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TOWARD AN IN-DEPTH MATERIAL MODEL FOR CERMET
NUCLEAR THERMAL ROCKET FUEL ELEMENTS

The development and qualification of nuclear thermal propulsion (NTP) fuel
element technologies would be aided by an in-depth model of material response
and failure modes at operating conditions. Integrated computational materials
engineering techniques have the potential to provide such a model, as
demonstrated here through three case studies focused on a tungsten-uranium
mononitride cermet fuel. The first case focuses on the erosion of tungsten (W, also
named wolfram), a nominal coating/cladding and fuel element matrix material, in
hot hydrogen. Ab initio techniques are used to calculate erosion rates and thermal
expansion at NTP operating conditions. The second focuses on the stability of
uranium mononitride (UN) fuels at high temperature and in the presence of
hydrogen. Phase diagram techniques augmented with ab initio thermodynamic
data reveal potential instabilities and decomposition pathways at high hydrogen
concentrations. The third focuses on using microstructure information to predict
high temperature mechanical response and failure of tungsten. Combined finite
element and discrete dislocation dynamics techniques provide mechanical
properties in agreement with experimental methods. The integration of these

techniques for an all-encompassing material model is discussed.
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L. INTRODUCTION

Nuclear thermal propulsion (NTP) offers benefits over conventional chemical
propulsion, such as a higher specific impulse (Is, ~ 900 s, a factor of ~2 better), a higher
thrust to mass ratio, better tolerance to payload mass growth and architecture, and lower
initial mass in low-Earth orbit. As these benefits could lead to a reduction in heavy lift
launch count, cost, and risk,'?> NTP is now being considered for faster transit for manned
missions to Mars and beyond as well as for commercial missions to the Moon.?

The canonical version of an NTP rocket (Fig. 1a) has a solid fuel element that is

composed of a matrix material containing uranium ceramic fuel particles and has



longitudinal channels running through the fuel element that allow thermal energy
generated from nuclear reactions to directly heat the hydrogen (Hz) propellant, which is
exhausted for propulsion (Fig. 1b). During operation, the fuel element can reach
temperatures ranging from 2400 to 2750 K, or even over 3000 K in some currently
proposed designs.>* These temperatures are much higher than those found in typical
power plant reactors, and the presence of cryogenic hydrogen leads to large thermal
gradients across the elements. Additionally, the reactor must be operated cyclically for
many hours. These factors lead to a host of challenges related to the thermal, mechanical,
and chemical stability of NTP fuel elements during operation.> Thus, material selection
and characterization play a critical role to enabling this technology.

The earliest exploration of NTP rockets occurred through Project Rover and
NASA’s Nuclear Engine for Rocket Vehicle Application (NERVA) program from 1955-
1972. These efforts resulted in rocket ground tests that provided a unique wealth of
information related to the performance of fuel elements with graphite matrix material in
extreme thermal and fission environments. In parallel with the Project Rover/NERVA
efforts, Argonne National Laboratory (ANL)® and General Electric (GE)” worked on fuel
elements that used ceramic-metal (cermet) fuel, composed of a metal matrix with a fissile
uranium ceramic, UO2, embedded sporadically within. Similar factors were identified in
both material architectures that reduced the useful lifetime of the fuel elements. One such
factor was instability in the propellant channel coatings and claddings during operation
due to thermal expansion mismatch, which caused cracking when thermally cycled.’ Such
cracking allowed greater diffusion of hydrogen into the metal matrix material and

increased the likelihood of degradation of the UOzceramic. Another factor was



mechanical instability of UO;, which caused cracking during thermal cycling and again
led to hydrogen degradation of the matrix material.’

Despite these challenges, the Project Rover/NERVA efforts were deemed
successful based on numerous rocket ground tests, but they were ultimately cancelled due
to budget challenges. Mission concepts and feasibility studies' focused on realizing this
technology have arisen periodically over the half century since. Unfortunately, none of
these studies progressed to the point of full scale ground testing in NTP thermal and
fission environments like the original efforts.

