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Abstract

Alloys based on uranium-zirconium are gaining renewed interest as fuels for the Versatile Test Reactor
and a number of microreactor designs. Implementing metallic fuel in reactors creates the need for robust
descriptive and predictive fuel performance modeling. The current state of metallic fuel performance model-
ing relies on empirical equations derived from historical experiments, which may be unreliable when applied
outside of their temperature, power, and composition phase space. One area where such data is lacking is
the irradiation behavior of a-U, specifically tearing and porosity formation at the early stages of irradiation.
While grain boundaries likely play a key role in this fuel behavior, relatively little is known about grain
boundaries in a-U. Thus, we evaluate the grain boundary, surface energy, and work of adhesion of a-U
utilizing molecular dynamics. Symmetric tilt grain boundaries (STGBs) are analyzed with the tilt plane
oriented along each major crystallographic axis, for a total of eighty unique grain boundaries. The effect
of temperature, tilt plane, and misorientation angle on interfacial energies are analyzed. The interfacial
energies typically increase with temperature and there is significant variance as a function of misorientation
angle, irrespective of the tilt plane. At 500 K, the average surface energy (1.23 J/m?) is approximately 1.5
times the grain boundary energy (0.79 J/m?), and the work of adhesion is approximately twice the grain
boundary energy (1.68 J/m?). Orientations for the likely formation of twins and likely failure planes are

identified.

1. Introduction

Two life-limiting phenomena in metallic fuels are fission gas release and fuel-clad chemical interaction
(FCCI) [1]. Both of these phenomena are affected by fuel swelling, which is driven by the development of
porosity and fission gas bubbles. Fuel swelling in U-Zr metallic fuel is anisotropic and highly dependent upon
the phase of U [2]. Within metallic fuel, it is expected that all three U allotropes are present due to both
the temperature gradient across the fuel slug and the alloying composition. The low-temperature allotrope
of U, a-U, is stable up to 935 K [3] and has a low symmetry orthorhombic structure with four atoms in the
unit cell, as shown in Figure 1] [4].

The (0 0 1) plane of a-U can be considered to be a distorted body-centered cubic (bcc) (1 1 0) plane,

where alternate parallel bee (1 1 0) planes are offset by a distance of 2y along the (0 1 0) axis, where y is

Preprint submitted to Elsevier May 30, 2024
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Figure 1: Orthorhombic a-U unit cell [4], which has mirror symmetry with respect to the (100) and (001) planes among the
three major planes. The (0 1 0) plane is similar to the (1 1 0) plane of a bce structure where alternate bee (1 1 0) planes are

offset by 2y distance

an internal coordinate [5]. This geometry has two mirror symmetries with respect to the (1 0 0) and (0 0
1) planes [0 [7, 8]. Because of its unique crystal structure, a-U exhibits anisotropic material properties, for
example, thermal expansion [9] and elastic constants [10]. a-U has a negative thermal expansion coefficient in
the (0 1 0) direction from 300 K to 923 K [9], which is probably the result of anisotropy and the temperature
dependence of elastic properties. Furthermore, single-crystal a-U experiences irradiation-induced growth
without a significant change in volume, in which a crystal macroscopically enlarges in the (0 1 0) direction
and shrinks in the (1 0 0) direction [II]. The irradiation growth appears to be much larger at cryogenic
temperatures than at 293 K, but its behavior at elevated temperatures (e.g., 700 K) is still unknown [I1].
Polycrystalline a-U displays complex behavior due to the fundamental anisotropy of the crystal structure
and the presence of internal microstructure [I2]. Because grain boundaries (GBs) act as sinks for irradiation-
induced point defects and also hinder dislocation movement, they are a very important feature affecting the
deformation and plasticity of a-U. A common type of GB is a symmetric tilt grain boundary (STGB), which
has a mirror symmetry across the tilt plane with some amount of atomic misfit. Twinning is a special STGB
in which there is a minimal atomic misfit across the GB plane [13] [I4], typically resulting in a very low grain
boundary energy [15]. Generally, low symmetry materials, such as a-U, magnesium, and beryllium, deform
via several distinct modes of dislocation slip and twinning, and the relative activation of these slip modes
is sensitive to grain orientation and temperature [I6] [I7]. However, to the authors’ knowledge, no work is
available on the properties of STGBs in «-U, although some research has been performed on twinning.
The earliest experimental work on the deformation of a-U via twinning was conducted in the early 1950s
[7, 8, 18, 19]. Through a detailed crystallographic analysis of deformation twinning, forty-one possible twins

of a-U [20] were found. It has also been observed that twins possessing a low shear factor (less than 1) are

the most prominent [ [I8] [7, 20].
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The effect of grain boundaries on the swelling of polycrystalline a-U remains largely unknown. It has
been observed that grain boundary tearing is responsible for 50% of the reported pure U swelling [21].
Cavitational swelling at low temperatures is related to the anisotropic growth of a-U and appears to be
related to twinning [2], which we emphasize, is a special type of STGB. These cavities primarily form at
grain boundaries and junctions, especially at twin boundaries and junctions [22]. Though twin boundaries
are not a preferable nucleation site for recrystallization, the nucleation of recrystallized grains is highly
correlated with high-angle grain boundary locations [23].

The energy cost to make a cavity along the grain boundary can be expressed as the energy required
to break the bonds between two existing grains [24]. This energy is called the work of adhesion (WAd),
or cleavage energy, and can be interpreted as the energy difference of a STGB versus two surfaces of the
same orientation. Work of adhesion is important to know how much normal stress a grain boundary can
withstand [25]. Thus, the surface energy is also required to evaluate the mechanical performance of a-U.
Experimental and computational studies report that the surface energy can vary from 0.5 J/m? to 2.5 J/m?
[5L 26 277, [28]. However, none of these studies were thorough in their surface orientation examinations. Most
recently, density functional theory was used to calculate the surface energy of seven unique surfaces, and
energies ranged from 1.756 J/m? to 2.151 J/m? [29]. This study examined a subset of potential surfaces and
provides a qualitative sense of the magnitude of surface energies in o-U, but is far from a complete data set.

The ability to predict the microstructural evolution of @-U under irradiation and subjected to temperature
gradients relies on an accurate understanding of interfacial properties, including GB and surface energies.
Such energetic properties can serve to provide fundamental insight into the expected fission gas bubble
behavior, interfacial orientations, GB mobility, and tearing. Molecular dynamics is a powerful tool to
analyze the interfacial energy, given the availability of a suitable interatomic potential [24] [30]. The current
work performs a computational analysis to evaluate the GB energy and surface energy related to STGBs by
molecular dynamics. Interfacial energies are determined as a function of temperature (300 K, 400 K, 500
K, and 600 K) and misorientation angle. Finally, using grain boundary energies and corresponding surface

energies, the work of adhesion for different STGBs is evaluated.

