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ABSTRACT

Uranium-based materials are valuable assets in the energy, medical, and military industries.
However, understanding their sensitivity to hydrogen embrittlement is particularly challenging
due to the toxicity of uranium and computationally expensive nature of the quantum-based
methods generally required to study such processes. In this regard, we have developed a
Chebyshev Interaction Model for Efficient Simulation (ChIMES) model that can be employed to
compute energies and forces of U and UH3 bulk structures with vacancies and hydrogen
interstitials with similar accuracy to Density Functional Theory (DFT) while yielding linear
scaling and orders of magnitude improvement in computational efficiency. We show that that the
bulk structural parameters, uranium and hydrogen vacancy formation energies, and diffusion
barriers predicted by the ChIMES potential are in strong agreement with the reference DFT data.
We then use ChIMES to conduct molecular dynamics simulations of the temperature-dependent
diffusion of a hydrogen interstitial and determine the corresponding diffusion activation energy.
Our model has particular significance in studies of actinides and other high-Z materials, where
there is a strong need for computationally efficient methods to bridge length and time scales
between experiments and quantum theory.

INTRODUCTION

Uranium (U) is a unique material with a number of practical uses, such as nuclear fuel for
electricity generation, radio-isotope sources for diagnosis and research in the medical industry,
and as a power source for submarines and weaponry by the military.! The pure metal occurs in
three solid polymorphs: a (orthorhombic), B (tetragonal) and y (body-centered cubic). The most
prominent metal phase in nature is a-U, shown in Figure 1a, which transforms to -U at
approximately 935 K and subsequently transforms to y-U at approximately 1045 K.2 However,
uranium is also a highly reactive metal and under ambient conditions will react spontaneously
with hydrogen gas to form a brittle hydride (UH3), causing disintegration of the underlying
metal. UH3 itself is pyrophoric, leading to operational hazards and making surface hydrogenation
experiments highly challenging.> Uranium hydride can exist in two different phases: a-UH3 and
B-UHs. Both phases possess a cubic lattice with each U atom is surrounded by 12 H atoms, as
shown in Figure 1(b and c¢). The a-UH3 phase is metastable at low temperature exhibits a face-
centered cubic (fcc) symmetry, with one UH3 formula unit per primitive cell or four formula
units in the cubic unit cell. In contrast, the ground-state -UH3 phase exhibits lower symmetry
with eight formula units per unit cell, though with cubic symmetry overall. The more compact a-
phase completely converts to the B-phase at approximately 375 K, generally below the operating
conditions of many nuclear reactors.*

In the last few decades, a number of experimental studies have investigated the initiation of
the hydriding process on the uranium surface, which is characterized by the appearance of
growing “spots,” or surface monolayers. These spots nucleate radially outward with the influx of
hydrogen and eventually merge to form a continuous layer on the metal surface. However,
experiments by Mallet and Trzecialk® (conducted at 1 atm and 537 K) have revealed that



hydrogen solubility in pure uranium is 9.3x10- atoms per unit cell, which is significantly below
the 1 to 3 ratio in the hydride end state. In addition, experimental studies have observed low
diffusivity of hydrogen in uranium, with a prefactor of 1.91x102 cm?/s and activation energy of
0.502 ¢V.% Similar values were reported by Mallet and Trzecialk with a prefactor of 1.95x10

2 ¢cm?/s and barrier of 0.481 eV.> These values suggest that uranium hydriding reactions exhibit
significant barriers under ambient conditions, which is substantially different to the observed
spontaneous process. Additional studies have investigated the hydriding induction period,””
location of nucleation sites,’”!! hydride growth types,'>!3 surface inclusions,'4!¢ and grain
boundaries.”'%!'” However, due to the toxicity of uranium, experimental efforts can be limited.
The passivating oxide layer on the metal surface also can have a broad range of physical and
chemical properties (e.g., grain boundaries and sizes, cracking, degree of oxidation), which
yields an element of unpredictability in the material. Therefore, experimental efforts would
benefit from atomic-level detail regarding the underlying uranium-hydrogen reactivity, and
nucleation and growth parameters as hydride layers begin to form.

In order to probe the formation of new material phases and the formation of covalent bonds,
atomistic simulations frequently require use of Kohn-Sham Density Functional Theory (DFT),
which has proven to be one of the most popular computational approaches in material science for
accurate prediction of physical and chemical properties of condensed materials.'®2! Numerous
DFT investigations have been published of hydrogen-metal systems,?”?’ including palladium
alloys,?® titanium,?’ plutonium,***! and many other systems. Several previous studies of
hydrogen within uranium and uranium hydride have probed interstitial formation energies in the
in bulk, surface energies of low index facets and hydrogen atomic/molecular adsorption, and
hydrogen coverage studies on the most stable (001) facet.'®2!32 Our recent DFT investigations
have explored the initial steps of uranium hydriding with the applied effects of strain,
concentration, and hydrogen partial pressure on both terraced and kinked surface facets.*?

Despite these advances, relatively little is known about the hydriding mechanism in pure
uranium, including induction times, the role of grain sizes and orientations, and nucleation and
growth rates. DFT calculations require significant computational resources per simulation step,
and therefore are generally limited to time scales on the order of picoseconds and system sizes of
few hundreds of atoms. Small-scale U+H calculations are relatively tractable with DFT and can
be used in dataset preparation and validation. However, DFT calculations are too
computationally intensive to model polycrystalline regions, grain boundaries, and realistic defect
concentrations that likely play a significant role in hydriding. In fact, for this study,
approximately 70,000 CPU-hours was required to run a molecular dynamics (MD) trajectory of a
small a-UH3 system (54U + 162H) for only 0.5 ps. In contrast, convergence of hydride initiation,
nucleation, and growth studies could require simulation cells of tens of thousands of atoms or
greater run for nanosecond timescales or longer.?’ Therefore, uranium hydriding atomistic
simulations require an alternative fast, accurate, and computationally-inexpensive approach that
can calculate large-scale effects that are computationally cost prohibitive to determine using DFT
alone.
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Figure 1. Crystal structure of (a) a-U (b) a-UH3, and (c) B-UH3 drawn using Vesta (version
3.0).3* Uranium atoms are colored in orange, and hydrogen atoms in blue.

