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Abstract

Understanding the fundamental processes of plastic deformation in uranium
dioxide (main nuclear fuel) is critical to predict the structural integrity of nu-
clear reactors under off-normal operating conditions. While the 1/2<110>{001}
edge dislocation has been extensively studied in recent years due to its role
as rate-limiting character for plastic deformation in the primary slip systems,
much less is known about the screw dislocation, despite its recently shown
involvement in the composite slip process at high temperature. Here, molec-
ular simulations are employed to investigate the evolution of the 1/2<110>
screw dislocation core structure in UOy with temperature. First, a compar-
ison of the various interatomic models tested at 0 K addresses the stability
of a zig-zag core structure predominantly spread in {001}. Then, molecu-
lar dynamics simulations confirm the stability of the screw dislocation core
spread in {001} up to 1600 K, after which a transition towards more complex
core structures involving the {110} and {111} planes is characterized, with
direct implications on the shear-ability of the various crystallographic planes
of the fluorite structure. Further analysis reveal that the transition of the
screw dislocation core, that favors thermal fluctuation of the dislocation core
in {111} slip planes at high temperature, is driven by the local disordering of
the anionic sublattice within the dislocation core, preceding the well-known
Bredig transition in UO,. This transition of the screw dislocation core is
at the roots of the composite slip process, which was recently proposed to
explain the Schmid law breakdown observed in UO; single crystal.
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1. Introduction

Uranium dioxide (UO,, fluorite structure) is the main fuel material used
in nuclear power plants. During operation, UO, fuel pellets are subjected to
extreme thermomechanical constrains with temperature variations ranging
from c.a. 1200 K (nominal regime) to more than 2000 K (incidental to acci-
dental regimes) at the pellet centerline [I} 2]. In particular, such behaviour
can lead to a significant amount of creep stresses that can deform and dam-
age both the fuel pellet and the surrounding metallic cladding tube. In this
context, understanding the mechanical behaviour of nuclear fuels under the
various conditions of operations i.e., from nominal to incidental conditions,
is of the utmost importance for nuclear safety [3] 4] [5].

As shown by mechanical testing and microscopy observations, 1/2<110>{001}
slip systems (mode I) are the most prone to occur in UO, single crystal under
compression [0 [7]. Additional observations confirm the activation of alterna-
tive 1/2<110>{110} (mode II) [8/[7] and 1/2<110>{111} (mode III) [9] slip
systems where dislocation cross-slip is at the root of a composite slip hypothe-
sis, especially at high-temperature [§][10]. Beyond UO; single crystal brittle-
to-ductile transition (c.a., from ~800 K) and up to 1700 K, critical resolved
shear stresses (CRSS) are lower in {001} slip planes than in {110} and are
particularly sensitive to temperature [111 [12] 6] 13} 8, 14} [15] [7) 9. [16] 17, [1§].
Such a behaviour confirms that UO, is a material with high lattice friction
with consequences upon the fine structure of dislocations and their mobility.
Note that while few evidences of 1/2<110>{111} dislocations exist in UOa,
no CRSS measurement is available as mode III slip is always observed as a
combination involving modes I and/or II. Due to lattice friction, dislocation
microstructures observed in UOy below 2000 K using transmission electron
microscopy (TEM) show dislocations with anisotropic shapes, extended edge
segments and zig-zag portions in 1/2<110>{001} [6 [14] [7]. Thus, the glide
of the 1/2<110> edge dislocation in {001} is known as the rate-limiting pro-
cess in UQOs single crystal and has led to several studies, especially relying on
atomistic simulations [19] 17} 20] 21]. Also, the screw character was shown
to be activated at larger stress than its edge counterparts for modes II and
[T at 0 K [22].



Despite these advancements, Portelette et al. have recently shown that the
incipient plasticity of UQO, single crystal could not be explained by the clas-
sical glide hypothesis, even if the latter incorporates all the slip systems
of the fluorite structure [I8, 23]. Indeed, Portelette’s crystal plasticity ap-
proach partially failed at reproducing yield strengths and crystal rotations
measured in the experiments of Sawbridge and Sykes [8] for various sample
orientations, especially in cases of single mode deformation predictions. Fi-
nally, Madec et al. have shown that an hypothesis relying on the cross-slip
of the screw dislocation might explain the aforementioned Schmid law break-
down in UO; single crystal using discrete dislocation dynamics (DDD) and
CPFEM simulations [10]. In this study, the authors demonstrate that the
orientation-dependent strengthening observed in the experiment can be re-
produced when relying on favourable cross-slip conditions in the various slip
modes of UOq, bringing the 1/2<110> screw dislocation back at the heart of
the debates while filling the gap between experiments and multi-scale models
of UO, plastic deformation. Unfortunately, this hypothesis is quite qualita-
tive and is limited by the lack of information about the dislocation structure
and mobility at high-temperature, which can be generalized to most of other
materials. Indeed, only a few studies conducted in BCC and HCP metals
have focused on the sensitivity of the screw dislocation to temperature, high-
lighting the evolution of the core structure spread and its direct impact on
the dislocation mobility, the latter depending on the slip system of interest
[24], 251 26, 27].