2. Computational Details

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [31] is utilized to perform
molecular dynamics (MD) simulations. The authors have prepared the STGB geometry by two methods. In
method 1, a simulation box is selected and divided into two regions to generate the supercell. Region one
is tilted by 6/2, without distorting the lattice of -U, with respect to the defined tilt axis, where 6 is the
misorientation angle and the tilt axis is parallel to the tilt plane (or cut plane). Taking the reflection of the
former region across the tilt plane, region two is created, and, in the process, two symmetric tilt GBs are
generated; one in the center of the supercell, and one across the periodic boundary normal to the tilt plane.

To generate the surface, region two (or the mirrored region) of the supercell is considered a vacuum.
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In method 2, the symmetrical grain boundary structure is generated in an identical way, except that
each grain is generated such that it has a free surface. The system is then relaxed, allowing for surface
reorientation, and then the system is brought into contact, generating a bi-crystal in the supercell. This
can be considered identical to method 1, but with the added stage of surface relaxation. A subset of seven
STGBs is utilized to compare the GB energy of respective STGBs generated with both methods. It has
been observed that for some STGBs, method 1 predicts a lower GB energy, while for other STGBs method 2
predicts lower energies. However, the discrepancy between the two methods is limited to a maximum of 10%.
Another method of calculating GB energy, which is not utilized in this work, is the « surface method. The
v surface method is not employed, because above 0 K, atoms at GBs reorient to their relaxed orientation if
sufficient relaxation time is provided, making this method less effective at higher temperatures [32]. Method
1 was chosen as the standard method of GB construction and equilibration, as negligible improvements were
observed with an additional surface relaxation step.

The size of the supercell depends on the orientation of the STGB plane or surface investigated, which
is selected such that the two-grain boundary planes or surfaces present within a single supercell are non-
interacting while also satisfying periodic boundary conditions in all directions. Thus, the number of atoms
varies by grain boundary geometry, ranging from 968 to 4,800 atoms. System sizes were observed to be
converged with respect to interfacial energy. In this work, we utilize a STGB nomenclature of (h k I){p
q 1), where (h k [) is the misorientation plane and (p q r) is the tilt axis. A total of eighty STGBs were
constructed: with twenty-four STGBs with tilt axis (1 0 0) and shear plane (0 0 1), twenty-four with tilt
axis (0 0 1) and shear plane (0 1 0), and thirty-two with tilt axis (0 0 1) and shear plane (1 0 0), such
that a broad scope of STGBs is investigated with respect to the three crystallographic primary shear planes.
Grain boundaries (or surfaces) of (h k 0)(1 0 0), (b 0 k){(0 0 1), and (0 h k){0 O 1) series are named as
type A, B, C, respectively, and shown in the Appendix (Figure . Grain boundaries and surfaces, along
with their misorientation angle and tilt axis are listed in the Appendix (Table [T and Table [2] respectively).
Misorientation angles considered in the current work are classified into two domains: one is 0° to 180°, and
another is 180° to 360°. All of the three investigated shear planes have a symmetry of 180°, so theoretically
the trend of GB energy with misorientation angle should have mirror symmetry with respect to (1 0 0), (1
0 0), and (0 0 1) planes in type A, B, and C STGBs, respectively. The reason behind the two domains is to
validate the result with theory.

An as-constructed type A STGB plane (1 12 0)(1 0 0) is shown in Figure a). In this Figure, (0 1 0)
is the tilt plane (or cut plane), the left hand side of the supercell is tilted 80.54° with respect to the (1 0
0) tilt axis, and the right-hand side is the mirror of left-hand side. Here, tilting follows the right hand rule,
where (0 0 1) is the shear plane (parallel to the drawing surface) and the STGB is produced at the (0 1 0)
plane (perpendicular to the drawing surface). OVITO is utilized for visualization [33]. In a similar fashion,
one example from type B STGB, (2 0 1)(0 0 1) and one from type C STGB, (0 6 5)(0 0 1) are presented in
Figure 2(b) and (c), respectively.
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Figure 2: The as-constructed a-U symmetric tilt grain boundary (STGB) (a) (1 12 0){1 0 0) with respect to the (0 1 0) tilt
plane (or cut plane). Grain boundaries exist in the middle and on the edges of the super cell. Here the (0 0 1) plane is the
shear plane. Both red and white atoms are U, but with different coordination environments to illustrate grain boundaries.
Yellow rectangles indicate the a-U unit cell and a, b, and c represent the original (1 0 0), (0 1 0), and (0 0 1) crystal structure
orientation (i.e. the axis of the region). In a similar way (b) (2 0 1)(0 0 1) and (c) (0 6 5){0 0 1) STGBs are shown which has
shear plane at the (0 1 0) and the (1 0 0) plane respescively.
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For simplicity of construction of STGBs, the lattice parameters of a-U are considered as a=3, b=6,
¢=5 A, instead of the equilibrium lattice parameters of a=2.8, b=5.8, ¢=4.9 at room temperature A[4, 34).
However, sufficient relaxation of the system is performed to ensure equilibrated systems, with equilibrium
lattice constants, for the analysis of stable grain boundaries. Due to the utilization of an NPT ensemble
with periodic boundaries and the independent relaxation of each lattice vector, the imposed stresses from
the simulation setup are rapidly relaxed. Individual unit cells from the grain interior were analyzed to ensure
equilibrium lattice constants were present.

The UMo angular dependent potential (ADP) from Ref. [35] is used in this work. This interatomic
potential reasonably predicts a number of properties in a-U, 7-U, and v-UMo alloys. A Nose-Hoover barostat
is considered for the anisotropic relaxation of the system in all directions with a damping factor of 0.1. For
temperature control, a Langevin thermostat is utilized with a relaxation time of 0.1 ps. The system is
observed at temperatures of 300 K, 400 K, 500 K, and 600 K, where U is present in the o phase. When
the volume and energy of the system reach equilibrium, the values of observable parameters (energy and
volume) are collected. Systems are equilibrated for 200 ps to 250 ps, and energies are averaged over the final
50 ps. To ensure statistical significance, each system is simulated three to five times, each with a unique
initial distribution of velocities. This yields a maximum standard error of approximately 5% for interfacial
energies.

