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Athermal dislocation strengthening in UO:

Abstract

Understanding the mechanical behavior of uranium dioxide (UO2) at high-
temperature is of great interest to predict the behavior of the nuclear fuel under incidental
operating conditions. Here, strengthening elementary processes and dislocation
hardening coefficients are studied by the mean of Dislocation Dynamics (DD) simulations
in UOz2. The three slip modes of the fluorite structure i.e., %2<110>{100}, 2<110>{110}
and %:<110>{111} are modelled and all the possible dislocation configurations are
analyzed and discussed. Averaged hardening coefficients are derived and their sensitivity
to the sample orientation is discussed in the light of the seminal experimental work of
Sawbridge and Sykes. This DD study gives rise to new insights about UO2 mechanical

behavior at high-temperature.

1 Introduction

Uranium dioxide (UOz2) is the main primary fuel material of nuclear power plant. The
understanding of its mechanical behavior is of first glance, especially in the context of
incidental operating conditions of the reactor, where the cladding tube can have a
mechanical interaction with the pellet. This pellet-to-cladding reaction has to be
considered regarding its potential impact on the structural integrity of the cladding, which
is the first confinement barrier for radioactive elements. While the macroscopic link
between the fuel pellet mechanical properties and the cladding tube were qualitatively
drawn [1-3], several multiphysics aspects including mechanical, thermal and irradiation
considerations are still required to better understand the multi-scale context of the fuel
evolution. In this study, we will focus on the deformation and strain-hardening of non-
irradiated UO: single crystals at high-temperature (7>1350 K), in a temperature regime

relative to incidental conditions.



UO2 has the fluorite structure (ao=5.47 A) and is characterized by a brittle-to-ductile
transition for temperatures larger than 800 K. At these temperatures, dislocation glide
occurs in %2<110>{100} and %2<110>{110} slip systems (referred respectively as modes
[ and II in the following) and, more controversially, in %2<110>{111} (mode III) [4-13].
Single crystal Critical Resolved Shear Stresses (CRSS) in {100} and {110} show significant
variations when varying the temperature, typical of materials with high lattice friction.
These variations are attributed to thermally-activated dislocation glide processes (e.g.,
kink-pair mechanism) [10,11,14,15]. Very few is known about the athermal temperature
transition Tq (the temperature at which CRSS reach a plateau) in UOz2. In the original work
of Lefebvre et al. [10], T/ is expected to be close to 1400 K whereas Portelette et al. [16]
recently claim a larger value of T!=1750 K by combining CRSS experimental
measurements from different sources. Given the same temperature range, dislocation slip
in %<110>{110} is characterized by slightly larger CRSS values that continuously
decrease rising the temperature up to T/ ~2000 K [16]. Nonetheless, one can assume that
mode Il is characterized by a weak lattice friction for 7>1350 K and CRSS of few tens of
MPa only. Dislocation glide has not been yet isolated within mode III slip systems and no
CRSS (and no T!") were derived up to now. Indeed, very few TEM studies dedicated to

dislocations in UO2 exist in the literature [7,9-11].

Atomistic simulations using semi-empirical potentials were performed in UO:2 to
investigate CRSS versus temperature variations [15,17,18]. Fossati et al. [17] show that
%<110>{100} is the softer slip mode using molecular dynamics (MD). On the other hand,
the authors show that %2<110>{110} is harder than %2<110>{111}. Lunev et al. used MD
to investigate more in the details the elementary processes responsible for the mobility
of 2<110>{100} edge [14] and ¥2<110>{110} screw [19] dislocations. In addition, Soulié
[15] used the variable charges SMTBQ parameterization and molecular statics to describe
{100} edge dislocation gliding by a kink-pair process. While these atomistic studies
provide some information on isolated dislocations (kink-pairs, defect clusters formation,

self-pinning), none of them can give a clear description of UO2 single crystal deformation.

In the temperature range relative to incidental conditions (7>1350 K), %2<110>{100}
CRSS in UOz are particularly close to the athermal transition [7,10,11,15-17]. At T=1600

K, Portelette and coauthors emphasized that a complex slip activity improves partially the



description of the plastic anisotropy observed in the experiments presuming of the
important role of the forest hardening (typical of the athermal regime). In the athermal
regime, forest hardening is usually rationalized by the mean of the generalized Taylor’s
equation (equation (1)) and dislocation interaction coefficients (as¥) as introduced by

Franciosi [20] .
Tc = pub Z astpt 1)
u

Where t; is the critical shear stress for dislocation slip in system s crossing u forest
systems with p the dislocation density in each forest system. u is the shear modulus and
b is the magnitude of the Burgers. as“ is the dislocation interaction coefficient between the
systems s and u. This equation is derived from Taylor’s equation [21,22] where a mean

interaction coefficient « is used.