Up to now, the screw dislocation has been little studied in UO,, probably
due the predominance of the 1/2<110>{001} slip system which is known to
be constrained by the low mobility of the edge dislocation [19] 28] 22| 29| 30].
Still, Soulié and collaborators used atomistic simulations and the variable
charge second-moment tight-binding QEq (SMTB-Q) interatomic potentials
to model both the 1/2<110> screw and edge {001} dislocation cores. In
particular, the authors identified a stable configuration for the screw dislo-
cation core with a centred column of oxygen atoms that alternates along the
dislocation line, in a similar fashion that what is observed for the {001} edge
zig-zag dislocation core [30, 21]. Also, Lunev et al. [29] have investigated
the thermally-activated glide of the screw dislocation in the {110} slip plane
using atomistic simulations. Among others, the authors underline the com-
plexity of the various glide processes including kink-pair nucleation /propaga-
tion, dislocation self-pinning or splitting out of the glide plane, point defects
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and Frank loops emission from the dislocation, but do not address neither
the dislocation core structure nor cross-slip in the various slip modes.

In this study, atomistic simulations are used to investigate the 1/2<110>
screw dislocation core with an original emphasis on the influence of tem-
perature on the dislocation core spread that helps to better contextualise
dislocation glide and cross-slip in UO, at elevated temperature.

2. Methods

Atomistic simulations are performed using the LAMMPS code [31] and
three various interatomic potentials, namely the Cooper, Rushton and Grimes
(CRG), the MOX-07 and the SMTB-Q [32, 33| [34], used to model the in-
teractions between atoms in UO,. The CRG potential combines pair and
embedded atom method (EAM) [35] interaction terms and is renown for its
ability to model UO, single crystal thermomechanical properties including
e.g., lattice parameters, anisotropic elasticity, stacking-fault energies (SFE),
dislocations and grain boundaries [32] 20, [36] 37, 38]. The MOX-07 potential
is derived from the rigid ion pair model and is now commonly used to model
thermo-mechanical studies of UO,. Recently, MOX-07 was successfully used
to model dislocation core and mobility |20} 29] 2] [39]. However, it is known
to poorly describe UO, elastic constants when compared to DFT calcula-
tions and experiments [36, [38]. Here, the CRG and MOX-07 potential rely
both on a 11 A short-range interaction cutoff. The SMTB-Q potential is the
more sophisticated approach used in this study as relying on variable charge
equilibration based on the Qeq approach [40, 411, 42]. It has shown to be one
of the finest interatomic potential to model lattice, phase stability, oxygen
migration, SFE and dislocation properties in UOs, especially at 0 K when
compared to DFT simulations [30] B34 21]. Nevertheless, this high-precision
is obtained at the cost of high cpu costs that preclude large-scale molecular
dynamics (MD) simulations. Thus, SMTB-Q will be used here for compari-
son purpose only, especially at 0 K. Both the particle-particle particle-mesh
(PPPM) [43] and Wolf [44] charge summation methods are employed de-
pending on the simulation boundary conditions (BCs) and the interatomic
potential used. On the one hand, the Wolf truncation is used when relying
on semi-periodic BCs with a radius of 11 A and a damping coefficient of
0.3 A1 for the three interatomic potentials. On the other hand, the PPPM
method with a relative error of 107° is used when relying on 3D periodic



boundary conditions (3D-PBCs) for CRG and MOX-07 both used with a 11
A long-range cutoff, while SMTB-Q relies exclusively on the Wolf method
due to compatibility, using the same parameters as mentioned above. In
addition to prior observations [21], no quantitative differences were noticed
here when comparing results obtained from both charge summation methods
(more details in the following).

The screw dislocation core structure at 0 K is investigated using the
dislocation dipole method with 3D-PBCs as shown in Figure [Ih. First, a
fluorite UO, simulation cell of dimensions L,=239.0 A, L,=15.4 A (disloca-
tion length (=4b) and L.=239.9 A (with slight variations depending on the
interatomic model used), oriented along x = [110], y = [110] and z = [001], is
designed using ATOMSK [45]. Then, a screw dislocation dipole with oppo-
site Burgers vectors b==+1/2[110]ag is introduced (quadrupolar configuration
[46]) using the isotropic linear elasticity with Burgers vectors and dislocation
lines aligned along the y-direction. This setup allows for a rigorous evalua-
tion of the dislocation elastic energy and is preferred while computing stable
dislocation core structure [47, [48]. In particular, the quadrupolar screw con-
figuration preserves both the 3D-PBCs and the neutral net charge of the
whole simulation box. Note that simulation box dimensions are chosen in
line with previous studies performed on dislocation modeling and size-effects
in UO; relying on the same dipolar method [21, 39].