The interfacial energies are calculated as

E* — E,
Fpy=—""——xN 1
f 2A % (1)

where FEji¢ is the interfacial (STGB or surface) energy per unit interface (STGB or surface) area, E* is the
internal energy per atom of a system with an interface, N is the number of atoms in the system with an
interface, Ey is the internal energy per atom of a defect-free system, and A is the area of each interface (as
there are two interfaces per supercell, there is 24 in the denominator). In addition, the work of adhesion of

STGBs is calculated as

Waq =2 X Einf(surface) - Einf(STGB) (2)

where Fi,gsurface) 18 the surface energy per unit area and Ei,srap) is the GB energy per unit area.
STGBs with very low energies (per the definition in Ref. [I3]) will be considered as preferable twinning
orientations, and the remaining STGBs will be considered general STGBs in the following sections. The
definition of interfacial energy in equation [I] only considers the potential energy, while it is the GB free
energy that will determine the true energetic behavior of GBs. While AS can be implicitly calculated from
Ein¢ at different temperatures [36]. However, entropic effects would not affect the conclusions or qualitative
relationships determined within this work. The temperatures are relatively low (below 600 K) and Beeler
et al. [37] have shown at higher temperatures in similar metallic systems that the effect of entropy on grain
boundary energies will be on the order of 10 mJ/m?-K, whereas the GB energy calculated in the current

work is on the order of 1000 mJ/m?2. Thus, the effect of entropy can be reasonably neglected here.
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3. Results and Discussions

3.1. Grain Boundary Energies
3.1.1. Effect of misorientation angle

The GB energy calculated for all eighty STGBs is plotted as a function of misorientation angle in Figure 3]
at 500 K. Each type of STGB (A, B, and C) has been studied for misorientation angles from 0° to 360°.
As per the methodology section, only STGBs with a misorientation angle of 0° to 180° are discussed in the
following sections, and their mirror symmetries are verified and plotted. There is no data available in the
literature that could be explicitly compared with the result of the current work. Data points are connected
by straight lines to guide the eye.

Type A STGBs ({1 0 0) tilt axis) have deep cusps at the (0 1 0) (similar (0 1 0) plane) and (3 12 0)
plane, with corresponding GB energies of 0.36 J/m? and 0.27 J/m2. At 0° and 360°, both regions (tilted
and mirror of tilted) of the supercell have their major axis ((1 0 0) and (0 1 0)) parallel to their respective
axes of the supercell. As a-U does not have mirror symmetry with respect to the (0 1 0) plane, a GB is
created at the junction of two regions, albeit with a small atomic misfit. Thus, the (0 1 0) and (0 1 0)
orientations have a cusp in the GB energy profile. At the 180° misorientation, both sides (or regions) have
their (0 1 0) axis parallel to the (1 0 0) axis of the supercell. Because of the symmetry of the (1 0 0) plane
of a-U, this orientation does not describe any GB and is instead the pure crystalline system, resulting in
zero grain boundary energy. As seen in Figure a), the highest GB energy is 0.9 J/m?, which occurs at
the 14.25° misoriented STGB (12 3 0)(1 0 0). The GB energy increases as the misorientation increases up
to 15°, and decreases as misorientation increases to 180°, ignoring the cusp. The shape of the GB energy
versus misorientation angle has a mirror symmetry with respect to the (1 0 0) plane. Type A STGBs have an
average grain boundary energy of 0.71 J/m?, as obtained by simple averaging. Because the lowest GB energy
among the type A STGB is the (3 12 0)(1 0 0) orientation, it would be a likely candidate to form twins.
Without considering the major cusps (very low energy STGBs), the average GB energy of general STGBs is
0.78 J/m?2. It has been experimentally observed that in a-U, grains are always oriented in a direction that is
more than 60° from the (1 0 0) direction (i.e. around the (0 1 0) direction) in pure a-U [38]. We show that
STGBs tilted with respect to the (1 0 0) axis between 63.4° to 116.6° have very low energies (0.23 J/m? to
0.72 J/m?2, which is equal or lower than the average GB energy compared to other STGBs of type A. This
seems to support the previous experimental findings.

The grain boundary energy of type B STGBs ({0 0 1) tilt axis) has a minor cusp at the (2 0 1) plane
with a corresponding GB energy of 0.58 J/m?. The highest GB energy for type B STGBs has been observed
at the (1 0 4)(0 0 1) with a value of 0.89 J/m?. The GB energy of type B STGBs is maximal when grains
are oriented between 20° to 40° angle tilted from the (0 0 1) axis. It should be noted that the maximum
planar density for (h 0 k) surfaces occurs at a tilt angle 31° (Figure [10|in the Appendix). At 0°, 180°, and
360° misorientations, the (0 0 1) axis of supercell is parallel to (1 0 0), (0 0 1), and (1 0 0) axis of both

regions of supercell (crystal axis), respectively. These orientations do not create any grain boundaries due



175

180

1.2 T T T 12 T T T
L _ i L 10%

10 (12 30) 10
o n . — (1 04)
E |, i\ &
S08 s S08 -
= .\. °>E -)
5 " a 5
g R g /
g 0.6 g 0.6 ]

201
L L @on (2 0T)
2 2
= 04 = 04
s 0 10) ©10 ‘s
Qo _u Qo
H 3120)
02 G120 B 0.2
0.0 . (100 . 0.0 KOO D) . (100) . (00T
0 90 180 270 360 0 90 180 270 360
Misorientation (degree) Misorientation (degree)
(a) (b)
1.2 T T T
- 1
.- -
1.0 H ' .

o
%

Grain boundary energy (J/m?)
N o
£ f=)}

S
[}

0.0

(0 10)

(0 3625)

(OIX 23)

] (0125)

©o1)

0T10)

90

180

360

Misorientation (degree)

(©)

Figure 3: Grain boundary energy of STGB (symmetric tilt grain boundary) of (a) type A, (b) type B, and (c) type C as a

function of misorientation angles at 500 K. Key features are labeled with their STGB plane orientation.

to the symmetry of the (1 0 0) and (0 0 1) planes of @-U, hence the major cusps with a value of zero located
at these orientations. Type B STGBs have a simple arithmetic average GB energy of 0.75 J/m?2. This type
has a mirror symmetry of STGB energy profile with respect to the (1 0 0) plane similar to type A STGB,
see Figure (b) and (a), which complies with crystallographic theory.

Type C STGBs ({0 0 1) tilt axis) have the highest number of cusps (eight), which are oriented at a mirror
symmetry orientation with respect to the (0 0 1) tilt axis (see Figure[3|c)) over the 0° to 360° misorientation
angle domain. Apart from the mirror symmetry, there is no discernible trend for GB energy of type C
STGB as a function of misorientation angle. In the 0° to 180° misorientation angle domain, the major cusp
is at the (0 1 0) and (0 18 25) planes, and minor cusps exist at the (0 36 25) and (0 12 5) planes. The

corresponding GB plane energies are 0.36 J/m?, 0.40 J/m?, 0.79 J/m?, and 0.8 J/m?, respectively. The (0 1
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0) and (0 1 0) orientations have misorientation angles of 0° and 360°, respectively, and because of a-U having
no mirror symmetry with respect to the (0 1 0) plane, these planes contain GBs with a very small atomic
misfit. Because of the low GB energy, (0 18 25)(0 0 1) STGB could be a probable twinning orientation of
a-U. No statistically significant highest GB energy among type C STGBs is found. Like type A, at the 180°
misorientation angle there is no grain boundary and zero GB energy because of the symmetry of the (0 0 1)
plane of a-U. Type C STGBs have an average GB energy of 0.89 J/m? considering all the cusps. Excluding
the major cusps (probable twinning orientations), the average GB energy of the general type C STGBs is
0.96 J/m?.