More recently, interest in NTP has reignited, with a notable effort being
undertaken at NASA to improve the stability of fuel elements.?!0 A particular focus has
been on cermet fuels having tungsten claddings and tungsten-based metal matrix alloys
and UN ceramics.’ Relatedly, tungsten also serves as a prototype coating for propellant
channels in carbide or oxide substrates due to its resistance to hydrogen infiltration. For
this reason tungsten is an ideal material for the manufacture of plasma-facing components
in fusion reactors, and the interaction of hydrogen isotopes with tungsten is a current area
of research.!! A variety of ceramic uranium (U) fuels can be considered for these systems,
including uranium oxide (UQO>), uranium carbide (UC), and uranium mononitride (UN).!°
Though a pure tungsten fuel element matrix is not neutronically ideal and must be alloyed,
understanding the reactivity of tungsten and the various uranium-based ceramics with
hydrogen, the proposed propellant, is critical.

Many of the material issues faced by the early NTP development efforts could
have been more quickly identified and remedied by integrating the in-depth material
modeling capabilities available today, which would have reduced the costly trial-and-
error development with experimental fabrication and testing in hot hydrogen. Namely,

integrated computational materials engineering (ICME) techniques, which span the



atomistic scale (e.g., ab initio and molecular dynamics), mesoscale/microscale (e.g.,
discrete dislocation dynamics), and the macroscale (e.g., finite element), have shown
promise for characterizing materials in extreme conditions.'?'® For ceramic uranium
materials, ab initio (specifically density functional theory) computations have been used
to predict crystal structural characteristics, vibrational spectra, mechanical properties, and
thermodynamic properties at a range of temperatures with comparable accuracy to
experiments.!>!3 For refractory metals like tungsten, discrete dislocation dynamics have
shown the ability to provide experimentally comparable measures of mechanical response
and plasticity in single crystals.!>'® The success of such methods implies possible
applications to other aspects of fuel element material behavior, such as the susceptibility
of materials to hydrogen reactions and vaporization, intercalation and mobility of
hydrogen or fission species into coatings and substrates, creep and hydrogen
embrittlement effects on mechanical performance, and fracture in fuel materials.

Thus, the present work aims to demonstrate the utility of ICME techniques for
contemporary cermet fuel elements. The specific focus is on a hypothetical W-UN
architecture. Three cases are investigated, with the focus of each being aligned with long-
standing challenges noted from the early efforts of Project Rover/NERVA, ANL, and GE.
(1) Case one focuses on the erosion of tungsten cladding material by hot hydrogen.
Specifically, ab initio simulations are performed to determine the preferred mechanism
of vacuum mas loss. High temperature thermal expansion coefficients (CTEs) are also
calculated. (2) Case two focuses on the phase stability of uranium mononitride in the
presence of hot hydrogen. In this case, ab initio computations coupled to thermodynamic
procedures provide reaction Gibbs free energies that quantify the temperature ranges
where hydrogen-mediated degradation of uranium mononitride is expected. (3) Case

three investigates the mechanical properties of tungsten microstructures. Discrete



dislocation dynamics simulations provide a means of characterizing stress distributions
to predict cracking in tungsten and quantifying plasticity present in macroscale stress-
strain curves. Each of the three cases provides unique information that can be used to
better characterize fuel element material performance and failure modes.
II. METHODS
II.A. Ab Initio Computations and Simulations

Ab initio density functional theory (DFT) computations are used to understand the
chemical reactions of tungsten and uranium mononitride at the atomic scale with hot
hydrogen to elucidate degradation mechanisms. Such computations were performed with
the Vienna Ab Initio Simulation Package (VASP).!” VASP is a plane-wave electronic
structure code that solves the Kohn-Sham equations to inform material energetics and,
via the quasi-harmonic approximation (QHA) performed with the Phonopy'® software
package, basic thermodynamic properties. All calculations were performed using the
VASP-recommended PBE pseudopotentials for W, U, N, and H."°

For tungsten coatings/claddings simulated in Case 1, 4-layer slabs were generated by
terminating bee supercells along the (110) plane, the lowest energy surface for W, and
interactions with hydrogen were examined at the surface. The primary mechanism for
coating and substrate vacuum erosion mass loss will be attributed to chemical reactions
with atomic hydrogen and the subsequent formation of gaseous refractory products. To
examine this phenomenon, the Gibbs free energies of the various solid materials under
consideration must be obtained, along with the free energies of possible gaseous
hydrogenated refractory molecules. The free energies can be used to derive equilibrium
constants for reactions that will inform the loss of material, given that equilibrium is met.