After sample design, the dislocation dipole is relaxed using the conjugate gra-
dient (CG) method with box relaxation (zero stress targeted for each term
of the stress tensor using a triclinic-cell) and the FIRE algorithm (with fixed
box) [49], consecutively. Among others, this relaxation procedure allows to
accommodate the plastic shear induced by the dislocation dipole. During
the simulation, a force tolerance on the atoms of at least 10~* eV /A is used
as a convergence criterion for the three interatomic potentials tested. Please
note that the same criterion is used for all energy minimization simulations
later presented in this study. After energy minimization, the dislocation core
energy at 0 K FEoe(r.) is computed in a stoichiometric compound using

Equation
Etot = NEO + Eelastic(rc) + 2Ecore(rc) (1>

with E}, the potential energy of the system, N the number of UO5 molecules,
Ey the energy per-molecule computed in the perfect crystal and Fejqspic(re)



the elastic energy computed using the Babel software [50] over the whole
simulation cell, excluding cylinders of radius r. centered around each dislo-
cation. 7.=2b is chosen here, consistent with the work of Soulié¢ et al. [30].
Note that two types of 0 K configurations are discussed in the following:

E%E (r.) is obtained minimizing the energy of the the as-prepared sample

following the aforementioned procedure (classical approach), while Efo/rqe(rc)
is computed using a specific MD heating/quenching cycle and the same en-
ergy minimization routine (more details in the following). All along the study,
the local crystal structure and dislocation analysis are performed using the
Polyhedral Template Matching (PTM) algorithm as implemented in OVITO
[51, 52], applied to the uranium atoms sublattice with a RMSD cutoff of
0.15. In addition, dislocation core structures are analyzed using differen-
tial displacement maps computed from dislocation slices of thickness b with
Atomman [53] and disregistry profiles ¢;(z;) using a homemade routine and
adjusted as follows,

di(x;) = é arctan — ? + 9 (2)

where z; is the atom coordinate in the 7 plane and (; a fitting parameter
which characterizes the half-width of the dislocation core in plane .

The influence of temperature on the dislocation core spread is studied us-
ing the semi-periodic BCs method where the simulation cell contains a single
dislocation [54, 55, 56]. This method is preferred here to avoid dislocation
dipole annihilation promoted by temperature-induced cross-slip events. Also,
it is worth to notice that the modelling of a single dislocation prevents the use
of 3D-PBCs and leads to polarized surfaces. Here, an extended simulation
cell of dimensions L,=300.7 A, L,=15.4 A (4b) and L.=299.8 A is designed
(same orientation than previous case). After simulation cell design, the sole
1/2<110> screw dislocation is introduced in the mid of the zz plane using
the isotropic elasticity theory. Consequently, PBCs are maintained in the xy
plane while fixed BCs (FBCs) are set along the z direction (Figure[Ib). Also,
the simulation cell y-vector is tilted along x by dx=b/2 to both accommodate
the plastic shear induced by the dislocation and recover periodicity along the
x direction. Afterwards, the system energy is minimized using an iterative
process made of CG minimization (using constant cell dimensions) and con-
secutive cell vectors adjustments, the later allowing pressure relaxation along
the three cell directions (same method than in ref. [29]). Finally, the FIRE
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algorithm (using constant cell dimensions) is used to complete the energy
minimization process once the minimum stress is reached. Note that for the
single dislocation protocol, a layer of atoms of 13 A thick at z boundaries is
frozen in the z-direction during the whole simulation process to avoid spuri-
ous surface effects.

Heating using MD and the CRG potential is performed within the NVT
ensemble using the Nosé-Hoover thermostat [57]. Note that an integration
timestep of 1 fs is used in all MD simulations in the study. For each temper-
ature of interest, the simulation cell is first expanded using a second order
polynomial adjustment of the lattice parameter aq variations with tempera-
ture (Aag/ap=1.002 + 4.975 x107% x T + 3.205 x107% x T?) [32], then the
sample is heated at a maximum heating rate of 50 K.ps~! up to the target
temperature at which a final pressure equilibration run is performed, adjust-
ing box dimensions. Temperature-dependent disregistry profiles and differ-
ential displacement maps are computed on partially quenched (20 CG steps)
configurations [58,26]. For statistical considerations, these configurations are
generated every 100 MD steps. Note that the few MD simulations performed
on the quadrupolar configuration to compute Efo/rqe (re) are performed in the
NPT ensemble maintaining zero pressure. Additional simulations with a dis-
location length [=24b have been conducted for comparison when necessary.