This study indicates that general type C STGBs have the highest average GB energy, followed by general
type A STGBs, with type B STGBs exhibiting the lowest grain boundary energies. Among the entire dataset
of eighty STGBs, the lowest GB energy is observed for the type A STGB at the (3 12 0)(1 0 0) STGB plane,
where (0 1 0) is the tilt plane, (0 0 1) is the shear plane, and the GB energy is 0.27 J/m?, followed by a type
C STGB at the (0 18 25)(0 0 1) STGB plane, where (0 1 0) is the tilt plane, (1 0 0) is the shear plane, and
the GB energy is 0.42 J/m?. These two could be a probable twin orientation for a-U, though neither has
been observed experimentally yet. To date, the two most prominent twinning modes have been observed to
be the {1 3 0}(3 1 0) and the {1 7 2}(3 1 2) [18] 20, 39, [40]. Though {1 1 2}(3 7 2) twins have the same
shear factor as {1 7 2}(3 1 2), they exhibit a low prevalence in experimental investigations of polycrystalline
a-U [I8] 20} [40, [41]. Additional twin modes with orientations of {2 1 0} and {1 7 6} have been discovered
with electron microscopy techniques [42, 43]. Though the {1 1 0} twin has a low shear factor, it typically
does not appear experimentally because this shear plane also acts as one of the dominant slip systems [20].

As no data on GB energies in a-U are available for comparison, the current computational work is
compared with previous computational studies of v-U, UsSis, and UO3. «-U has a BCC crystal structure,
while U3Sis has a somewhat complex two sublattice tetragonal structure, and UO5 has a fluorite structure.
~-U [44] was found to have a lower grain boundary energy than UsSis [36] at 600 K for the misorientation
domain 0° to 90°. For this orientation region and temperature (analogous to the type A STGB in this work),
4-U has a GB energy from 0.3 J/m? - 0.45 J/m?, whereas UsSi, has a GB energy in the range of 0.7 J/m? -
1.2 J/m?. Under the same conditions, a-U STGBs possess a GB energy from 0.27 J/m? - 0.87 J/m?. Thus,
there are good quantitative comparisons for GB energies amount these three U-based systems. At 300 K,
ceramic UOy has a GB energy between 1.0 and 3.0 J/m?, for a range of misorientation angles of 10° to 62°
[25]. From the present work at 300 K (shown in the subsequent section), a-U shows an average GB energy
of approximately 0.79 J/m?2. Hence, compared to UOs, a-U STGBs exhibit significantly lower GB energies
at 300 K.

From Fig. [3] it is observed that the GB energy of a-U not only depends on the misorientation angle but
also on the tilt plane and shear plane. This variation in GB energy is quantified here as the grain boundary
anisotropy. Equation [3|refers to GB energy anisotropy (GBAnisorypg) for a fixed misorientation angle (6),

comparing the three types of GBs, and Equation |4| compares all misorientation angles () for a given type
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of GB to evaluate GB anisotropy (GBAnisog) due to variation of misorientation angles.

max(GBg) — min(GBE))
max(GBEg) 9

GBATLiSOTYPE = < (3)

GBAnisog = <max(GBE) - mln(GBE)>
TYPE

max(GBg) )
To compare the dependency of the GB anisotropy on GB types (GBAnisorypg), seven misorientation
angles (12.8°, 35.7°, 60°, 90°, 126.9°, 144.3° and 161.08°) are considered for each of the three types of
STGBs (Figure [4). For instance, STGB (3 6 0)(1 0 0) from type A, STGB (3 0 5)(0 0 1) from type B,
and STGB (0 6 5)(0 0 1) from type C, all have the same misorientation angle of 90°. The maximum and
minimum GB energy of these three planes are considered in order to evaluate the anisotropy in GB energy
for the 90° misorientation due to the change in the tilt plane and shear plane (STGB type). It can be
seen that as the misorientation angle increases, the anisotropy across grain boundary types qualitatively
increases (Figure . Thus, at a high misorientation angle, the type of tilt and shear axes are more critical
in determining the grain boundary energy. This is a general relationship, and likely does not hold for special
cusps in the grain boundary landscape. At the cusp orientations ( 60° and 126.9°) GBAnisorypg becomes
very large, as cusps (or preferred twinning orientations) for all types of STGBs are not formed at the same
misorientation angle due to anisotropic structure of a-U.

To determine the GB energy anisotropy for a fixed STGB type (for instance, type A STGBs) due to
change in misorientation angle (GBAnisoy), all twenty-six type A STGBs considered. The maximum and
minimum GB energy are input into Equation [4] yielding three data points which are not shown in Figure
(one for each type STGB). The lowest anisotropy among the STGB types due to variation has been found
in type B STGBs, with a value of 0.4, while type A and type C display a comparable amount of anisotropy
(approximately 0.7). This qualitatively corresponds to the number of cusps and their magnitude, as observed
in Figure Typically, there exists a greater degree of GB energy anisotropy due to misorientation angle,
rather than the underlying tilt and shear axes.

To grasp the mechanisms governing the anisotropic grain boundary properties, we must approach the
problem from the perspective of the unique crystal structure of a-U. From a crystallographic point of view,
a-U consists of corrugated planes parallel to the (0 1 0) plane. These corrugated planes are compressed
with respect to the (0 0 1) direction, meaning that the corrugation direction is (0 0 1) and (1 0 0) is the
transverse direction of corrugation. When (1 0 0) is designated as the shear plane (type C) to generate an
STGB, continuity of the corrugated planes at the interface (or tilt plane (0 1 0)) is interrupted. As a result,
at the interface, all bonds in the corrugated direction are broken and need to be reconstructed. For type B
STGBs, corrugated planes of a-U are parallel to the shear plane (0 1 0). Therefore, the bonds that need to
be reconstructed are located in the same corrugated planes. Finally, for type A STGBs, the shear plane is (0
0 1) while (0 1 0) is the tilt plane (or cut plane), and corrugated planes are perpendicular to the shear plane.
In order to generate a type A STGB, bonds oriented in the transverse direction of the corrugation have to

be reconstructed. It should be reiterated that type C STGBs have the highest average GB energy, followed
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Figure 4: Grain boundary energy anisotropy (GBAnisorypg) in selected STGBs of a-U at 500 K. Anisotropy here is considered
as a function of GB type (type A STGB, type B STGB and type C STGB).

by type A STGBs, with type B STGBs exhibiting the lowest grain boundary energies, which corresponds to
a corrugated plane bonding conceptual framework. From this computational work, it is observed that both
the degree and type of bond reconstruction along corrugated planes, in addition to the atomic misfit within
the interface, are important to determine the GB energy of an STGB. Further analysis of GB structure using
different methodologies can confirm the change of GB energy with misorientation angle, shear plane, and

temperature [45], [46].

3.1.2. Effect of temperature

To study the effect of temperature on GB energy of a-U STGBs, twenty-two STGBs (eight from type
A seven from type B, and seven from type C) are selected for further analysis. The studied temperatures
are 300 K, 400 K, 500 K, and 600 K. The GB energy as a function of temperature for different orientations
is presented in Figure |5l To evaluate the temperature sensitivity, the lowest studied temperature, 300 K, is
considered as the reference point.