For the uranium nitride reactants and products in Case 2, uranium mononitride (UN),

a leading fuel candidate for nuclear thermal rockets, uranium sesquinitride (U2N3),



tetrauranium heptanitride (U4N7), and uranium hydride (UH3) were considered; all of
these materials are stable and have been observed experimentally. 2° The crystal structures
for UN and UxN3; were obtained from previous DFT investigations of electronic
structure.?!?* The structure of UsNy is predicted and obtained from the Materials Project

database,?

as experimental structural characterization is primarily limited to lattice
constants.?> The calculations were performed using the guidelines in the work of
Gryaznov and coworkers,?® which consists of using DFT+U with a U value of 1.85 eV
and the neglect of magnetism to approximate the high-temperature paramagnetic states
of the uranium compounds. Spin-orbit coupling was shown in previous electronic
computations to have a minor effect on relative energetics and is thus neglected.?*2¢
Phase calculations were based upon simple Gibbs energy comparisons using data from

DFT and Phonopy, with experimental data for H/H2. These data were collated in an

Excel spreadsheet and compared with each other.

I1.B. Microscale Mechanical Modeling

To evaluate the mechanical response and failure initiation of polycrystalline
microstructures, the Dusseldorf Advanced Material Simulation Kit (DAMASK)?’ is
employed. In contrast to VASP’s atomic-scale simulations, DAMASK is a highly
modular freeware code for modeling materials structure-property relationships at the
grain/micron scale with different types of mechanistic constitutive laws and numerical
solvers. It is designed to accurately correlate microscopic phenomena (e.g. plastic
deformation, phase transformation, hydrogen embrittlement, micro-cracking, or
irradiation damage) with macro-scale responses. For the present work, DAMASK is
employed to study the microscopic damage evolution in tungsten under the operating
conditions of NTP. Microstructures with 20 grains of an average diameter of 20 microns,

representative of the typical grain size of additively manufactured tungsten,?® on a



120x120x120 cubic grid were randomly generated via Voronoi tessellation. The
stress/strain response was then calculated based on a relevant set of mechanical

properties.?’

II1. RESULTS
IIL.A. Case 1: Substrate and Coating Stability and Erosion in Hydrogen

One objective related to the development of cermet fuels for NTP is to identify
erosion mechanisms of the matrix and any potential claddings or coatings. The coating
material must be of sufficient thickness to withstand erosion from hot hydrogen and
protect the underlying cermet and must also exhibit thermal expansion characteristics
consistent with the underlying substrate to avoid buckling and cracking along the
interface. Additionally, any cracks in the coating will allow direct access of hydrogen to
the core matrix substrate and lead to enhanced erosion. Thus, understanding the thermal
expansion and loss of potential coating and matrix materials at given operation conditions
(time, temperature, pressure) is critical.

Because accurate experimental databases of the thermodynamics for the various
solid materials and gaseous products do not exist at the temperatures of interest, ab initio
computations are performed to obtain free energies. These free energies were used to
calculate the likelihood of various erosion mechanisms at high temperature. The
schematic depicted in Fig. 2 demonstrates this ability. Here, three different erosion
mechanisms of a tungsten surface are reported along with their likelihood of occurring at
2500 K. For simplicity of calculations, no flow of hydrogen was considered. Instead, the
energetics of the process were calculated to provide an order of magnitude estimate of
the erosive effect of both atomic and molecular hydrogen on an ideal W surface. Direct

erosion of a W surface is shown to be far more unlikely than hydrogen-mediated erosion.