3. Results and discussion

3.1. 1/2<110> screw dislocation core at 0 K : stable vs. metastable config-
urations

The relaxed configuration of the 1/2<110> screw dislocation core at 0K
is shown in Figure [2h-c. Results reveal the same characteristic configuration
(waviness of oxygen columns in the (001) plane) for the three interatomic po-
tentials tested, similar to what observed by Soulié et al. using the SMTB-Q
potential [30]. The dislocation core energy E%E (2b) is 1.422, 1.538 and 1.180
eV/ A for the SMTB-Q, CRG and MOX-07 potentials, respectively (see Table
1)). Nevertheless, this core structure is not stable while heating. Indeed, when
heated up to 300 K and quenched back to athermal conditions minimizing
the energy of the system, the relaxed configuration obtained with CRG or
SMTB-Q is 2b-periodic and characterized by the splitting of oxygen columns
in the core (zig-zag configuration) as shown in Figure ,e. Additional de-

tails regarding the periodicity of the dislocation core along the dislocation

8



FBC Surface layer

@ Oxygen

Figure 1: Screw dislocation core modeling protocol using a) a dipole setup with 3D-PBCs
for 0 K dislocation core study and b) a semi-periodic setup (FBCs used along z, PBCs
elsewhere) to investigate the influence of temperature. Perfect crystal atoms are removed
for the sake of clarity.

line are provided in the supplementary information. This oxygen reorgani-
zation deep in the dislocation core results in a diminution of the core energy
of about -0.1 eV/A when comparing Er4%(2b) to E°X (2b) (Table , which
emphasizes the better stability of the zig-zag core for the two potentials. It is
worth noticing that a similar zig-zag configuration was already discussed by
Soulié et al. using the SM'TB-Q potential resulting in comparable core energy
(less than 5% variation), despite the slight methodological differences [30)].
Moreover, the zig-zag arrangement of oxygen atoms induced by temperature
is also discussed in the case of the 1/2<110>{001} edge dislocation, modeled
using SMTB-Q, MOX-07 and DFT [21], confirming the propensity of oxygen
atoms to alternate positions in a zig-zag way along the dislocation line in
UOQ.

However, it is noteworthy that the misalignment of oxygen atoms is less pro-
nounced for the MOX-07 potential than for SMTB-Q and CRG, even when
heating up to T'=1000 K (while a few tens of K already show the transition
for the two other potentials). Furthermore, applying the heating/quenching
method to MOX-07 does not lead to a significant variation of the core en-



.Uranium

@ Oxygen

z[001] (A)

x [110] (A)

SMTB-Q CRG MOX-07

a) b) C)

® © o ©o ® © o ©o ® 6 o ©o
@ 0o ©0 © ¢ 00 T ENENNY N ® 000 00 00
® 6 & ©o ® 6 O ©o ® 6 O o
o0 ®©¢9 ® g 09 o0 ®©¢ ® g 00 o0 000000
®© 6. 06 0 o 0.0 0 © © o0 o
©0%9g %g%0 0° g0 000 ,%4500
® O , o ® ¢ ¢ © ® 6 o ©
e 0 o e 0o o000 00 00 0000 00
® © o © ® 6 o © ® ¢ o ©
o0 0000 00 o0 0000 00 oo 0000 00
® 6 o o ® 6 o ©° ® 6 o °o
d) e) f)

e 6 o ©o e 6 o o e © O ©o
o0 0000 0O o0 000000 o000 0000
® 6 © © ® 6 o ¢ ® 6 & o
..‘6.‘.. 000.0‘00 o0 009000
o o ® O o ® © 0 o
© 0P %000 00°,%0e0%0 o000,% 000
® @O ’ @ ® O ’ @ ® 6 ¢ ©
0o 0 9 @ 00 e 0o 0 g o 00 e 00 00 00O
® ¢ o o @ ¢ o ©o ® 6 6 ©
o0 000000 o0 000000 oo 000000
e ¢ 6 ©° ® ¢ 6 o ® 6 o ©°

Figure 2: 1/2<110> screw dislocation core computed at 0 K using the a,d) SMTB-Q, b,e)
CRG and ¢,f) MOX-07 interatomic potentials. a-c) Configurations obtained after classi-
cal 0 K energy minimization, d-e) configurations obtained using the heating/quenching
method with a maximum temperature of 300 K, f) configuration obtained after energy
minimization using the MOX-07 potential with the SMTB-Q (d) or CRG (e) relaxed con-

figuration as an input.

10




Table 1: 1/2<110> screw dislocation core energy in UOy computed at 0 K (E9X ) and

core

after the heating/quenching cycle (E?O/,?e) using Equation [1{ and r.=2b.