From Figure a), in general, there is a decreasing trend of the GB energy of type A STGBs up to 400
K, followed by an increasing trend up to 600 K. The minimum grain boundary energy occurs for the (3

2 over the

12 0) plane at all temperatures (the arithmetic average of GB energy of this plane is 0.25 J/m
temperature range). However, the maximum energy STGB is not the same for all temperatures studied.
The maximum grain boundary energy occurs at the (3 2 0)(1 0 0) at 300 K and 400 K, but occurs at the
(33 0)(100) at 500 K and 600 K. The (3 12 0)(1 0 0) orientation is also the lowest energy type A STGBs
in Figure (a). The (3 3 0)(1 0 0) STGB shows the largest dependency on temperature, as its value varies
by 0.18 J/m? over the temperature range. The lowest temperature sensitivity is observed at the (T 12 0)(1
0 0), (31 12 0)(1 0 0), and (3 24 0)(1 0 0) STGB, where the GB energy varies by 0.07 J/m? over the studied

temperature range. The average change in GB energy over the studied temperature range is observed to be
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0.11 J/m? (14.5%) with respect to GB energy at room temperature.

Type B grain boundaries (Figure b)) show a behavior similar to that of the type A grain boundaries.
For nearly all of the studied planes the lowest energy is attained at 400 K, while the highest energy is
observed at 600 K. The (2 0 1) plane has the lowest energy at every temperature (average over temperature
range 0.59 J/m?). The (1 0 15) plane displays the least variation with temperature among those studied
(0.02 J/m?). The (1 0 4)(0 0 1) STGB exhibits the highest GB energy at all studied temperatures, and the
largest dependency on temperature as its value varies by 0.16 J/m?. The average change in GB energy over
the studied temperature range with respect to GB energy at 300 K is observed to be 0.07 J/m?, or 6%.

For type C STGBs, the grain boundary energy shows an increasing trend with temperature, which
accelerates with increasing temperature, see Figure c). For example, the (0 72 25)(0 0 1) STGB shows an
increase of grain boundary energy from 300 K to 400 K of 4%, from 400 K to 500 K of 24.3%, and from
500 K to 600 K of 39.4%. Among the grain boundary planes, the (0 18 25) plane exhibits the lowest GB
energy at each temperature studied (the average GB energy over the temperature range studied for this
plane is 0.42 J/m?). At both 300 K and 400 K, the maximum grain boundary energy is observed for the (0
36 5) plane, while, at both 500 K and 600 K, the maximum grain boundary energy is observed for the (0 9
10) plane. The (0 6 5) plane has the least dependency on temperature as it varies by 0.44 J/m?, or 45.9%
from the GB energy at 300 K, followed by the lowest energy STGB (0 18 25)(0 0 1) which increases by 0.48
J/m?, but this increase equates to a 175% increase from the GB energy at 300 K. The (0 9 10)(0 0 1) STGB
experiences the highest change with temperature, of 0.66 J/m?2. The average change in GB energy over the
studied temperature range is observed to be 82% (0.56 J/m?) from the reference energy at 300 K. Compared
to type A and B grain boundaries, type C is significantly more temperature-sensitive.

The current work generally finds that for a-U STGBs, the GB energy is positively correlated with
temperature (specifically from 400 K to 600 K). The temperature dependence of type C STGBs is similar to
results for type A STGB of UsSiy [36], and this trend is also observed in v-U type A STGBs [36]. However,
the GB energy of a-U STGBs is more temperature-sensitive than UQOs, as the GB energy of UOs changes
by only about 7% from 300 K to 600 K [47]. The current work indicates that at lower temperatures, there is
less driving force for grain growth due to the lower grain boundary energy, as GB velocity is proportional to
driving force (which is dependent upon the GB energy [13]). This can lead to a relatively stable fine-grained
microstructure, which can hinder dislocation movement and can lead to lower ductility within the material.
Combined with a fine-grained microstructure, high stresses associated with twinning may not be relieved by
slip, possibly reducing a-U ductility. Experimental evidence indicates that below 573 K, twinning activities
of a-U increase with decreasing temperature, down to 198 K [I7], 48] [49]. From the current work, the GB
energy of two probable twinning orientations, (3 12 0)(1 0 0) and (0 18 25)(0 0 1) has a positive relation with
temperature from 400 K to 600 K and from 300 K to 600 K, respectively, and both exhibit less temperature
sensitivity with respect to room temperature than other general STGBs of their respective type (type A and

Q).
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3.2. Surface Energies

3.2.1. Effect of tilt angle

In this section, the dependence of surface energy on tilt angle is discussed. The surfaces considered in
this work are only those which are related to the STGBs. For instance, a STGB characterized by (3 6 0)(1
0 0) will be analyzed as a surface characterized by (3 6 0). The effect of tilt angle (surface orientation) on
the surface energy of type A, type B, and type C surfaces is plotted in Figure[6] The surface energies of the
(100), (010), and (0 0 1) planes have also been evaluated. The tilt angle of the studied surfaces ranges
from 0° to 180° and the energies are characterized at 500 K. Data points are connected by straight lines to
guide the eye.

Type A surfaces have an average surface energy of 1.25 J/m?, with the minimum energy surface observed
for the (3 12 0) (symmetric 3 12 0)) plane, at 1.0 J/m?. Interestingly, the (3 12 0)(1 0 0) STGB also has the
lowest GB energy of type A. The maximum type A surface energy is observed within a range of 1.35 J/m?
to 1.38 J/m?, whereas the surface energy of the (0 1 0) surface is slightly higher (1.39 J/m?). The shear
plane for a type A STGB is (0 0 1) and this plane has 1-fold symmetry. Because of this, there is mirror
symmetry in the surface energy plot as a function of tilt angle (Figure @(a)) and the GB energy as a function
of misorientation angle (Figure [3|a)) along the (1 0 0) tilt axis. The general trend of surface energy (from
0° to 90°) is to increase from a small tilt angle 5° up to 15°, then decrease until 65°, followed by an increase
up to 90°.

Like type A surfaces, a mirror symmetry with respect to tilt angle 90° is apparent in Figure |§|(b) for type
B surfaces, though a more simplified general trend is found. The surface energy increases up to 30°, followed
by a decrease up to 90°. This occurs because of the 180° rotational symmetry with respect to the diagonal
direction of the (0 1 0) plane, and the (0 1 0) is the shear plane of type B STGBs of the a-U unit cell. The
highest energy surface is the (9 0 25) plane (identical to the (9 0 25) plane), having a surface energy of 1.30
J/m?. The lowest energy has been observed for the (0 0 1) plane with a surface energy of 1.11 J/m?, and
the second-lowest energy surface is (1 0 0) with a value of 1.13 J/m?. The average surface energy of type B
was found to be 1.21 J/m?. Among the three types of studied surfaces, type B has the least sensitivity to
surface tilt angle and the lowest average surface energy.