In this study, we propose to use Dislocation Dynamics (DD) to investigate the
strengthening of UO2 single crystal within the athermal regime to better capture UO2
mechanical behavior under incidental conditions. DD is a mesoscale simulation method
originally developed to study the collective behavior of dislocations [23-25]. When used
with periodic boundary conditions [26,27], DD simulations are particularly useful to
study the bulk material mechanical response using a representative volume element. In
particular, it allows to correlate the stress response of the crystal relatively to its
dislocation density content. Recently, many studies took the advantage of DD simulations
to determine dislocation interaction coefficients using equation (1) as e.g., in FCC crystals
[28-32], in BCC crystals [32-34], in HCP crystals [31,35] and other complex
crystallography such as MgO [36] and olivine [37].

Here, DD is applied to UO:2 fluorite where first, dislocation-dislocation interactions are
investigated computing dislocation reaction maps and using several elastic models. Thus,
dislocation interaction coefficients are estimated and compared to values obtained for
several other materials. Thus, averaged coefficients are derived using the composition law

(equation (1)) and the influence of orientations is addressed. Finally, results are discussed



leading to an interpretation of the seminal mechanical experiments of Sawbridge and

Sykes in UOz2 single crystal [8].

2 Slip systems, interactions and symmetries in UO:2

2.1UO0:2 slip systems

UO2deformation is characterized by dislocation glide in %2<110>{100}, %2<110>{110}
and , possibly, 2<110>{111} slip systems. Table 1 references the slip systems of the
fluorite structure. Burgers vectors are numbered from 1 to 6 and letters are used to
characterize individual slip plane i.e., from A to C for the {100} planes, from A to F for the
six {110} slip systems and from A to D for {111} slip, following the Schmid and Boas
notation [38].



Table 1: List of UO; slip systems. Burgers vectors and the {111} slip mode are labeled using the Schmid
and Boas notation [38]. Additional notations are proposed for {100} and {110} slip modes and a list of

slip systems is provided for each Burges vectors.

Schmid and Boas notation for Burgers vectors
1[011] 2 [011] 3[101] 4 [101] 5[110] 6[110]

{100} slip planes labels (letter + I)
A (100) Bi (010) Ci (001)

{110} slip planes labels (letter + I1)
A (011) Bin (011) Cu (101) Di (101) Eu (110) Fu (110)

{111} slip planes labels (letter + I1I), following Schmid and Boas notation
A (111) B (111) Cui (111) D (111)

Burgers vectors and relative slip planes for the three modes of UO>

Burgers vectors I slip system Il slip system 11 slip systems
1 Al Anl Cml,Duml
2 A|2 BIIZ A|||2 ' B|||2
3 Bi3 Ci3 A3, Cm3
4 B4 D4 B4, D
5 C|5 E||5 B|||5 ' C|||5
6 Ci6 Fin6 A6, Dni6

2.2 Symmetries and dislocation reactions in UO2

“,_

Table 2: Interactions between dislocations in UO; “a;“ refers to the coefficient index of the
strengthening matrix (see Table S1 in supplementary materials). “Example of slip system interaction”
provides a typical pair of slip systems using Table 1 denomination (primary and forest systems are ranked
respectively first and second, except for stared coefficients). “Interaction ID” are labelled as self, dipole,
glissile, Hirth, collinear and sessile. Self and dipole account respectively for self (without distinction
between slip modes) and dipolar interactions when interacting Burgers vectors differ. Glissile, Hirth,
collinear and sessile refer to the different types of junctions. Dipoles and junctions are labeled using
intersecting modes, as subscript, and specific property, as junction plane or reaction orientation, as
superscript. Glissile refers to junctions lying in fluorite crystallographic slip plane. Note that the FCC

Lomer junction which is originally sessile in metals is glissile in UO;, and referenced as glissilelll’];/m.

Sessile is for a/2<110> junction not lying in fluorite crystallographic slip plane. Hirth refers for weaker



junctions with a a<100> Burgers vectors. Collinear is for collinear interaction and is labeled using the

angle between cross slip planes, as superscript.