Energy (eV/A) SMTB-Q CRG MOX-07
EOF 1.422 1.538 1.180
Ens 1.322 1.426 1.18040.005

ergy c.a., E°E_(2b) = 1.180 and E?o/ﬂe(zb) = 1.180+0.005 eV /A, respectively,

core

E?o/rqe(Qb) depending only on the details of the high-temperature configuration
to be quenched i.e. with more or fewer oxygen atoms in alternating positions.
To further evaluate the ability of MOX-07 to stabilize the zig-zag core, the
zig-zag configurations obtained with the SMTB-Q and CRG (Figure 2d,e)
were both used as input for additional energy minimization simulations us-
ing the MOX-07 potential. Both simulations lead to the exact same zig-zag
configuration shown in Figure 2f (comparable to those obtained using CRG
or SMTB-Q) and characterized by E%«qe(Zb) = 1.182 eV/A. Reproducing
MOX-07 simulations with an increased dislocation length (I = 24b) and a
maximum heating temperature of 1000 K shows partial alternation of oxy-
gen atoms in the core, without significant impact on E?o/rqe(%). Overall, these
results confirm the stability of a zig-zag core configuration for the 1/2<110>
screw dislocation in UQO,, which levels the dislocation core energy by break-
ing the symmetry of the oxygen atoms alignment.

Figure 3| shows the differential displacement maps of uranium atoms for
the zig-zag screw dislocation core computed at 0K (i.e., corresponding to
configurations of Figure —f). For the three interatomic potentials, the dis-
location core location (identified at the centre of the most extended arrow)
is in the middle of a parallelogram, made of four columns of atoms tilted
either to the right or to the left, both configurations being equivalent due
to crystal symmetries. Overall, differential displacement maps show that
the 1/2<110> screw dislocation core is more spread in the (001) plane, espe-
cially when relying on SMTB-Q and CRG, while MOX-07 is characterized by
a configuration a little more symmetric. This property is further investigated
computing disregistry profiles ¢; (Equation (2)) in the main crystallographic
planes i.e. (001), (110) and the two (111) and (111) planes while b=1/2[110]
(Figure . Note that computed differential displacement maps and disreg-
istry profiles (both computed on 1b dislocation slices) do not vary significantly
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Figure 3: Differential displacement maps for the 1/2<110> screw dislocation in UOq
computed at 0 K (heating/quenching method) using the a) SMTB-Q, b) CRG and c)
MOX-07 potentials. Light- and dark-blue atoms belong to two different (110) planes.
Black arrows characterize the differential displacement of the atoms when compared to
the perfect crystal configuration. The size of the arrow scales with the amplitude of the
atomic displacement along the y = [110] direction. For the sake of clarity, the displacement
maps are computed for the U sublattice only.

Table 2: Dislocation core half-width ¢*% (A) computed in {001}, {110} and {111} at 0 K
(CRG potential). Results are averaged along the dislocation line.

iplane | (oo1) (110)  (T11)  (111)
Potential
SMTB-Q 2.7 1.2 1.3 1.2
CRG 2.7 1.2 1.2 1.2
MOX-07 1.8 1.3 1.5 1.7

along the dislocation line, as relying on the uranium sublattice only. Also,
fitting the disregistry confirms the extension of the screw dislocation core in
{001} at 0 K, especially for CRG and SMTB-Q that show the same maxi-
mum values of the dislocation core half-width in (001), C(ocn) ~2.7 A, while
¢OK is about 1.2-1.3 A only, for the three other crystallographic planes (see
Table . CY% values obtained for MOX-07 confirms the more symmetrical
spread of the dislocation core for this latter parameterization.

While the SMTB-Q formalism has shown in the past to be particularly
transferable to dislocation core simulation in UO, [21], here we show that
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Figure 4: Disregistry profiles for the 1/2<110> screw dislocation zig-zag core computed
at 0 K using the CRG potential in (001), (110), (110) and (111). Symbols and curves
correspond to explicit calculations and fit (Equation ), respectively. Squares and circles
(dashed and solid lines, respectively) rely on calculations performed on two consecutive
slices of thickness b, along the dislocation line.
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the CRG potential leads to comparable results for the 1/2<110> screw dis-
location, both in terms of dislocation core atomic configuration and energy.
Also, the more symmetrical core observed with MOX-07 may be attributed
to inaccuracies in the interatomic potential regarding the elastic constants
[36]. Bearing these aspects in mind along with the high cpu costs associated
with SMTB-Q, the rest of the study will rely on the CRG potential only.

3.2. Influence of temperature on the 1/2<110> screw dislocation core

In the following, the 1/2<110> screw dislocation core is investigated at
high temperature using MD simulations with semi-periodic BCs conducted at
constant temperature (CRG potential, Wolf method, NVT ensemble), with
no applied stress. Here, temperatures up to to 2200 K (typical of the nuclear
transient) are investigated during 2 to 4 ns. Please note that changing the
charge summation method here (when compared to simulations presented in
Section did not impact the low-temperature dislocation core structure.
For each MD simulation, atomic positions are recorded every 100 fs and in-
stantaneous disregistry profiles and ¢; are computed (see section [2| for more
technical details). Note that spurious data that could not be accurately ad-
justed using Equation due to thermal noise were removed from the rest
of the analysis.