Type C surface energies as a function of tilt angle at 500 K are shown in Figure @(C) Due to the 1-
fold symmetry along of the (1 0 0) shear plane of the a-U unit cell, there is mirror symmetry in the surface
energy plot. The general trend of type C surfaces is somewhat similar to that observed for type A surfaces,
in that there is a decrease up to 35°, then an increase until 65°, but then followed by a decrease up to 90°.
However, there is neither any statistically significant low energy nor any high energy surface that can be
observed for type C surfaces. The lowest surface energy ranges between 1.10 J/m? and 1.11 J/m? for three
surfaces, including the (0 9 10), (0 9 10), and (0 0 1) planes. The highest surface energies exist among the (0
72 25) (or symmetric (0 72 25)), and (0 1 0) planes, ranging between 1.36 J/m? and 1.39 J/m?. Similar to
type C STGBs (Figure c)), type C surfaces exhibit the highest average surface energy at 1.26 J/m? with
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respect to the other two types.

Mirror symmetries that have been observed in all three types of surfaces match with the crystallography
of the corresponding shear planes. Type A, B, and C surfaces have an average surface energy larger than
their corresponding GB energy by 39.3%, 38%, and 22.7%, respectively. In a recent study, the surface energy
of seven basic surfaces in a-U was calculated using density functional theory [29]. Among these surfaces, the
(0 0 1) surface possesses the lowest energy, which agrees with the findings from the current work. However,
the magnitude of the surface energy in this work does not directly correspond to the work in [29], where
the (0 0 1) surface energy was characterized as 1.76 J/m?, while our results indicate a surface energy of
1.11 J/m?. However, the global arithmetic average of all surface energies calculated for the STGBs in this
work is 1.23 J/m?, which falls within the range of available computational data on the surface energy of
a-U [206] 28], 29, [50]. Comparing to other fuel systems, the magnitude of the average surface energy of a-U
(approximately 1.23 J/m?) is higher than the v-U [44] surface energy (1.15 J/m?) at 600 K, while it is lower
than the surface energy of UsSip [36] (approximately 1.78 J/m?) at the same temperature. The surface
energy of {1 0 0} planes in UOy have been observed to be between 1.69 J/m? and 1.92 J/m? (calculated
utilizing MD [25]) at 300 K. This is higher than the (1 0 0), (0 1 0) and (0 0 1) surfaces of a-U at 500 K

from this work, which is similar to the comparisons between the GB energies between the two materials.
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Figure 6: Surface energy of surfaces of (a) type A, (b) type B, and (c) type C as a function of tilt angle at 500 K.
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3.2.2. Effect of temperature

An investigation of surface energy variation with temperature is performed, similar to the investigation
of GB energy with temperature. In Figure[7] surface energies of type A, B, and C surfaces are displayed as a
function of temperature. To study the effect of temperature on surface energy, a subset of eight planes have
been chosen from type A, seven from type B, and seven from type C. All of these planes range between 0°
and 90° misorientation angle.

From Figure a)7 the common trend of temperature dependency of type A STGB surfaces is a decrease
from 300 K to 400 K, followed by a linear increase up to 600 K. The rate of increase depends upon the surface
orientation. The (3 12 0) plane exhibits the lowest surface energy over the entire temperature range, and
the (3 2 0) plane exhibits the highest surface energy over nearly the entire temperature range. The surface
planes (3 12 0) and (3 2 0) have an average surface energy over the temperature range of 1.01 J/m? and
1.37 J/m?, respectively. The smallest dependency on temperature has been observed at the (3 12 0) surface
plane (varying by a maximum of 0.03 J/m?) and the greatest dependency at the (3 3 0) plane (varying by
a maximum of 0.09 J/m?).

Type B surfaces in Figure (b) typically display a slight decrease in the surface energy from 300 K to
400 K, followed by an increase in surface energy up to 600 K, though the variation with temperature is
noticeably less than either type A or type C surfaces. The (1 0 15) plane consistently exhibits the lowest
surface energy with an average value of 1.17 J/m?, and the (T 0 4) plane has the highest surface energy with
an average value of 1.27 J/m? over the temperature range. The average change in surface energy from 300
K to 600 K is observed to be 2.5% for this subset of surfaces. The most temperature-sensitive surface is the
(1 0 5) plane, showing an increase of 0.07 J/m?, while the least temperature-sensitive surface is the (1 0 10)
plane, which varies by 0.04 J/m? over the studied temperature range.

All the studied surfaces of type C exhibit the highest surface energy at 600 K. The (0 9 5), (0 6 5), and
(0 9 10) planes have their lowest surface energy at 400 K, though, their energy is lower by only 0.01 J/m?
from the respective value at 300 K. The rest of the surface planes studied attain a minimum energy at 300
K. Therefore, it can be said that type C surfaces have a trend of increasing surface energy with increasing
temperature c). This trend is similar to that observed in the type C STGBs, but the rate of increase is
slower than that of the corresponding type C STGBs. For example, the (0 72 25) plane shows an increase
of surface energy from 300 K to 400 K of 1.1%, from 400 K to 500 K of 7.2%, and from 500 K to 600 K
of 12.8%, see Figure c). The corresponding percentage increases of the (0 72 25)(0 0 1) STGB energy are
4%, 24.3%, and 39.4%, see Figure c). The (0 18 25) surface displays the lowest surface energy over the
entire temperature range with an average value of 1.13 J/m?2, and the (0 72 25) plane displays the highest
surface energy among all the studied seven planes with an average value of 1.35 J/m?2. The (0 9 10) plane
has the least sensitivity to temperature, as it varies by only 0.03 J/m? over the temperature range. The (0
72 25) plane varies by 0.28 J/m? over the temperature range, which is maximum among the studied type C

surfaces. Comparing with the other two types of surfaces, type C surfaces are significantly more sensitive to
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temperature.

When considering the average variation in surface energy with temperature, type C STGBs in a-U have
a similar trend to v-U surfaces [44]. However, the trend of surface energy for type A and B surfaces in a-U
is more similar to U3Sis surface energies [36]. The surface energy change from 300 K to 600 K for type A
and B STGBs shows that they possess a smaller temperature dependency than UQOs, which was observed to

be 7.4% [41T], whereas type C shows a stronger dependency on temperature.
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Figure 7: Surface energy of selected surfaces of (a) type A, (b) type B, and (c) type C as a function of temperature.

19




405

410

415

420

425

430

435

440

3.3. Work of adhesion for a-U

3.8.1. Effect of misorientation angle

The work of adhesion (WAd) of different STGBs at 500 K is calculated via Equation [2| and plotted as
a function of the corresponding misorientation angle in Figure |8} The WAJ is defined here as the energy
required to form two surfaces from a given STGB. A lower value for the work of adhesion represents less
total energy required to break apart a GB into two separate free surfaces. Thus, orientations with low WAd
are potential sites for cleavage or fracture, or the nucleation of the « tearing phenomenon [21].