A practical solution to ameliorate these system size and time scale limitations is the
development of computationally efficient MD force fields that can approximate the underlying
potential energy surface with accuracy comparable to DFT. In this respect, classical force field
approaches® =7 have traditionally shown outstanding computational efficiency in modeling
materials. These empirical approaches, though, generally do not allow for reactive conditions
where bond breaking and forming occurs. Development of reactive force field methods, such as
ReaxFF3* and COMB,* incorporate both reactive and non-reactive terms with physically
motivated bond-order forms, and allow for bond breaking and forming under realistic conditions.
However, these methods frequently involve rigid functional forms that can require potentially
complex optimizations of non-linear parameters. More recently, machine learning (ML)
approaches for MD simulations have been developed that utilize many-body kernels in more
abstract, highly flexible functional forms. Examples include Gaussian Approximation Potential
(GAP),* which leverages Gaussian Process Regression, and DeepMD,*'*? which leverages deep
neural networks. These ML approaches have shown high degree of accuracy and transferability
for a number of systems.*** ML approaches generally require large training and validation
datasets for training purposes as well significant training times due to their inherent non-linear
optimization requirements. These issues can be a particular challenge for actinide containing
systems, where existing DFT data can be limited, and training data can be difficult to generate
due to the extreme computational effort associated with quantum calculations of high-Z
materials.

Machine-learned methods that rely on linear parameterization, such as the Chebyshev
Interaction Model for Efficient Simulation*>*¢ (ChIMES), hold promise as a potentially easier-
to-optimize model for rapid MD simulations with a high degree of accuracy. ChIMES is a
many-body reactive force field based on linear combinations of many-body Chebyshev
polynomials. The use of linear parameterization allows for optimal fitting coefficients to be
solved for directly in most cases as well as powerful regularization approaches which are not
necessarily available to non-linear optimization problems. ChIMES is based on an N-body
expansion of DFT energies and forces and thus allows for a physically motivated and highly
flexible functional form. In addition, use of Chebyshev polynomials imparts several advantages,



including: (1) Chebyshev polynomials of the first kind are orthogonal and can be generated
recursively, forming a complete basis set, (2) the derivatives of Chebyshev polynomials of the
first kind are related to Chebyshev polynomials of the second kind, which are also orthogonal
and generated recursively, (3) higher-order polynomials tend to have decreasing expansion
coefficient values due to their monic form, and (4) Chebyshev polynomials of the first kind are
nearly optimal, which means that the error due to interpolation closely resembles a minimax
polynomial. ChIMES model optimization can be determined relatively quickly (e.g. within
minutes for each optimization step of our study). In addition, ChIMES models have been shown
in some cases to have significantly smaller data requirements and numbers of parameters than
some neural network approaches,*’ making them ideal for the application space to be studied
here. Numerous ChIMES models have been designed for complex systems, such as molten liquid
carbon,* water,*®* high-pressure C/O systems,’*>! hydrazoic acid (NH3),*? titanium hydride
(TiH>),>? and silicon.*

In this work, we detail our efforts to create a ChIMES model for use in uranium hydriding
studies. We start with a brief discussion of our DFT calculations as well as the ChIMES
methodology. We then investigate different options for optimal values the ChIMES
hyperparameters, including polynomials orders for different bodied interactions, the minimum
and maximum interatomic distance cutoffs, and regularization parameters. We validate our
model against computational and experimental results, including lattice constants and the bulk
moduli of different U-H phases, as well as defect energies for single and multiple defects of
uranium vacancies, hydrogen interstitials, and hydrogen vacancies in uranium hydride. Finally,
we present results from simulations with our optimum model, including the kinetic properties for
bulk hydrogen diffusion through bulk a-U, and molecular dynamics simulation of diffusion
coefficients as a function of temperature. In all cases, we find that ChIMES yields a high degree
of accuracy relative to DFT calculations on smaller system sizes.

COMPUTATIONAL METHODS
a) DFT

All of our DFT calculations were performed using the Vienna ab initio simulation package
code (VASP)3-7 with the projector augmented wave (PAW) pseudopotentials>®> for U and H
with the Perdew—Burke—Ernzerhof generalized gradient approximation (PBE) exchange-
correlation functional.®® In terms of our model optimization, we choose to focus on the high
symmetry a-UHj3 phase, and leave results from -UH3 for validation. The energy cutoff for the
planewave basis set was set to 500 eV based on convergence tests. Structural relaxations were
performed until forces on all atoms were less than 0.01 eV/A. A k-point mesh of 4x4x4
generated by the Monkhorst-Pack®! method for integration over the Brillouin zone was used to
generate the training set for both a-U and a-UH3, discussed below.

Our full set of reference data contains 792 snapshots from the following DFT calculations:
(1) short (0.5-1 ps) molecular dynamics simulations of a-U and a-UH3 metallic systems at
temperatures of 400 K and 1000 K and various hydrogen concentrations, (2) single-point
calculations of isotropically distorted a-U and a-UHj3 lattices, and (3) supercell structures with
uranium vacancies and images from optimized minimum energy path calculations of hydrogen



diffusion in a-U. Pure uranium optimization calculations (atomic coordinates and lattice
parameters) and DFT-MD simulations of interstitial-containing systems were performed on
4x2x3 supercell with initial lengths 11.209 x 11.687 x 14.711 A. The interstitial simulations
contained 94-96 uranium atoms and various hydrogen concentrations of hydrogen atoms (1-10 H
atoms). We used a cubic supercell for defect-free a-UH3, with a lattice vector length of 12.363 A
and containing 54 U and 162 H atoms. All DFT-MD simulations were performed in the
canonical ensemble (NVT) with timestep of 4.0 fs for pure systems of uranium and 0.20 fs for
systems containing H, using Nose-Hoover thermostat chains®** and periodic boundary
conditions. For our training, uniformly spaced frames from the MD calculations were extracted
every 150-200 fs to ensure that configurations were as statistically uncorrelated as possible. We
note that all a-U DFT calculations were performed without spin polarization as we found no
substantial loss in accuracy to its exclusion in our previous study.** However, our a-UH3
calculations did include spin polarization as its effect was observed to be more sizeable in that
case.