The detailed statistical distributions of the dislocation core half-width
P((;) are illustrated in Figure[5] At T=1400 K, P(Co1)) is centered around
Coo)=2.8 A, particularly close to the value obtained at 0 K (i.e., 2.7 A),
which might suggest that the core topology is stable over the entire 0-1400
K temperature range. The dislocation core spread in (001) at 1400 K is also
confirmed by the calculation of instant differential displacement maps (Figure
@a,b). However, P((o1)) shifts towards lower values of (1) when temper-
ature increases while the other distributions, and especially both P((f111}),
show the opposite trend. An abrupt transition occurs between 1600 and 1800
K where the two P(({i113) change from a sharp distribution centered on 1.2
A (again, close to the 0 K values) to a broader one shifted towards larger
¢; values. This tendency is illustrated in Figure [6p-f where more diversified
core structures are identified from the instant differential displacement maps
computed at 7=2000 K with core configurations that (i) either spread in each
of the two {111} planes (e.g., Figure [6k,d), (i) exhibit narrower structures
(Figure [6f) or (iii) show even more complex atomic arrangements influenced
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Figure 5: Distribution of instant dislocation core half-width in the main crystallographic
planes P(¢;) for the 1/2<110> screw dislocation computed during MD simulation at
various temperatures (measure every 100 fs; CRG potential).
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by thermal noise (Figure [6f). The evolution of the mean of the dislocation
core half-width <(;> as a function of temperature is illustrated in Figure
where the transition from a core spread in (001) at low-T towards more
complex core configurations at temperatures beyond 1600 K is confirmed.
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Figure 6: Instantaneous differential displacement map of the screw dislocation core com-
puted during MD simulation at a) 1400 K and b) 2000 K. Simulations are performed using
the CRG interatomic potential.

MD simulations performed at constant temperature are characterized by
the fluctuations of the mean position of the dislocation core (Figure [§). To
further investigate the relation between the dislocation core spread and the
various slip planes, we categorized dislocation core configurations along time
by classifying ¢; instant values i.e., if (; exceeds all other (; by a certain frac-
tion f, then the core is considered to be spread in plane 7. Conversely, the core
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Figure 7: Evolution of the mean dislocation core half-width per plane <(;> computed
during NVT MD simulation (CRG potential) as a function of temperature.

is classified as symmetric (i.e., without preferential habit plane) if none of
the planes meet this condition. Results obtained for f = 10% are illustrated
in Figure |§ (a parametric study varying f is provided in the supplementary
information). Overall, the dislocation core position mostly fluctuates in the
same (001) plane at 1400 K under the sole effect of temperature, with only
occasional stays in adjacent (001) planes allowed by cross-slip through (110).
It is worth mentioning that (110)-core configurations are identified here only
during cross-slip while glide in (001) is mostly associated to (001) core config-
urations. At 1600 K, fluctuations in (001) are still predominant. Also, while
cross-slip in (110) is still observable, one can notice more cross-slip events in
the (111) and (111) planes, with according core spread. The dislocation ends
up fluctuating mostly in the two {111} planes increasing the temperature to
1800 K and further i.e., without anymore glide or cross-slip events in (001)
nor (110). This result is illustrated by the dislocation trajectory analysis
that shows a majority of {111}-extended core configurations for 7>1800 K.
In contrast, minor {110} slip events appear to be constrained to the 7°<1800
K range, where they occur less frequently than {001} slip events. Finally,
one can note that symmetric core configurations are quite homogeneously
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distributed between the various slip planes i.e., they are not associated with
slip or cross-slip in any particular plane, and their ratio increases from 2%
to 27% (for f = 10%) increasing the temperature from 1400 to 2000 K.

4. Discussion

The investigation of nuclear fuel mechanical integrity is crucial in the con-
text of nuclear safety, especially in the off-normal conditions of operations
that cover temperatures from 1400 K to melting temperature. In this context,
several recent modeling studies have focused on gaining a better understand-
ing of the elementary deformation processes responsible for the irreversible
deformation of UO, at the grain scale. Concerning dislocations, a significant
piece of work was conducted on the 1/2<110>{001} edge dislocation that is
known to be the rate-limiting character for the primary 1/2<110>{001} slip
systems (see e.g., [17, 20} 30} 21} 139]). In particular, Fossati et al. have com-
puted the 1/2<110>{001} edge dislocation core structure and the CRSS in
the 3 modes of deformation of UO4 using MD. Also, Soulié and collaborators
have recently investigated dislocation core structure in UO, using SMTB-Q
and molecular static simulations. While the authors carefully detailed the
1/2<110>{001} edge dislocation core and mobility based on Peierls stress
and kink-pair calculations, only few information are provided on the screw
dislocation core and the sensitivity of its slip ability regarding temperature
is not addressed. In this context, Lunev and collaborators have investigated
the 1/2<110> screw dislocation mobility in {110} (deformation mode II),
relying exclusively on the MOX-07 interatomic potential [29]. In this study,
the motion of the screw dislocations is found to be influenced by several
thermally-activated processes (partial dissociation, self-pinning and unpin-
ning processes, defect emission, etc.), but no explicit correlation is made
with the dislocation core or its temperature dependence.