Before explaining Figure [8] it should be emphasized that in all types of STGBs, the (1 0 0) and the (0 0
1) planes represent the pure crystalline system, with no true GB present. Thus, the WAd values for the (1
0 0) and (0 0 1) planes (2.26 J/m? and 2.22 J/m?, respectively) are the WAd values of the perfect crystal
system, which is simply two times the surface energy of the (1 0 0) or (0 0 1) plane. Conversely, grain
boundaries are observed at the (0 1 0) misorientation plane because of the absence of mirror symmetry with
respect to this plane. This is why, for misorientation angles of 0° or 360° in type A and C STGBs, GBs
are formed. Like the GB energy analysis, here STGBs having misorientation angles between 0° to 180° are
discussed.

The maximum WAd of type A STGBs has been found for the (0 1 0) STGB and the minimum for the (3
15 0) STGB, with magnitudes of 2.4 J/m? and 1.43 J/m?, respectively, as seen in Figure a). In order to
split an STGB of type A into two type A surfaces, an average of 1.78 J/m? of energy is required. For type
B orientations, no statistically significant minimum or maximum is observed, as all the WAd values reside
from 1.6- 1.8 J/m? (see Figure (b)) Type C STGBs exhibit the lowest average WAd from the three plane
types, whereas type C STGBs and surfaces exhibit the highest GB and surface energies. The highest WAd
is found for the (0 1 0) plane (2.41 J/m?), while the lowest WAd is observed for the (0 9 10) plane (mirror
of the (0 9 10) plane), at 1.11 J/m? (Figure [§]c)).

The WA for type B STGBs is less sensitive to misorientation angle, as WAd values fluctuate within a
very small range (1.6-1.8 J/m?) compared to type A and C STGBs. Type B STGBs have an average WAd of
1.75 J/m?, while type A STGBs have an average WAd of 1.78 J/m?, and type C STGBs an average of 1.61
J/m?2. Aside from the mirror symmetry with respect to the tilt plane, there are no distinguishable patterns
observed in the WAd profile of the studied STGBs of a-U.

Two possible twins in a-U found from the current study are the (3 12 0)(1 0 0) STGB and the (0 18
25)(0 0 1) STGB. Although these STGBs are found to have very low energies, their WAd values are not
significantly higher or lower than the average WAd of the respective type of STGB. The WAd of these
STGBs are 1.76 J/m? and 1.83 J/m?, respectively. Among all the studied STGBs, (3 2 0)(1 0 0) has the
maximum resistance to failure (except the (1 0 0), (0 0 1), and (0 1 0) misorientation planes) with a WAd
of 1.92 J/m?, whereas the most susceptible orientation for failure is the (0 9 10)(0 0 1) STGB, with a WAd
of 1.11 J/m?. The GB energy of this orientation is also 1.11 J/m?. The difference in misorientation angle

between a probable twinning orientation of type A STGB, (3 12 0)(1 0 0), and a probable failure site, (3 15
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0){1 0 0), is approximately 10°. Like type A STGBs, a probable twinning site of type C STGBs ((0 18 25)(0
0 1)) resides within 10° misorientation angle of a probable failure site ((0 9 10)(0 0 1)).

The a-U WAAJ values can be compared with the available literature on the WAd of other fuel systems.
At 300 K, the cleavage energy of UOz [25] GBs has a wide range, from 0.3 J/m? to 2.5 J/m? (maximum of
4.5 J/m? in Reference [51]). The work presented here demonstrates an approximate average WAd of 1.91
J/m? at 300 K, suggesting that the WAd of a-U STGBs is likely to be within the upper range of UOs.
a-U has a lower average WAd at 600 K (approximately 1.68 J/m?) than 4-U (approximately 1.9 J/m?) and
U3Siy (approximately 2.6 J/m?) [44] 36]. Hence, a-U is more prone to failure along GBs compared to other

uranium-based nuclear fuels.

3.83.2. Effect of temperature

Similar to GB energy and surface energy, the effect of temperature on WAd of a-U is investigated. For
this analysis, twenty-two STGBs (eight from type A, seven from type B, and seven from type C) are selected
for further analysis. The studied temperatures are 300 K, 400 K, 500 K, and 600 K; among them, 300
K is considered as the reference point to evaluate the temperature sensitivity. The WAd as a function of
temperature for different STGBs is presented in Figure [9]

From Figure El(au)7 it is observed that unlike GB energy and surface energy of type A STGBs, WAd has
an inverse relationship with temperature when the misorientation angle is greater than 130° (see Appendix
Table [1| for associated misorientation angles). The least temperature-sensitive (only 0.01 J/m?) STGB of
type A is the (3 12 0)(1 0 0). However, the WAd changes by a maximum of 0.23 J/m? for the (3 15 0)(1 0
0) STGB, which has the lowest WAd among all studied type A STGBs, with an average WAd of 1.46 J/m?
over the temperature range. The highest WAd among the studied subset of type A STGBs is observed at the
(3 2 0) plane, with an average WAd of 1.9 J/m? across all temperatures. Moreover, this plane also exhibits
the highest surface energy at all temperatures. For a misorientation angle less than or equal to 130°, the
increase in the WAd with temperature is not significant (maximum by 0.07 J/m? for STGB (3 6 0)(1 0 0)).

Similar to both type B STGB and surface energies (see Figure [7[b)), type B WAd shows only minimal
variance (maximum of 5.3%) with temperature, see Figure |§|(b) The maximum variation is observed for
the (2 0 1)(0 0 1) STGB, which shows an increase of 0.09 J/m? with temperature. However, this increasing
trend is not consistent for other planes, where some planes instead show a decrease in WAd with increasing
temperature. The least sensitivity is found for the (1 0 10) plane, which varies by 0.04 J/m?. Among
the seven type B STGBs studied, the range of WAd values decreases with temperature. For instance, at
300 K the WAd has a range (maximum minus minimum) of 0.21 J/m?, which is reduced with increasing
temperature until it becomes 0.14 J/m? at 600 K. From this evidence, we can say that the dependence of
WAJ on misorientation angle is stronger at lower temperatures for type B STGBs.