When H and H; are present, both aid the erosion significantly, with erosion by H being
~200 times more probable than by H». At elevated temperatures, much of the molecular
hydrogen will have dissociated, and atomic hydrogen will thus be responsible for the
majority of mass loss.

These thermodynamic calculations also enable the calculation of free-energy
informed thermal expansion coefficients via the quasi-harmonic approximation.'® After
calculating free energies at varying volumes and temperatures, the linear coefficient of
thermal expansion of tungsten was derived and is plotted in Fig. 3. The thermal expansion
calculated here is that of monocrystalline bulk W, whereas real-world samples of W are
almost always polycrystalline. Notably, the calculated values for monocrystalline W
show good agreement between the moderately widespread values reported in literature.3%-
33 Particularly, the increasing trend in thermal expansion with temperature most closely
matches that of the ITER fusion energy consortium’s values, *° which were obtained via
a more advanced experimental method, XRD, than those in earlier studies which utilized
extensometers. '3 These results demonstrate an ability to predict potential buckling and

erosion mechanisms at NTP operating temperatures.

IIL.B. Case 2: Fuel Chemical Stability in the Presence of Hydrogen

The stability of uranium fuels in high temperature fuel elements exposed to
different levels of hydrogen is of crucial importance. The reaction of uranium-containing
compounds to form the high specific-volume UH3 can lead to internal stresses that
promote fracture and eventually element failure as well as overall decreased control of
the fission reaction.** The temperature and hydrogen concentration dependence of such

reactions must be quantified to assess their prevalence in nuclear thermal rocket fuel



elements, which will be subjected to large thermal and hydrogen concentration
fluctuations during cyclical operation.

The stability of UN, a leading candidate for use in tungsten-based cermets, is of
primary interest in the present work. The crystal structure of UN is cubic (Fig. 4a) and
has Fm3m symmetry. Potential products (Fig. 4b-d) of the reaction of UN with H or H,
have been assessed based on experimentally known compounds,?® which include U>N3
(trigonal crystal with space group P3m1), UsN7 (tetragonal crystal with space group
I4cm), and UH; (cubic crystal with space group Pm3n). The two primary reactions

investigated in this work occur by UN reacting with H»,

6UN + 3H> — 2UH; + 2UaN;3 )
7UN + §H2 - 3UH; + UsN7,

or H,

6UN + 6H — 2UH3 + 2U2N;3 )
7UN + 9H — 3UH; + UsNy7,

to form UH3.

The thermodynamic properties, namely the Gibbs free energy G, of the
compounds exhibited in Fig. 4, as well as those of H and Hb, are required as a function of
temperature to quantify hydrogen-mediated UN decomposition. Although the
thermodynamics of H and H» gases are well known as a function of temperature and
pressure, the dataset for uranium-containing species is less complete. Free energy data is
available for UN across a wide temperature range (298 — 2628 K)*3 that encompasses a
major portion of the operational temperature range of an NTP fuel element.

By contrast, the thermodynamic data of the nitrogen-rich compounds U>N3 and
UsN7, as well as UH3 are less complete.? In this case, thermodynamics obtained from

DFT computations and the QHA approach can augment available experimental data by



providing high-fidelity measures of Gibbs free energy to enable the interrogation of
decomposition reactions. Such computations for UN, as plotted in Fig. 5, have been
carried out over a wide temperature range (up to 3000 K) and show values that are in
quantitative agreement with previous experiments.’-¢ The relative error between
computed and experimental values is less than 3% in the temperature range investigated,
which provides confidence that DFT-computed thermodynamic quantities can be used to
investigate erosion reactions. Similar computations for the compounds of interest show
that of the compounds considered, the Gibbs free energy for UN is the lowest, followed
by that of U2N3, UsN7, and finally UH3.