b) ChIMES

A detailed explanation of the ChIMES interaction model has been discussed elsewhere3?63

and is summarized here, briefly. The design philosophy behind ChIMES comprises of mapping
the DFT total energy onto linear combinations of many-body Chebyshev polynomials of the first
kind. The ChIMES total energy is expressed as follows:
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.... lllz fi)(rlllz) +fel1elz lllz) Z Cel1elz ( leltllzeiz)
()

The indices {el- )€, } correspond to the element types of atoms i, and i, respectively. In this

€iq el1 in
min '’ max

case, all pairwise distances 73, ;, are transformed over [ ] (e.g., the range of
minimum and maximum values for a given element pair) to the scaled coordinate 51.1’1.12 2 which
is restricted to the Chebyshev polynomial input variable range of [-1,1]. The function

€i1€i;
/. (rl ) 12) assures smooth variation of the energy function at the maximum distance

boundary. The function fp(ri 1i2) is a penalty function that adds extra repulsion for situations



where r; ;, < rmllln 2_(i.e., when the pairwise distance falls below the range of allowable inputs

for the Chebyshev polynomials). The two-body sum is performed over all m dimers that exist
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permutationally invariant for each pair of atom types.

Higher bodied orthogonal polynomials for clusters greater than a dimer can be constructed by

taking the tensorial product of the sum of the constituent ( ) unique pairwise polynomials of

2
that cluster. For example, a triplet or three-body cluster with the set of indices of {i, i, i3}
contains (;) = 3 unique distances, namely 13, ;,, 73, i, 7i,i,- Thus, a three-body polynomial of
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permutationally invariant to atom types in the set {el- 1€y ei3} as well as polynomial order. We

In this case, the set of {C 1% i3} correspond to the three-body fitting coefficients that are

also apply smoothly varying cutoff functions to the three-body interactions, though penalty
functions are omitted in this case and only included in the two-body energies. Finally, the ‘*’ in
the sum in Equation (3) corresponds to the fact that we only include distinct triplets in the sum
where 1;,;,, 17,1,, and 7, are all less than rmlaxlz.

Greater than three-body terms in the ChIMES energy expression are included in an
equivalent manner. In practice a maximum of four-body terms are used due to prevent creating a
combinatorically large polynomial space and potential parameter explosion.”-33-3® ChIMES bears
some resemblance to other polynomial expansion methods such as the Atomic Cluster
Expansion®®’ (ACE) and spectral neighbor analysis potential®® (SNAP) methods. We note that
the polynomial basis sets in these methods are atom-centered and are functionally different than
the cluster-centered Chebyshev approach we employ here.

Similar to other atomic interaction potentials,®®*’> ChIMES models are trained through
matching forces, energies, and stress tensor components. In general, training and validation data
are generated through DFT optimized structures and MD simulations, though the possibility
exists to include data from higher levels of theory. In addition, use of weights is frequently
required due to the differing physical units of the forces, stresses, and energies and the number of
data points per configuration. We can thus define an objective function for our optimization as
follows:
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The index T corresponds to a specific training set configuration from the total set of N,
configurations, I is the atomic index, and a and [ are the cartesian directions. We use the index
M to denote the total number of configurations in the training set, with N, corresponding to the
total number of data points (e.g., forces, stress tensor components, and energies). In addition,

— RChIMES DFT — ~ChIMES DFT _ RChIMES DFT .
AFTai = FTai - FTai , AGT(XB = Otpg  — Otggs AE; = E; — E7"". The value wg is the

weight for forces, w, for the stress tensor components, and wg for the energies.
¢) Optimization and Regularization

Regularization is an important concept that is utilized in order to avoid overfitting of the
trained data, and we refer to previous publications for further details.>* In this work, we use the
Least Absolute Shrinkage and Selection Operator method (LASSO), an L1 regularization
technique which adds a penalty proportional to the absolute value of the magnitude of the fitting
coefficients. This promotes smaller valued coefficients to become zero and subsequently be
eliminated from the model. In this case, the objective function F,j; is minimized with the

following additional penalty on the sum of the absolute values of the fitting coefficients C;:

Np

Fopj = NgFopj + 2“'2|Ci|
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)

where a' is the parameter that regularizes the magnitude of the fitting coefficients C;, and N, is
the total number of unique fitting parameters. In our work, we use LASSO as implemented
within the Least-Angle Regression (LARS) optimization method,”® which is discussed in more
detail in Refs. 333



RESULTS AND DISCUSSION

A. Finding optimal parameters

COMPLETE Compute DFT-

‘ MD + SPE data
YES NO/ e — \

Choose 2B/3B/4B,
cutoff radii, alpha

('Validation methods: RMS
Energy/Forces, Lattice
constants, U vacancies, H
interstitials

Figure 2. Flowchart for creation of ChIMES model.

Desired Accuracy
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ChIMES model development requires the definition of a number of hyperparameters, i.e.,
user-chosen model parameters. These include the two, three, and four-body polynomial orders,
minimum and maximum atomic interaction distance cutoffs (7, and 73,4, ), and the
regularization method and degree of regularization. Figure 2 shows a workflow diagram for
ChIMES model optimization, which comprises exploring different combinations of the fitting
parameters. Validation was determined through calculation of the root-mean-square (RMS) error
of different physical properties that were not included in our fits, such as the bulk lattice
constants, ground-state volumes for a-U and a-UH3 systems, single uranium vacancy formation
energy in pure U, and single hydrogen absorption interstitials in an a-U supercell.

1.1 Optimal interatomic interaction distances. The r,;,, value for each atomic pair (H-H,
U-H, and U-U) was determined by scanning the data and finding the minimum interatomic
interaction distances in our dataset (0.50 A for H-H, 0.68 A for U-H, and 1.07 A for U-U pairs).
The 77,4, atomic pair values were uniformly set to the maximum allowed distance sampled in
our training set (5.5 A) in order to satisfy the minimum image convention (i.e., one half of the
shortest box length).