The general trend of the WAd of type C STGBs is to decrease with temperature, as seen in Figure El(c)
The (0 9 10)(0 0 1) STGB shows the highest percentage (47%) decrease (0.65 J/m?) of WAd with respect
to the corresponding WAd at 300 K and also has the lowest WAd among the type C STGBs, see Figure
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Figure 9: Work of Adhesion of selected STGBs of (a) type A, (b) type B, and (c) type C as a function of temperature.
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c), with an average WAd over the temperature range of 1.13 J/m?. The least temperature sensitivity (0.1
J/m?) is observed for the (0 18 25)(0 0 1) STGB, which is one of the preferred twinning orientations. At
all the studied temperatures, the (0 18 25) plane shows the highest WAd value (average WAd is 1.84 J/m?)
while the GB energy for this orientation is the lowest for all temperatures, see Figure (c)

Similar to GB energy, the WAd of two preferable twinning sites (3 12 0)(1 0 0) and (0 18 25)(0 0 1) shows
less dependency on temperature than general STGBs of type A and C, respectively. We recall from Fig.
and 7| that the grain boundary energy increases with temperature (type A 14.5%, type B 6.6% and type C
82.2%) at a higher rate than the surface energy (type A 4.4%, type B 2.6% and type C 10.2%). Given this
relationship and equation [2, the general trend of WAd is to decrease with temperature. This indicates that
in general it is expected to require slightly less work to create two surfaces from an STGB as the temperature
increases, which means « tearing is more favorable at higher temperatures. This finding is also consistent
with the literature [22] [52]. During irradiation, the anisotropic irradiation growth of individual grains
in polycrystalline a-U generates stress concentrations at grain boundaries [53]. Additionally, anisotropic
thermal expansion can generate additional internal stresses [34]. Due to these stress concentrations, micro-
tearing may take place at the grain boundaries, generating void space and swelling [52]. At temperatures
below about 623 K, polycrystalline a-U deforms plastically without the loss of density, but at temperatures of
approximately 623 K to 723 K, a deformed microstructure with ragged cavities (indicative of grain boundary
failure) occurs. This behavior is specific to irradiated a-U, though similar behavior is evident during thermal

cycling [22].

4. Conclusions

In this study, the grain boundary energy, surface energy, and work of adhesion of symmetric tilt grain
boundaries in @-U have been calculated as a function of temperature and misorientation angle. Three types
of STGBs (A, B, and C) are considered, which have a shear plane on either the (0 0 1), (0 1 0) or (1 0 0)
planes; and corresponding tilt axes of (1 0 0), (0 0 1), and (0 0 1), respectively. Due to the orthorhombic
structure of a-U, the grain boundary energy, surface energy, and work of adhesion of all three types of
interface properties not only depend on the misorientation angle, but also on the interface orientation. Two
of the lowest grain boundary energies are found at the (3 12 0)(1 0 0) and (0 18 25)(0 0 1) orientations.
These two STGBs can potentially form twins, as they have a very low GB energy. It is found that the (0
9 10)(0 0 1) STGB has the lowest work of adhesion, which indicates that it is the most probable site for
grain boundary failure among the studied STGBs. When STGBs have a (1 0 0) shear plane, a (0 0 1) tilt
axis, and a (0 1 0) tilt plane (type C), they typically have a higher energy compared to the other two types
(A and B) of STGBs studied. However, if the STGB has a (0 0 1) shear plane, a (1 0 0) tilt axis, and a (0
1 0) tilt plane (type A), then these orientations have more resistance to failure (higher WAd). There is no
consistent correlation as a function of misorientation angle for GB energy, surface energy, or WAd. At 500

K, the global arithmetic average of the surface energy (1.23 J/m?) is approximately 1.5 times the GB energy
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(0.79 J/m?), and the WAd is approximately twice the GB energy (1.68 J/m?). From the current analysis it
is ascertained that as the temperature increases, both the GB and surface energy tend to increase, with the
GB energy increasing more rapidly, leading to a decrease in the WAd with temperature. With respect to
room temperature (300 K), values at 600 K have changed by an average of 34.2% for GB energy, 5.7% for
surface energy, and 10.1% for the WAd.

This study has provided the most comprehensive analysis of GBs and surfaces in o-U to date, illuminating
the dependence of interfacial properties on crystallographic orientations and temperature, in addition to
providing key geometrically averaged interfacial energy values. The information from this work will be
utilized to study grain boundary evolution in polycrystalline a-U and deformation under irradiation, leading

to the development of improved fuel performance models via physics-based mesoscale models.
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6. Appendix

Table 1: Studied STGBs of a-U.

type A type B type C
tilting axis (100) tilting axis (001) tilting axis (001)
tilt plane or cut plane (010 tilt plane or cut plane (100) tilt plane or cut plane (010
shear plane (001) shear plane (010) shear plane (100)

misorientation angle (deg)

STGB plane

misorientation angle (deg)

STGB plane

misorientation angle (deg)

STGB plane

9.53
14.25
18.93
28.07
36.87
53.13

90
126.87
136.4
143.13
151.93
161.08
198.93
208.07
216.87
223.6
233.13
270
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323.13
331.93
341.08
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(3 0 100)
(T015)
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Table 2: Studied surfaces related to STGBs of a-U.

type A type B type C
tilting axis (100) tilting axis (001) tilting axis (001)
tilt plane or cut plane (010) tilt plane or cut plane (100) tilt plane or cut plane (010)
shear plane (001) shear plane (010) shear plane (100)
misorientation angle (deg) STGB plane misorientation angle (deg) STGB plane misorientation angle (deg) STGB plane
4765 (6 10) 2.86 (3 0 100) 2.86 (0 3 50)
7.125 (12 3 0) 6.34 T 0 15) 5.71 (03 75)
9.465 (310) 9.46 (T 0 10) 11.31 (0 6 75)
14.035 (630) 11.31 (30 25) 16.7 (09 75)
18.435 (320) 18.435 T05) 28.61 (0 36 55)
26.565 (330) 22.62 (T04) 30.965 (0 18 75)
45 (3 60) 30.965 © 0 25) 33.69 (0 45)
63.435 3 120) 39.805 (T02) 36.87 (0 9 T0)
68.2 (315 0) 45 (305) 45 (0 65)
71.565 (T60) 63.435 ©05) 50.195 (0 36 75)
75.965 (324 0) 73.3 201) 56.31 095)
80.54 T 12 0) 80.54 (805 63.435 (0125)
99.465 1I120) 99.465 (1805) 67.38 (072 25)
104.035 32 0) 106.7 Z07) 71.565 (0 18 5)
108.435 (160) 116.565 (605) 80.54 (0 36 5)
111.8 315 0) 135 (305) 85.235 (072 5)
116.565 (3120) 140.195 (102) 94.765 (0725)
135 (360) 149.035 @ 075) 99.465 (036 5)
153.435 330 157.38 To1) 108.435 (018 5)
161.565 (320 161.565 T05) 112.62 (072 25)
165.965 ©30) 168.69 (30 735) 116.565 (0125)
170.54 (3710) 170.54 T 010) 123.69 (095)
172.875 1230) 173.66 T0T15) 129.805 (0 36 75)
175.235 ®710) 177.14 (3 0 T00) 135 (06 5)
143.13 (09 10)
146.13 (015)
149.04 (0 18 25)
151.39 (0 36 55)
163.305 (09 25)
168.69 (06 25)
174.29 (03 25)
177.14 (03 50)
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Figure 10: Schematic diagram of symmetric tilt grain boundaries (STGB) of (a) type A, (b) type B, and (c) type C along
with the supercell axis. In each diagram four unit cells are shown, with gray colored planes (large dash) the mirror image of
red-colored planes (small dash) of the a-U lattice. To illustrate the misorientation angles in a sequential manner, here the

authors have shifted the planes (keeping their tilt angle with tilting plane same) to the same lattice point.
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