Example of o raction Example of 1 eraction
Qi slip system D ai slip system D
interaction interaction
ao' Al, Al self a1 Cul, Cud  dipoley iy
I/l o1 All, A2 dipole;; i 012 Cul, Bu4 glissile,’,’f/,,,
a2 All, B3 glissile}}, o1z, a13* Al Cul collinearfﬁ;
az Aul, Bi2 Hirthy o, 014* AL, A2 Hirth;
/11 o4 A||1, C|| 3 sessilel{ll/llf} il a1s, o1s™ A|1, A|||3 glissile,’%,,a
as, as* AL Al collinear;)); as a16* AL Cu3  glissilefi,
il as, 06* A, B2 Hirth; a17, o17*  Anl, Ciil Collinearf};’;J
o, or* All, Cy3 glissile,’/” o1s, aas™  Aul, An2 HiTthI{?/ll?I}
; s /11
os Ciul, Dl colllnear;,?/,, oas, 019 Anl, Am3 sessilel{ll/llfl}
i/l a9 Cul, A2 Hirthy o0, 020*  Aul, Cui3 glissile,’,’},,,

aw, 010*  Cul, And  glissilefff

Due to the particularly high number of slip systems in UO2, 576 slip systems
interactions can be defined. With the help of crystallographic symmetries, this amount is
reduced to 33 as shown by the strengthening matrix (see Table S1 in the supplementary).
The notation a; = \/E- is used here to write down strengthening matrix coefficients asv.
Each ai refers to a unique strengthening coefficient and, thus, to a particular dislocation-
dislocation interaction. Stared coefficients a; are defined for asymmetric reactions i.e.,
when two different strengthening coefficients are derived when switching primary and

forest slip systems in the simulation (see [32] for more details).

In the following, all possible interactions between slip systems in UOz are investigated
i.e., within {100} and {110} slip modes (referred as I/I, II/Il and I/II), these interactions
are the most probable to appear in UOz single crystal experiments. But also, among {111}
slip systems (called III/III) that are similar to FCC metal dislocation interactions as well
as crossed interactions between {111} and the two dominant slip modes (later referred
as I/IIl and II/III). Table 2 summarizes slip system interactions and induced reaction

products (labelled as Interaction ID) referred as X /p» Where X refers to the reaction name,

a and b to the involved modes, and c to a specific information about the reaction (e.g., the

glide plane of a junction or the angle between the slip planes in the case of collinear



reactions). Please note that in the case of multiple reaction products (e.g., junctions in
addition to crossed states and repulsions), the interaction name will only refer to the

strongest reaction.

Modes I and II are characterized by few contact reactions only. az refers to the
glissilefy; junction, which is induced by I/I interactions but gliding in mode II slip

systems. On the other hand, @z and a4 deduced from II/II interactions lead to two sessile

{112}

junctions, the Hirth;; and the sessile”/” ,

the latter being supposed to glide in {112}

which is not a slip plane of the fluorite structure. The self-interaction is labelled ao’ due to
the coupling between dipolar and collinear interactions (see Devincre et al. [39]) and a:
relies on the dipolar interaction dipole;;; within mode I slip systems. I/Il crossed
configurations lead to asymmetrical coefficients labelled as, as and a7. All /1, 11/11 and I/I1
contact reactions were originally described for MgO by Carrez et al. [40] and Amodeo et
al. [36], where reaction maps were computed using the isotropic assumption. In addition,
ai with 13<i<16 and 17<i<20 respectively rely on I/IIl and II/IIl crossed interactions.
These last coefficients are also asymmetrical. Several examples of I/1II and II/III reaction
maps are described in the following. III/IIl interactions (here referenced by ai with
8<i<12) were widely investigated in the case of FCC metals (see e.g., Madec et al. [41]). In
the next section, forest coefficients for UO2 are discussed for all ai configurations

presented in Table 2
3 Simulation methods
3.1Dislocation interaction mapping

DD simulations are performed using the MobiDiC code [32,42]. As the basics of lattice-
based DD codes are already widely detailed in the literature (see for example [24]) here
we only focus on the specific aspects of the following simulations.