1.2 Sweep of polynomial order. Given our choice of 7,,,;, and 7;,,,,, We have created
multiple models with our training set by sampling a range of polynomial orders for the two-body
(2B), three-body (3B), and four-body (4B) interactions. Here, we have looped over our workflow
by sampling the 2B order a range of 2 < 0, < 18, the 3B order over a range of 2 < O35 < 14,
each with a step size of two. We have also created a subset of potentials with the 4B order varied
over range of 1 < 0,5 <4, in steps of one. Our preliminary studies showed that models with 2B
only interactions produced substantially diminished results for all validation tests. Therefore, in
this work we discuss results from models with combinations of non-zero 2B/3B order values,
only. The optimizations were performed with the LASSO regularization of & = 1073, similar to
previous work.3*** In doing so, we are able to validate a large number of independent models
and eventually down select to our optimal choice. In this section, we first present results for
models with 2B/3B polynomial models, followed by studies with incorporation of the 4B terms.
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The results for the computed the root-mean-square (RMS) error in our training set for the
atomic forces on hydrogen and uranium ions are shown in Figure 3. A more detailed RMS error
results summary, which includes diagonal of the steps tensor and energies, are shown in the
Supplementary Materials section. Not surprisingly, the RMS error for forces of each fit decreases
systematically with higher polynomial orders and higher bodied models. For example, a model
with a set of {0,5=8, 035=6} yields fitting errors of 0.489 and 1.971 eV/A for the forces acting
on H and U, respectively. On the other hand, a model with a set of {0,5=18, O3;5=12} produces
substantially lower fitting errors of 0.197 and 0.342 eV/A. We notice similar trends for RMS
errors of the diagonal of the stress tensor (e.g. 1.962 GPa for {0,5=8, O33=6} compared to 0.696
GPa for {0,5=18, 0;5=12} model). On the other hand, the opposite trends are observed for the
total energy as increasing polynomial order yields larger RMS values (e.g. 0.283 eV/U atom for
{0,5=8, O33=6} and 0.421 eV/U atom for {0,5=18, O35=12} sets). We also note that models
with higher orders of polynomials require more computational resources for the optimization
process (e.g., about ten times the computational effort for the {O,5=18, O;5=12} model
discussed here), though the optimization remains relatively rapid (approximately 45 minutes on a
single Intel Xeon E5-2695 processor for the above example).

18
16
- 14
§ 6 12
o 10
?3 8 8
6
4
2
10 12 14 16 18

(a) ZB order
2.0
2 1.8
4 1.6
5 1.4
3 6 1.2
m 8 1.0
" 0.8
10 0.6
12 0.4
10 12 14 16 18 0.2

(b) ZB order

Figure 3. Results for training RMS errors using 0,5 and O35 Chebyshev polynomials. RMS
error in the forces in units of eV/A for (a) on U atoms and (b) on H atoms.
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Figure 4. Results for training RMS error test with the inclusion of 0,5 Chebyshev polynomials.

Incorporation of 4B interactions yields further training accuracy, where we have included
terms up to O,5=4, similar to previous work.*’>* As shown in Figure 4 and Table S1
(Supplementary Materials), we observe a monotonic decrease in RMS training error with
inclusion of higher four-body order in our model. We see RMS force errors of 0.580 eV/A in U
and 0.266 eV/ A in H for {0,5=16, 035=8, 0,5=0}, 0.580 eV/A and 0.266 eV/A for {0,5=16,
035=8, 0,5=1}, and 0.560 eV/ A and 0.263 eV/ A for {0,5=16, 035=8, 0,5=2}. In this case, the
RMS errors for the total energy diminish with increasing 4B polynomial order (e.g. 0.243 eV/U
atom for 0,5=0, and 0.238 eV/U atom for 0,g=3 models), though these improvements are small.
We notice that ChIMES model with 0,5=0 yields virtually identical results to those from O,g=1,
which occurs due to LASSO regularization setting these four-body parameters to zero. We
observe some measurable reduction in the RMS errors for models with 0,5=3 or higher. We
calculate the RMS force errors of 0.532 ¢V/ A in U and 0.254 eV/ A in H and the total energy
error of 0.216 eV/atom for {0,5=16, 035=8, 0,5=3} and 0.512 eV/ A, 0.239 eV/ A, and 0.191
eV/U atom for {0,5=16, 0;5=8, O,5=4}. The opposite trends are observed in RMS errors of the
diagonal of the stress tensor with increasing four-body order (e.g., 0.771, 0.771, 0.778, 0.789,
0.877 GPa).

Next, we perform a model down select through validation against a series of DFT-computed
physical properties. These include the lattice constants, volume of the optimized unit cell of a-U
and a-UH3s, vacancy formation energy in a-U, and hydrogen interstitial energy formation in a-U.
We note that B-UH3 was not part of this initial validation test. As shown in Table S1, the
complexity of the model in general reduces the absolute errors relative to DFT reference values.
However, some validation tests are more sensitive than others. In addition, the lattice constants
and equilibrium volume tests converge to sufficient accuracy without utilizing the four-body
interactions. For example, a model with a set of {0,5=6, O;5=6} yields absolute errors for lattice
constants for a-U and a-UH3 below 5.0%. Increasing the polynomial order above these values
leads to the reduction of relative errors in lattice, e.g., a model set of {0,5=18, 0;5=8} produces
errors of 1.4% and 4.15% for a-U and 1.83% and 5.4% for a-UHj3 lattice and volume parameters.

A similar trend to a certain extent is observed for the formation energy of the uranium
vacancy in 4x2x3 a-U supercell. Here, we define the uranium vacancy formation energy is
defined as

11



n—1

E,= E(n—l)U - [T]EnUa

(6)

where E(;,_1yy, Eny, and n are the supercell energies for the defective and perfect systems, and n
is the number of uranium atoms, respectively. Models with polynomials orders above 10 for 2B
and 8 for the 3B interactions estimate vacancy energy with relative error of £0.4 eV (or 25%
errors) or smaller, relative to the DFT computed value of 1.78 eV, with the best model {0,5=12,
03;5=8} of 1.80 eV with relative error of 0.9% .

