy range, the inelastic cross section of C(ZrC) decreases abruptly near 0.065 eV as 1-phonon energy
loss becomes energetically prohibited. In the 1/v low-energy range, scattering with C becomes increasingly
dominant with increasing temperature. Accordingly, the increased cross section can be expected to facilitate
the spectral hardening of the thermal neutron spectra through multi-phonon absorption observed at high
temperatures in the secondary energy distributions for incident energies below 0.0253 eV.

3.2. Critical Mass Calculations

The sensitivity of criticality to the ZrC TSL was evaluated through minimum critical mass calculations
using MC21 [27] for homogeneous mixtures of high-enriched uranium (HEU) metal and ZrC, RxGr, and a



homogenous mixture of RxGr and ZrC (labeled ZrC+RxGr) in bare spherical configurations. For the first
and last case the effect of FG treatment for ZrC on k¢ was also computed. Thermal scattering data for
MC21, which uses the direct method for sampling scattering outcomes [28], was generated with the NDEX
nuclear data processing code [29,30]. A standard HEU composition was used with a total uranium density
of 18.82342 g/cm®. The 30% porous RxGr ENDF/B-VIII.0 TSL was selected for this study with a density
of 1.589 g/cm?® based on the theoretical graphite density of 2.27 g/cm?® [31]. ZrC was modeled with the
theoretical density of 6.61 g/cm® [1]. MC21 simulations were run with 10° particles per batch for 200 active
and 40 discard batches, which is sufficient to converge kg to within approximately 10~ for the current
calculations. Each configuration was examined at room temperature (i.e., 293.6 K).
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Figure 3. Secondary neutron energy distributions, P(E'|E), for C(ZrC) generated with NDEX for
incident neutron energies of (a) 10 eV, (b) 0.0253 eV, and (c) 1.0 eV. The scattered and incident
neutron energies are E' and E. Each distribution is compared to C(RxGr), at 293.6 K and 2000 K.
The E = 0.07 eV inset illustrates the unconventional quantized energy transfer in C(ZrC) relative
to a FG treatment of the TSL. (d) The total scattering cross section of ZrC at 293.6 K is shown, as
well as the inelastic scattering cross section for C(ZrC) and Zr(ZrC) at 293.6 K and 2000 K.



The critical mass as a function of 2°U loading density for bare spheres of HEU mixed with ZrC, RxGr, and
a homogenous mixture of ZrC and RxGr are compared in Figure 4. The volume fraction of ZrC in the
homogenous mixture of ZrC+RxGr was set to 0.35 based on the NF-1 tests [3]. For each configuration, the
low-energy neutron spectra transition from an epithermal at a 2*U loading density of around 0.2 g/cm®to a
thermal spectra at 0.02 g/cm?3. A corresponding divergence in the critical masses develops within this range.
For the ZrC-based systems, the reactivity change between the ZrC TSL and FG treatment is calculated as,

1 1
Ap = 75 — pTsr ®)

eff eff

This is illustrated in Figure 4 as a function of Zr/?*U rather than 2*U loading density for the purposes of
relating the results to (U,Zr)C solid solution compositions studied in NF-1. Reactivity change is observed
to yield a divergence from Ap = 0 above a Zr/?°U ratio of 10 — the same loading range as the divergence
in the critical mass — indicating a sensitivity of to the TSL for thermal systems of both the pure ZrC and
homogeneous ZrC+RxGr mixture. This Zr/?*U range overlaps the 10 — 30 range of (U,Zr)C NF-1 solid
solutions fuel forms. Above 100 Zr/?°U (i.e., below 0.05 g/cm?® 2%U) the room-temperature sensitivity of
critical mass to the ZrC TSL compared to FG treatment is significant, on the order of several hundred pcm.
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Figure 4. (a) Critical Mass as a function of U loading density for bare sphere configurations of
ZrC, RxGr, and the ZrC+RxGr homogenous mixture. The inset illustrates the change in reactivity
for the ZrC TSL dataset compared to a FG treatment for this material. (b) Flux distributions in
each configuration are compared for a select >*5U loading of 0.02 g/cm®. The spectral shift between
the Boltzmann distribution and ZrC illustrates the strong hardening effect caused by this material.

Increasing critical mass with lower 2°U loading density demonstrates that ZrC has limited efficacy as a
solitary moderator. Conversely, RXGr has greater moderator efficiency with decreasing 2°U loading density
but saturates at around 0.05 g/cm?such that the critical 23U mass does not change appreciably for larger
sphere sizes. The ZrC+RxGr homogenous mixture has a critical mass that is more characteristic of RxGr
rather than ZrC; however, the critical mass of the mixture decreases less rapidly than RxGr and does not
saturate in the examined loading range. This quantitative difference in behavior suggests a combined effect
with ZrC+RxGr moderators that may influence reactor performance of TRISO or SNTP applications with
significant volume fractions of ZrC.



To elucidate the critical mass and reactivity behavior in thermal neutron driven configurations, the thermal
spectra of the critical mass configurations at a 2*°U loading density of 0.02 g/cm®are compared in Figure 4.
The RxGr spectra is highly thermal with a peak similar to the ideal Boltzmann distribution, whereas the
ZrC spectra has substantial hardening with a peak around 0.073 eV. Moreover, ZrC+RxGr has a thermal
spectra in between the RxGr and ZrC cases but more functionally characteristic of ZrC than RxGr despite
the consistent trends in critical mass between the RxGr and ZrC+RxGr. In both ZrC-based systems, the use
of a FG treatment in lieu of the ZrC TSL yields a more thermalized spectrum due to the prohibition of 1-
phonon energy loss in ZrC below 0.05 eV as well as highly probable large energy up-scattering in the
thermal energy range. Consequently, it can be presumed that in thermal systems the ZrC TSL is a significant
driver of the thermal spectra and will tend to yield hardened spectra consistent with the expected physics
of the secondary energy distributions. In mixed moderator applications where ZrC is the secondary
moderator, as exemplified with the ZrC+RxGr system, the primary moderator may soften the spectra. This
spectral softening in the exemplar ZrC+RxGr case is a competition between the discrete large energy up-
scattering of ZrC and the near quasi-elastic scattering of RxGr within the thermal energy range.

4. CONCLUSIONS

TSL evaluations have been generated for C(ZrC) and Zr(ZrC) for inclusion in ENDF/B-VIII.1. The
underlying phonon spectra, generated with AILD, have been validated against available experimental data
as a first step toward validating the TSLs. As a result of a localized high-energy peak in the partial phonon
spectrum, the inelastic contribution to the C(ZrC) TSL has regularly structured oscillations that result in
guantized energy transfer during neutron thermalization but which are unconventional for non-hydrogenous
materials. Critical mass calculations demonstrate that quantized up-scattering due to the C(ZrC) TSL causes
substantial hardening of the thermal neutron spectrum for ZrC and homogenous mixtures with traditional
moderator materials, such as ZrC with RxGr. Furthermore, criticality of thermal systems with Zr/Z°U ratios
greater than 10 are found to be sensitive to the ZrC TSL in comparison to FG treatments. The neutronic
behavior of thermal-driven fission with large volume fractions of ZrC (e.g., NF-1) are anticipated to be
influenced by the TSL of this material.
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