The free energetics of the reactions (AGrxn) between UN and H to produce UxNj
(Fig. 6a) show that decomposition is expected (due to a negative free energy) up to a
temperature of ~2000 K. Conversely, the reaction with H» is generally not favourable
over the entire temperature range examined (300-3000 K). The primary exception is at
low temperature, where the free energy of reaction is almost zero, which indicates that
the reaction approaches reversibility. The chemical potential 4 of H and H> may be varied
to probe the effect on reaction energies. The chemical potential governs the favourability
of hydrogen reaction and can be correlated to the energetics of hydrogen adsorbed on
surfaces/into grain boundaries or to the pressure of a gas of hydrogen species. For the
present calculations, the chemical potential range corresponds to free energies of gases
with pressures ranging from 1 to 8 atm. As pressure (or p) increases, the reaction free
energy curve is shifted to higher temperatures. Effectively, this indicates that higher gas
pressure will lead to increased decomposition at higher temperatures.

The reactions that produce UsN7 (Fig 6b) exhibit the same general trends noted
for U2N3: reactions with H» do not appear favourable, while those with H are favourable

below ~2000 K. In addition, increasing pressure (or ¢) from 1 to 8 atm leads to a 500 K



broadening of the thermal decomposition window. The primary difference with U;N3 is
that the magnitude of the reaction free energy is of much larger scale. The most important
implication of this is the stronger thermodynamic driving force for decomposition via H,
which could lead to greater UH3 yield.

The information provided from the analysis of H-UN reactions raises interesting
questions concerning mechanisms by which NTP cermet fuel elements may destabilize.
Hot atomic hydrogen will diffuse into the tungsten matrix during operation, and, at the
end of an operation cycle, the material will cool. As shown from the computations, H will
react with UN to form UH3 when the material cools below 2000 K. Ultimately, these
relevance of specific thermodynamic processes will depend on the concentration of
hydrogen present in the material, which will in turn be determined by the kinetics of
hydrogen diffusion in the specific grain structure of the cermet/cladding.

II1.C. Case 3: Fuel Thermal-Mechanical Stability

During operation, a cermet will be subjected to thermal expansion and CTE
mismatch stresses and, as described in the previous section, stresses related to chemical
reactions of nuclear material with hot hydrogen and the formation of hydrides. The
mechanical properties of the metallic matrix to a large extent governs the stress tolerance
and fracture behaviour of the element as a whole. In this regard, understanding crystal
plasticity and the nature of the high temperature ductile-brittle transition with respect to
material characteristics like grain structure and strain rate are critical to developing
mechanically stable fuel elements.

In terms of computational approaches to treat mechanics of high-temperature
metals, discrete dislocation dynamics simulations provide a first-principles approach to
crystal plasticity that is based on dislocation motion and effects like twin formation.?’ In

line with the focus on W-UN cermets, tungsten is again used as a benchmark material. A



tungsten polycrystalline microstructure with randomly oriented grains is created using
DAMASK with a Voronoi tessellation algorithm (Fig. 7). The average grain diameter is
chosen to be 20 microns to roughly mimic that of additively manufactured tungsten.?
The representative volume element (RVE) is then subjected to uniaxial tension at a strain-
rate of 10~ s°!, which is within the standard range of performing laboratory tensile testing,
per ASTM standards. Thus, both the material structure and experimental parameters are
reflective of laboratory testing conditions.

In the current case, the evolution of stress and strain concentrations at the
microstructural level is studied. A maximum strain of 0.05 is obtained after a 50 s
simulation. The stress-strain distribution within a room temperature sample (Fig. 7)
shows that grain boundaries act as high stress concentration sites, consistent with
experimental observation in the literature reporting initiation of materials damage at these
sites.’” Unique to the current modeling approach is that the microscopic stress contour is
computed as a direct outcome of discrete dislocation and twinning based crystal plasticity
informed by inherent physics of plastic deformation evolution.