We find that accurate prediction for the hydrogen interstitial in a-U to be one of the most
challenging properties in our initial validation set. The interstitial formation energy is defined as

Ef =Eysnu - Ey - 1/2 nEy,,
(7

where Ey ..y, Ey, and n are the supercell energies for the defective and perfect systems, and 7 is
the number of hydrogen atoms in the defective supercell, respectively. Here, we have calculated
the hydrogen interstitial energy for the most stable site (square-pyramidal). Similar to our other
validation tests, increasing the polynomial order of 2B and 3B interactions improve the results.
For example, a model with a set of {0,5=6, O;5=6} yields absolute errors of over 600%, while a
model {0,5=12, 0;53=8} estimates the interstitial energy of 0.22 eV (17% relative error). Fairly
large polynomial orders (above 12 for 2B and 8 for 3B) are required to achieve relative errors
below 10% relative to the DFT computed value of 0.27 eV, with the best model {0,5=18,
03;5=8} 0f 0.26 eV with relative error of 1.5% .

Lastly, we looked at the effect of including higher-body interactions on our validation tests.
As shown in Table S1, incorporation of the four-body polynomial to the model set significantly
improves the lattice constants for both of a-U and a-UH3s. For example, adding the 4B terms to
the model with a set of {0,5=16, 0O;5=8} somewhat improves relative errors, where we observe
values of 2.32% (a-U) and 2.13% (a-UH3) for {0,g=0} and {O,g=1}, 2.29% (a-U) and 1.49%
(a-UH3) for {0,5=2}, 2.23% (a-U) and 1.15% (a-UH3) for {0,5=3}, and 1.8% (a-U) and 1.43%
(a-UH3) for {O,g=4}. However, the additional 4B complexity yields higher errors for other
validation tests. Errors in uranium vacancy formation energies systematically increase from ~0.2
eV (0.9%) to ~0.4 eV (20.8%). Similar trends are observed for the hydrogen interstitial with
errors of ~0.05 eV (16.8%) for {0,g=0} and {O,g=1}, ~0.07 eV (24.3%) for {O,z=2}, ~0.18 eV
(67.2%) for {O,p=3}, and ~5.7 eV (>2000%) for {O,g=4}. Overall, we find comparable
accuracy between the {0,5=16, 055=8, 0,5=0} model those with {0,5=16, 0;5=8, O, < 2}
for the solid phase lattice constants and point defect energies in this validation suite. We compute
some loss of accuracy for ChIMES models with values of O,5 = 3 or 4 for defect formation
energies. As a result, we choose to proceed with ChIMES models with 2B and 3B interactions
only, though the inclusion of non-zero 4B interactions has proven essential for simulations of
reactive materials over a broad range of thermodynamic conditions.

We now down select to a ChIMES model {O,5 = 16, O35 = 8, O, = 0}. We find that this
model achieves the correct balance of minimizing the RMS errors our training set while yielding
accurate bulk parameters for a-U and a-UH3. In particular, we find that this model is able to
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achieve accurate results for point defect properties, including hydrogen interstitial and uranium
vacancy formation. Hence, we choose to proceed with this model for the remainder of our study.
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Figure 5. Results of validation tests using different values of LASSO/LARS parameter a. (a)
Root mean square force errors (in eV/A) on U and H atoms, (b) Percent deviation in volume of
ChIMES estimated optimized unit cell from the DFT value in a-U and a-UH3, (c) Defect energy
formation deviation (in eV) of U vacancy in a-U 4x2x3 supercell, and (d) Defect energy
formation deviation (in eV) of 1 H interstitial (square-pyramidal) in a-U 4x2x3 supercell.

1.3 Test of Regularization methods. Given our choice of the ;-7 = 0.50, ) -H = 0.68,

ry U =1.07 and nfi;H = 5.5, Y7 = 5.5, and /7Y = 5.5 atomic interaction distance cutoffs
and the ChIMES polynomial order {O,5=16, 0;5=8, 0,5=0}, we also explored different options
for determining the optimal LASSO o parameter based on the validation errors (Figure 5). In this
study, we varied a over the range of 10° < a < 102. A more detailed summary of the results is
shown in Table S2 in the Supplemental Materials section. In short, values of oo = 10-? and higher
yields relatively high RMS errors in all of our validation tests, with RMS force errors (0.70 eV/A
in U and 0.33 eV/A in H), lattice constants (-1.97% for 0-U and -2.65% for a-UH3), volume
(-5.77% for a-U and -7.74% for a-UH3), single uranium vacancy (-8.43%), single hydrogen
interstitial (-100.37%). In contrast, the under-regularized value of o = 10> show considerable
improvement with RMS force errors (0.52 eV/A in U and 0.24 eV/A in H), estimation of lattice
parameters (-1.19% for a-U and -1.63% for a-UH3), volume (-3.51% for a-U and -4.83% for
a-UH3), single uranium vacancy (20.17%), and single hydrogen interstitial (1.87%). However, as
shown in Figure 5, the optimal balance of regularization and minimized training and validation
occurs with o = 10, Here, compared to o = 10~ model, we see slightly higher RMS force errors
(0.52 vs 0.58 eV/A in U and 0.24 vs 0.27 eV/A in H), lattice (-1.19% vs -1.32% for a-U

and -1.63% vs -1.9% for a-UH3) and volume (-3.51% vs -3.90% for a-U and -4.83% vs -5.57%
for a-UH3) but significantly lower uranium vacancy formation energy errors (20.17% vs
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12.53%) and similar hydrogen interstitial energy errors (1.87% vs 2.61%). Therefore, we chose
to proceed with LASSO/LARS optimization with oo = 1073 as the best choice for our U-H model.