Still, the role of the screw dislocation upon the deformation of UO, was
mentioned already in the early 70s within the work of Sawbridge and Sykes
[8]. In this study, the authors emphasized the breakdown of the Schmid-law
when applied to UO, single crystal compressed at T=1600 K and attributed
it to the possible activation of modes Il and III dislocations. In particu-
lar, the authors mentioned cross-slip with macroscopic (and somehow wavy)
{110} and crystallographic {111} slip traces, supporting the hypothesis of a
composite slip mechanism (i.e., multi-slip mode plastic deformation), more
prone to operate due to the unique type of Burgers vector shared between
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the three slip modes (each Burgers vector is shared between four of the slip
systems). While dislocation cross-slip was recently observed using TEM in
polycristalline UO, deformed at high temperature [59], the composite-slip
hypothesis was only recently revisited in UOy using a multi-scale model-
ing approach relying on discrete dislocation dynamics and crystal plasticity
finite-element simulations [10]. In Madec et al., the authors have shown that
an assumption based on a particularly-effective cross-slip between parts of the
slip systems (i.e., cross-slip with a low-activation stress) was able to justify
the Schmid-law breakdown observed by Sawbridge and Sykes. Indeed, the
authors highlight the increase of the computed critical resolved shear stress
(closer to experimental values) when cross-slip was turned on, especially for
orientations where the Schmid law does not apply. Nevertheless, this study
suffers from a quantitative parameterization of the cross-slip process that
remains mostly phenomenological.

In our study, the sensitivity of the 1/2<110> screw dislocation core to
temperature is investigated using atomistic simulations relying on some of
the best interatomic potentials currently available in the literature. At 0
K, simulation results show that the screw dislocation mostly spreads in the
{001} slip plane. Also, the more stable dislocation core configuration was
characterized by the split of oxygen atomic columns in a zig-zag way, in a
similar manner that what was observed for the 1/2<110>{001} edge disloca-
tion [21]. However, the screw dislocation core topology becomes increasingly
complex with rising temperature. Indeed, while instantaneous differential
displacement maps show immediate variations in the dislocation core induced
by temperature, trajectories obtained from MD fluctuation simulations con-
firm the evolution of the shear-ability of the various crystallographic planes.
Specifically, the temperature-induced fluctuations of the dislocation core oc-
cur almost exclusively in {001} up to 1600-1800 K, beyond which they are
replaced by fluctuations in {111}, initially via stochastic cross-slip events and
subsequently through nearly exclusive dislocation glide in {111}. It is worth
noticing at this stage that, although strong correlations were observed be-
tween the dislocation core half-width (; and the favorable slip plane observed
during MD fluctuation simulations, the increase of ((119) configurations with
temperature did not translate into more frequent slip events in {110}. Still,
these results are another proof of the screw dislocation propensity to pass
from a deformation mode to another in UOy when the temperature is large
enough i.e., over ~1600-1800 K temperature, even without applied stress.
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While these results align with the aforementioned experimental or modeling
cross-slip hypothesis, further investigations are conducted in the following to
identify the physical origins of such a behavior. In particular, the behavior
of the oxygen atoms sublattice caught our attention. Figure [9h-d show the
evolution with temperature of the screw dislocation core structure from an
other perspective i.e., including both the uranium and oxygen sublattices. In
particular, we observed that the oxygen sublattice significantly disorganizes
nearby the dislocation core beyond a certain temperature, while remaining
fully ordered in the rest of the simulation cell. On the other hand, the ura-
nium is only poorly impacted by the temperature variations in the range
under investigation.