The microstructural stress-strain distributions obtained through this approach can
be used to derive a system level stress-strain curve (Fig. 8). Doing so results in a stress-
strain curve that sees an elastic deformation mechanism transition to a plastic deformation
at a strain of 0.0025 (2.5 s). The maximum stress of this system, nominally a pure matrix
material, is ~0.35 GPa at the terminal strain of 0.05. If ceramic inclusions were taken into
account, we speculate that defects in the matrix material would become pinned by the UN
and would lead to higher stiffness and lower tensile strength. Although the microstructure
is relatively small, these results are in close accord with room temperature experiments
(below the DBTT) obtained for polycrystalline tungsten’’” and thus demonstrate the

feasibility of performing simulated experiments on materials based on ab initio



techniques.
IV. Conclusions

This work serves as a survey of applications of [CME techniques to W-UN cermets
fuel elements for nuclear thermal rockets. Such fuel elements will be exposed to extreme
temperatures, beyond those found in nuclear reactors, and hot, high-pressure hydrogen.
At such conditions, the material response of cermet fuel elements is complex, and cutting-
edge computational materials techniques can be leveraged to aid in qualification and
development of high performance fuel materials. In this regard, three important case
studies were treated: the interaction of tungsten coating/cladding substrates with hydrogen
to interrogate erosion mechanisms, the thermodynamic stability and decomposition of
uranium mononitride in the presence of hot hydrogen, and the plasticity of the tungsten
cermet matrix.

The simulation results for each of these cases highlighted the close agreement
between computed and experimental material properties as well as the ability of
computations to supplement experiments. For tungsten erosion, atomistic insight into
relative likelihoods of reaction mechanisms and buckling from thermal expansion were
evaluated with density functional theory, showing atomic hydrogen events to be the most
favourable erosion mechanism. The thermal window where degradation of UN to UH3 is
expected was shown to be at temperatures below 2000 K. This analysis directly relied on
density functional theory computations and thermodynamics calculations used to bridge
gaps in free energy data and to extrapolate free energies to temperatures beyond those
available from experiments. Though here we have calculated the properties of a nominal
NTP cermet, these computational methods have wide applicability and can be used to
predict the behavior of alternative designs. Finally, microstructure models were employed

to perform discrete dislocation dynamics to investigate plasticity. Such computations



provide experimental quality stress-strain curves as well as microstructure-level insight
into stress distributions, which can be a powerful aid to understanding high temperature
response and the characteristics of a microstructure that leads to desired mechanical
properties. While each of these techniques separately shows promise, work is on-going
to integrate these techniques into a unified material model of fuel elements, which would

greatly aid the certification of fuel element materials for nuclear thermal rockets.
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Fig. 1. (a) Depiction of a nuclear thermal rocket. (b) Material configuration of reactor

fuel elements.



w
"i"‘-"‘i"l Il"'l'

0.".‘-.‘-.‘.‘1..“
‘l.".“l"l“-‘l ALV T

At 2500 K: 35,000 times more likely than direct erosion

Figure 2. Depiction of hydrogen erosion mechanisms at a tungsten surface and the

associated likelihoods based on atomistic modeling.
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Figure 3. Linear thermal expansion coefficients (ar) of tungsten calculated from
atomistic modeling compared to experiments.’%-3* Computations are provided as a
dashed line with open symbols, while the experimental data are provided as solid lines.



Figure 4. Atomic crystal structures of uranium compounds investigated in this work: (a)
uranium mononitride, (b) uranium sesquinitride, (c) tetrauranium heptanitride, and (d)

uranium hydride.
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Figure 5. Gibbs free energies per atom (G) of UN, UxN3, UsN7, and UH3 as a function
of temperature. Computations are provided as solid lines, and experimental data for UN
from Hayes et al.’ are plotted as circles. Free energy is given in thermal units — the

product of the Boltzmann constant (kg) and temperature (T).
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Figure 6. Reaction free energies of UN with H or H» to form UH3 and (a) U2N3 or (b)

UsN7. Reaction free energies are provided as a function of H or H» pressure, with arrows

indicating increasing pressure from 1 to 8 atm.
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Figure 7. (a) Grain structure of the polycrystalline tungsten representative volume
element, (b) stress, and (c) strain of the microstructure mechanical response at 5% global
strain. Note that maxima of stress and strain are correlated with grain boundaries and

indicate damage that can act as crack initiation sites.
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Figure 8. Stress-strain curve of the polycrystalline tungsten representative volume
element from room temperature discrete dislocation dynamics simulations and using data

from the experiments of Krsjak et al.?’