Table 1: Final optimal ChIMES hyperparameters.

rH-H 0.50
rH H 5.5
rH-U 0.68
rH Y 5.5
ry-U 1.07
e Y 5.5
Polynomial order | {O,5 = 16,035 = 8,0,5 = 0}
LASSO/LARS 3
regularization (o) 10
1.4. Final hyperparameters. Our final set of hyperparameters values includes {rH " =
0.50,rm) = 0.68,10;Y = 1.07, pHi;H =551V =551V = 5.5} and {0,5 = 16,035 =

8,0,5 = 0}, optimized with LASSO/LARS with a regularization of o. = 10-3, as shown in Table
1. This model yields the RMS force errors of 0.27 eV/A in hydrogen and 0.58 eV/A in uranium,
the total energy of 0.24 eV/U atom, and the diagonal of the stress tensor of 0.77 GPa. For
context, these errors are substantially lower in magnitude than some previous ChIMES
parameterizations (i.e., molten carbon®') and are comparable in value to others (ambient water*’,
the energetic material HN3°2, and semi-empirical quantum Density Functional Tight Binding
models for silicon involving ChIMES>#). For the remainder of our discussion, we will present
results using this ChIMES model.

B. Bulk structural properties

Using optimal parameters, we determined optimal structures and bulk and mechanical
properties of pure a-U and a-UH3, and B-UHs. These zero-temperature optimization calculations
differ somewhat from our training data, which was derived from finite temperature DFT-MD
simulations. The ChIMES predicted lattice parameters of these reference structures, listed in

Table 2, agree quite well with DFT results’ and experimental data’>®. The results for a-U
and a-UH3 bulk properties indicate that the ChIMES yields lattice constants with errors of only
~1.19% and ~1.7% from the DFT and the experimentally determined values, respectively.
Volumetric (per unit U atom) of the optimized unit cell and the bulk modulus parameters are
slightly lower than DFT-determined results, with errors of 3.9% and 12.8% for a-U and 5.57 %
and 21.4% for a-UHs. In each case, the bulk modulus was estimated from energy vs. volume
curve computed over a range of -13 to 24 GPa, followed by regression to a Birch-Murnaghan’’
model. We note that B-UH3 data was not included in the training set in order to benchmark the
transferability of the ChIMES potential. Our ChIMES potential is in excellent agreement with
DFT-calculated and experimental values for B-UH3, with relative errors of 2.1% and 3.0% for the
lattice constant, and 6.1% and 8.7% for the unit cell volume, respectively. We compute an error
of 0.9% for the bulk modulus relative to DFT. In addition, ChIMES yields the correct energetic
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ordering of the uranium hydride phases, with B-UH3 predicted to be 0.03 eV/U atom lower in
energy than a-UHj3, compared to the DFT computed result of 0.02 eV/U atom.

Table 2: Lattice parameters, unit cell volumes (V) per U atom, and bulk moduli (B) for a-U,
a-UH3, and B-UH3 predicted by ChIMES. Present results are compared with experimental and
DFT calculations.

DFT 2.81 5.87 4.92 20.29 148
(0?_;50) ChIMES 2.78 5.79 4.86 19.53 156
Exp 2.84 5.87 4.94 20.59 125
«-UH: DFT 4.12 4.12 4.12 34.97 106
(cubic) ChIMES 4.05 4.05 4.05 33.22 135
Exp 4.16 4.16 4.16 36 ---
B-UH; DFT 6.59 6.59 6.59 35.77 106
(cubic) ChIMES 6.45 6.45 6.45 33.54 115
Exp 6.65 6.65 6.65 36.76 ---

C. Additional point defect formation energies in a-U.

1.1 Uranium vacancy energies as a function of system size. In order to further validate our
optimal ChIMES parameterization, we choose to compute the formation energies of vacancies in
a-U as a function of supercell size, thus estimating the effect of uranium vacancy concentration.
As shown in Figure 6, the vacancy formation energy shows some dependence on the uranium
vacancy concentration in the bulk structure. The DFT estimated vacancy values were found to be
2.03 eV for (2x1x1), 1.93 eV for (2x2x1), 1.92 eV for (2x2x2), 1.90 eV for (3x2x2), 1.81 eV for
(4x2x2), and 1.78 eV for (4x2x3) supercells. The 0.25 eV decrease in the vacancy formation
energy with the increase of the system size from (2x1x1) to (4x2x3) indicates that there are
strain-induced interactions around the defect at higher concentrations.

Our ChIMES calculated value in the dilute limit of 1.56 eV is 0.22 eV lower (~12% error)
than our computed DFT value and about ~0.13-0.39 eV lower than other published DFT results
of 1.95 eV (Taylor®?), 1.69 eV (Wirth’®), and 1.86 eV (Beeler’®). We found that underestimation
of the U vacancy energy was typical for all ChIMES models created in our study. We also
observe a weaker dependence on vacancy formation energy as a function of defect concentration,
where the curve from ChIMES is relatively flat compared to DFT. This yields somewhat larger
error between the DFT and those predicted by ChIMES potentials at higher vacancy
concentrations. This could be attributed to the lack of training data in our ChIMES model for
multiple vacancies. We note that by positron annihilation experimentally determined vacancy
formation energy®® of 1.20+0.25 eV is relatively lower than DFT or ChIMES. In addition, DFT
calculations could vary depending on choice of functional and dispersion interaction model.
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Figure 6: Uranium vacancy formation energy for a-U at various concentrations using ChIMES
potential.

1.2 Multiple hydrogen interstitial formation energies in a-U. In this study, as shown in
Figure 7, we have calculated the interstitial energies for (a) a low-energy interstitial hydrogen at
the square-pyramidal (sq) position, a pair of hydrogen atoms at nearby sq sites in 2 different
directions (b and ¢), and a hydrogen pair located ~5 A apart (d). The square-pyramidal interstitial
site occurs where the H atom is coordinated by five U atoms from the lattice (Figure 7a and
Table 3). ChIMES predicts a formation energy for this site of 0.28 eV, which agrees within 0.01
of our result from DFT and is also in a good agreement with previously published results of
0.319 eV using 4x2x2 supercell (64 U atoms).?! In addition, our ChIMES model predicts
hydrogen interstitial formation energies that compare well to DFT for higher energy sites (not
shown here), including the tetrahedral site with a value of 0.32 eV (~0.02 eV or 9.6% error) and
the octahedral site with a value of 0.50 eV (~0.05 eV or 10.2% error). The tetrahedral and

octahedral sites are relatively low energy and are likely thermally accessible under ambient
conditions.