To quantify this aspect, the PTM method is used to compute the fraction
of oxygen atoms in defective positions Oy = No,, ; /No with No,, ; and No
respectively the number of oxygen atoms out of their original cubic lattice
and the total number of O atoms (Figure [Op). The analysis is performed
within a cylinder of radius 20 A around the dislocation centre , as well as
in the perfect crystal for comparison. At low temperatures, Og.s increases
slowly and linearly in the dislocation core region when raising the tempera-
ture (dOgey/dT=5.7107% K1) up to a critical temperature 7,=1600 K, where
Ogey abruptly increases. For T' > T, Og.s increases with a rate of about 2.0
10~* K~1, about 35 times faster than below T, as a signature of the oxygen
sublattice destabilization nearby the screw dislocation. Note that in the ab-
sence of dislocation, dOg¢/dT" increases more steadily without sign of abrupt
transition up to the Bredig transition [60, [61] 62 [63] [64], 65 [66] 67 68] [69],
nearby 2700 K. The Bredig transition is a well-known phenomenon in fluo-
rite bulk crystals, associated with the disordering of the anionic sublattice,
occurring at approximately 0.8xT,, (where T,,~3100 K is the melting tem-
perature). This property was observed before in UO, laser flash experiments
[60, [61], 162] at temperatures close to 2700 K, as well as in other fluorite mate-
rials [63, 64 65]. Similar observations were also made using MD simulations
(see e.g., [66] 67, [68] 69]). However, a complete consensus has not yet been
reached for UO,, owing to the challenges in obtaining precise measurements
at high temperature. Figure [9] confirms that the ordering of the anionic sub-
lattice shows an anticipated Bredig transition nearby the screw dislocation
core at T,=1600 K. It is worth mentioning that this critical temperature
coincides exactly with the temperature at which the screw core starts swap-
ping from {001} to more complex core spreading that involve also {110} and
{111} (Figure [6] and [7)), which results in more and more fluctuations in the
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Figure 9: Evolution of the atomic disordering in the vicinity of the screw dislocation core
as a function of temperature, a) 300 K, b) 1200 K, ¢) 1600 K, d) 2000 K, e) fraction of
oxygen atoms in defective position (Ogef) as function of temperature. An arrhenius plot
is shown in the inset for comparison with the crystal without dislocation. Simulations are
performed using the CRG potential.
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{111} slip planes (Figure [3).

The challenging activation of {001}, {110} and {111} slips with temperature
in UO, is often discussed in terms of lattice friction and electrostatic inter-
actions. While the electrostatic screening resulting from the alternation of
cationic/anionic crystallographic planes justifies the softer activation of the
1/2<110>{001} slip systems, the reverse reasoning is commonly invoked to
explain the more difficult activation of 1/2<110>{111} in fluorite materials
at low temperature (see e.g., ref.[8]). Thus, we believe that both effects are
compromised when the oxygen sublattice undergoes deorganization i.e., the
screening effect becomes less effective due to the loss of symmetry which in-
creases the friction force in 1/2<110>{001} while decreasing it in the other
slip modes, ultimately making all slip planes electrostatically more equiva-
lent. Here, the deorganization of the oxygen sublattice is interpreted as a
local phase transition, where UO, shifts from the fluorite structure (with
screw dislocation core spread in {001}, and strong electrostatic frictions in
{111} and {110}) to a more "metallic-like” configuration, characterized by
a face-centered cubic (FCC) uranium sublattice immersed in a sea of oxy-
gen atoms. In this configuration, electrostatic interactions play a less critical
role in slip system activation, which relies on more complex screw disloca-
tion core configurations that promote glide in {111}, the dense planes of the
FCC structure. Thus, we believe that the local deorganization of the oxygen
sublattice in the dislocation core is the main effect responsible for the screw
dislocation core spread and the shear-ability properties observed in UO, in-
creasing the temperature beyond 1600 K.

5. Conclusion

Dislocation modeling is of prime importance for nuclear fuel materials in
order to improve predictive models of mechanical integrity developed in the
context of nuclear safety. While the edge 1/2<110>{001} dislocation has at-
tracted a significant attention in the recent years, here we focus on modeling
of the 1/2<110> screw dislocation implicated in the composite slip process
(via cross-slip), one of the main plastic deformation process at 1600 K and
beyond. Upon the detailed description of the dislocation core nature, here we
have shown that temperature has a significant impact on the fine structure
of the core with a stable configuration at 0 K characterized by zig-zag oxygen
atoms only observable after prior heating using MD simulation. Also, the
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screw dislocation core that originally mostly spreads in {001} at low temper-
ature shows more complex configurations that involve {110} and {111}, for
temperature larger than 1600 K. MD fluctuation simulations performed at
zero stress undoubtedly emphasize the ability of the screw dislocation core to
move within {111} crystallographic planes while the temperature increases
while, simultaneously, the oxygen sublattice of UO, progressively deorga-
nizes. As a consequence, we believe that the screw dislocation core evolution
and, more broadly, the cross-slip in {111} of the screw dislocation, are related
to a local and anticipated Bredig transition nearby the dislocation core that
starts already at a temperature of 1600 K and promotes the screw dislocation
core spread in {111} via the breakdown of electrostatic charge interactions.
Still, further investigations under stress have to be conducted to evaluate the
propensity of the screw dislocation to glide in the various slip modes of UO,
at high-temperature.
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