Table 3. Hydrogen interstitial formation energies (in eV) in a-U (4x2x3) supercell. The labeled
systems are pictorially shown in Figure 7. The percent deviation relative to the DFT values are
shown in parenthesis.

System DFT (eV) ChIMES (eV)
sq (Figure 7a) 0.27 0.28 (3.7%)

sq sq 1 (Figure 7b) 0.64 0.50 (-21.8%)
sq sq 2 (Figure 7c) 0.51 0.58 (13.7%)
sq sq 3 (Figure 7d) 0.52 0.65 (25.0%)
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Figure 7. Hydrogen interstitial systems (a) square pyramidal site, (b) sq sq 1, (¢) sq_sq 2, and
(d) sq_sq_3 systems.

We now examine our ChIMES model in terms of different double hydrogen interstitials in
a-U with a 96 atom 4x2x3 supercell (Table 3 and Figure 7). For the short-range double
interstitial system (two H interstitials in nearest-neighbor sites, labeled sq sq 1) contains
hydrogen atoms about 1.5 A apart from each other. The ChIMES formation energy of 0.50 eV
has an error of 0.14 eV relative to DFT. On the other hand, the medium-range double interstitial
system (H interstitials in next-nearest neighbor sites, labeled sq_sq 2) has an inter-hydrogen
separation of 2.1 A. Here, ChIMES yields a formation energy of 0.58 eV, with an error of 0.07
relative to DFT. Finally, the formation energy for the longer-range system (H interstitials several
lattice spacings apart, labeled sq_sq 3) is also in relative agreement with the DFT value of 0.65
eV (arelative error of 0.17 eV). Overall, these results indicate that ChIMES can yield accurate
physical quantities related to bulk hydrogen absorption within a-U lattices.

1.3 Hydrogen vacancy in a-UH3 as a function of concentration. In addition to the
uranium vacancy and hydrogen interstitials in a-U, we have also computed the hydrogen
vacancy formation energy E,,. in a-UH3, defined as

Evac = Egey + 1/2 En, — Eperf »

(8)

where E ;. and Ep, s are the supercell energies for the defective and perfect systems,
respectively, and Ey, is the energy of the isolated hydrogen molecule. The hydrogen vacancy
formation energies were not part of our validation test and have been evaluated at various
concentrations. Here, we begin with a-UH3 supercell size of 3x3x3 (54U + 162H atoms),
sequentially remove random hydrogen(s), and optimize the atomic positions. As shown in Figure
8, the defect formation energy is relatively constant over the concentration range probed in our
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analysis. The calculated DFT E,,,. value for the bulk a-UH3 phase is 0.90 eV, with a ChIMES
predicted value of 0.85 eV. However, we observe that both ChIMES and DFT results are
relatively flat as a function of hydrogen vacancy concentration.

All of the results presented in this subsection indicate that ChIMES exhibits a high degree
of accuracy for different bulk uranium and UH3 properties. In particular, our model yields
accurate results for a number of validation data that were not included in our training set. This
includes the relative energetic ordering of the two UH3 phases, uranium vacancy and hydrogen
interstitial formation energies in a-U as under varying system sizes and concentrations, and
hydrogen vacancy formation over a range of concentrations in a-UH3. These all indicate that
ChIMES can yield close to DFT accuracy for the energetics of U/H-containing systems under a
variety of conditions, allowing us to use our model for kinetic and molecular dynamics
calculations relevant to the hydriding process.
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Figure 8. Hydrogen vacancy formation energy for a-UH3 at various concentrations.

D. Hydrogen hopping barriers in a-U bulk.

We now compute kinetic parameters for hydrogen diffusion between square pyramidal sites
within bulk a-U. The atomic hydrogen diffusion minimum energy pathways (MEP) were
calculated via the climbing image nudged elastic band (NEB) method.?? Here, a chain of 3-5
linearly interpolated images along an initial pathway between initial and final sq absorption sites
was relaxed to determine the MEP and its corresponding saddle point. Calculations were
performed until the maximum residual forces on each atom was converged to less than 0.01
eV/A. The transition state was confirmed by presence of one imaginary vibrational frequency.

Two main sq-sq pathways were identified: (1) along the <011> lattice direction, and (2)
along the <001> direction, as illustrated in Figure 9. Results of this study (Figure 10) show that
diffusion barrier and the jump distance depend on the pathway direction. For pathway 1, the
hopping distance between sites for hydrogen migration is 1.5 A and the DFT barrier height is
0.14 eV. For pathway 2, the hopping distance is 2.1 A and the DFT estimated barrier is 0.38 eV.
For comparison, ChIMES yields a calculated barrier is 0.09 eV (0.05 eV relative error) for
pathway 1 and 0.39 eV (0.01 eV residual error) for pathway 2, indicative of a high degree of
accuracy. These barrier values are in close proximity with the experimental result for bulk
hydrogen diffusion of 0.280 eV, which likely represents an average quantity for an imperfect
crystalline system.
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Figure 10: NEB predicted barrier for hydrogen diffusion from sqpy to another nearby sqpy
interstitial site along (a) <011> direction and (b) <001>.

E. Molecular dynamics validation.

We now evaluate the reliability of our ChIMES model for molecular dynamic (MD)
simulations by comparing energies with DFT along a computed trajectory. This was performed
by first computing a short NVT MD simulation with ChIMES of 5x2x3 a-U supercell (120 U
atoms) at 400 K. The trajectory was computed for ~20 picosecond with a time step of 4.0
femtoseconds. We then extracted images after every 100th MD step and calculated single point
energies using DFT in order to determine errors in the resulting energies. Figure 11 shows the
ChIMES predicted energies of these structures along the MD trajectory in comparison to their
DFT reference values. We observe accurate system energies from ChIMES, with slight
overestimations of the DFT values with relative errors up to 0.05 eV/atom. Similar MD studies
were performed for a-UHj3 (54U + 162H) and B-UH3 (64U + 192H) systems, shown in Figure
12. In each of these systems, we computed trajectories for ~5 ps with a time step of 0.2 fs and
collecting images every 1000 steps. For both of these systems, we observe errors in the system
energies 0.10 eV/U atom in a-UH3 and below 0.15 eV/U atom in B-UHs.
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trajectory in (a) a-UH3 and (b) B-UHs.

We also have used MD simulations with ChIMES to investigate the frequency of sites the
hydrogen interstitial hopping in bulk a-U. For this study, we have performed ten 10 ps NVT MD
simulations over a range of temperatures (100-1000K) of one atomic hydrogen atom in a large a-
U supercell (840U + 1H atoms) with a time step of 0.2 fs. Hydrogen location was monitored
based on the number of U atoms surrounding an interstitial H atom within a given radius. In this
case, a value of 2.85 A centered at each site was chosen based on the largest possible U-H
distance, which is the out of plane distance along the stretched axis in the octahedral site (~2.65
A°). An additional 0.2 A was added in order to compensate for thermal fluctuations of lattice
sites during the MD simulation. Hydrogen locations were determined at each step and residency
time was monitored during the molecular dynamics simulation.

As shown in Figure 13, hydrogen predominantly occupies the square-pyramidal interstitial
site for all temperatures of our study with residence of over 50%. The square-pyramidal is the
most stable interstitial site in pure uranium bulk, which is confirmed by our ChIMES potential
and DFT studies and has the shortest average residency time of 1.7 fs. This short residency time
1s commensurate with the relatively low hopping barriers computed for both <011> and <001>
diffusion pathways. As temperature increases, the fraction of the square-pyramidal site decreases
from 0.67 (100 K) to 0.46 (1000 K), as the other sites — tetrahedral (+0.05 eV greater absorption
energy) and octahedral (+0.22 eV greater than square-pyramidal) — become more energetically
accessible. The second most stable interstitial tetrahedral site shows occupancy fraction of ~0.30,
which remains relatively constant for all range of temperatures, with an average residency time
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of 4.44 fs. On the other hand, we observe the first occurrence of the octahedral site at a

temperature of 300 K. As the system temperature increases, the frequency of occurrence of the

octahedral site also increases, apparently at the expense of the square-pyramidal site. The

octahedral was found to have the longest residency time of 8.39 fs. Overall, all residency times

computed here are exceedingly short at ambient conditions. This indicates that hydrogen are

highly mobile in the pure metal lattice, which likely has ramifications for hydriding initiation.
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F. Hydrogen diffusivity as a function of temperature.

Finally, we have computed hydrogen diffusion coefficients in pristine a-U as a function of
temperature from MD simulations. During the constant temperature MD simulation, the mean
square displacement (MSD) of hydrogen atoms was calculated and the diffusion coefficient was
determined from the standard Einstein-Smoluchowski relation. Each MD simulation (840 U + 20
H atoms with supercell dimensions of 19.19 x 29.23 x 29.24 A, similar to o-U at ambient
density) was run for 10 ps with time step of 0.2 fs. The MSD was averaged over a time interval
of at least Sps for each calculation. In addition, the diffusivities were then estimated by linear
regression of the MSDs over a temperature range of 300 K to 1000 K and then fit to the
Arrhenius equation:

Eq
D(T) = DO exp (—k—T>
B

)

Here, D, is a prefactor, kj is the Boltzmann constant and E,, is a total hydrogen diffusion
activation energy. The Arrhenius plot of hydrogen diffusivity as a function of temperature is
shown in Figure 14. Our regression analysis yields a value of D of 2.73 X 1073 ¢cm?/s, which is
in very good agreement with the experimentally determined result of 1.43 x 1073 cm?/s.’
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However, ChIMES yields an overall diffusion barrier of 0.13 eV, which is lower than
experimental value of 0.28 eV (Mallett®). This difference can be attributed in part to the fact that
our ChIMES model is optimized relative to DFT results, for which we observe closer
comparison with errors between 0.01-0.05 eV. In addition, experiments likely probe a diverse set
of material conditions that can affect results, such as presence of the surface cracks, grain-
boundaries, oxide passivating layers, oxycarbides, and water, while our simulations only probe a
defect-free, perfect crystal. Also, the environmental conditions surrounding the metal during
experimentation, such as presence of the surface cracks, grain-boundaries, and the passive layer
of oxides, oxycarbides, and water, while our computational simulation currently probes a defect-
free crystal.
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Figure 14: Arrhenius plot of hydrogen diffusivity at temperatures ranging from 300 to 1000 K.

CONCLUSIONS

In this work, we have utilized an optimization workflow to create a ChIMES reactive force
field for a variety of uranium-hydrogen containing systems. Optimal ChIMES parameters were
determined extremely rapidly in a semi-automated approach by varying the minimum and
maximum pairwise interaction radius, the polynomial order, and the type of the regularization.
Overall, we find that our ChIMES model yields comparable accuracy to DFT for the U-H
containing systems studied here. This includes thermodynamic data, such as the bulk structural
parameters of a-U, a-UH3, and B-UHj3, the relative energetic ordering of UH3 phases, and the
bulk moduli of these three materials. Our model also yields accurate defect formation energies in
both a-U and a-UH3 over a range of defect concentrations. Finally, ChIMES yields accurate
kinetic data for hydrogen interstitial hops in an a-U lattice as well as bulk diffusivity over a
broad temperature range. The linear scaling of ChIMES and computational efficiency relative to
standard DFT allows for its use in large-scale MD simulation, which could include amorphous
grain boundaries and hydride phase nucleation and growth. Future efforts will involve simulation
of these hydriding phenomena in uranium, including formation of the hydride metal within the
bulk around defect sites. Our efforts will allow us to make more direct contact with experiments,
where atomic-level simulations can be valuable tools for elucidation and interpretation of results.
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