To study dislocation contact reactions, two initially straight dislocations of same length
(2 um) that intersect at their mid-point, are relaxed elastically using DD simulations. As
shown Figure 1, parent dislocations are characterized by the two angles fz and 52 while S;
is the angle between the recombination direction and the associated dislocation Burgers

vectors. As product results depend on the relative orientation of parent dislocations (later
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referred as ¢1 and ¢2), several types of reaction are observed: (i) the repulsion of the two
dislocations, (ii) a crossed state, when attractive dislocations just stay in contact without
merging, (iii) a recombination of the two parent dislocations forming a junction (or a
collinear reaction leading to annihilation), when it induces a global line energy gain. The
characteristics of a junction depend of the parent dislocations. The Burgers vector of the
junction is defined by FJ) = B: + b? where indices 1 and 2 rely on the two parent

dislocations, its line vector is [, = n; X n, and thus, the slip plane n; of the junction is

derived using the two aforementioned quantities n; = E; X l—; A junction is asymmetrical

when f1 # 2 or when Poisson’s ratios between slip systems strongly differ as discussed

later.

mobile dislocations of 16.5 pm p,=10" m*
=== forest dislocations of 5 um p,=10"* m*

=== junctions
L

direction

system 2

Q (0) Sty

Figure 1: (a) Dislocation configuration for reaction maps computation, (b) Schematic
representation of the simulation setup for dislocation interaction coefficient (only some of the

dislocations are sketched).

In this study, dislocation reaction maps are computed using both the analytical
approach based on the straight dislocation approximation proposed by Piischl [43] and
DD simulations where the segments discretization allows lines curvature. In addition,
boundaries between crossed and repulsive states are also provided using the isotropic
elasticity theory in the framework of infinite dislocations [44]. In the results section,
anisotropic and Bacon-Scattergood (BS) approximations of straight dislocations are

drawn together.



Dislocation reaction maps weakly depend on temperature (that is accounted only in the
elastic constants). Indeed, these are minimization simulations without external loading.
They are thus designed for the description of dislocation interactions in athermal (for
T>Tq) and quasi-static conditions, where the influence of the dislocation velocity on the
plastic response is believed to be negligible. Line energies used for reaction maps
simulations are computed using DisDi [45,46] and anisotropic elastic constants at T=1373
K [47]. Indeed, this temperature reflects the most anisotropic conditions in the
temperature range of the fuel incidental transient i.e., for T ranging from 1350 K to 2000
K. While dislocation-dislocation interaction coefficient will be computed at larger
temperature, T=1373 K allows to better quantify the spread of dislocation-dislocation
interactions induced by the chosen elastic theory, without downgrading the main results.
Anisotropic energies of screw and edge dislocations are used to obtain BS Poisson’s ratio
vBS and shear modulus p5S for each slip mode [32]. BS elastic constants are provided Table
3. More details on UO: elastic properties are provided in the section S2 of the

supplementary.

Table 3: BS elastic constants for the three slip modes at 1373 Kand 1973 K.
1<110>{100} 7%2<110>{110} %<110>{111}

1373 K VBS 0.25 0.32 0.29
uBS (GPa) 72.7

1973 K VBS 0.27 0.32 0.30
uBS (GPa) 61.4

3.2DD simulation of interaction coefficients

Dislocation-dislocation interaction coefficients are computed using the standard
method described eg., in refs. [28,32]. Here, an orthorhombic simulation cell of
approximatively 1000 pm3 is considered and simulations are performed using periodic
boundary conditions [27]. Forest dislocations of 5 um length are randomly distributed in
the cell within a given system u. All dislocation characters are equivalently represented
and the forest dislocation density p* is of about 1012 m2 (the procedure to deduce the
coefficient value at a different dislocation density is provided in [32]). The dislocation
density of the mobile system s is of 1011 m=2 with dislocations of 16.5 um length.

Accounting for crystal symmetries, only few slip systems are used to investigate all

10



strengthening coefficients. More details about simulation configurations are provided in
Table S3 in the supplementary materials.

A shear stress s is applied on the mobile system leading to a total deformation of 0.1%
strain with a constant strain rate of 4.5 s-1, low enough to obtain a quasi-static response
using a viscous dislocation mobility law v(7) = 7. b/B (where B is a damping coefficient).
Indeed, the dislocation mobility is large enough and nearly isotropic so that the damping
constant has no influence on simulations results in the athermal regime. As a
consequence, B, that is unknown for UOz, is set to 1.5 10-5 Pa.s’1, a sufficiently low value
that ensures Forest dislocation interactions to be the rate-limiting process (see section
3.1 of the supplementary information for additional details).

During the simulation, the stress quickly reaches a plateau and fluctuations due to
dislocation avalanches and successive junction zipping/unzipping events are observed
(see Figure S3 in the supplementary for a typical stress-strain curve). The initial value of
the forest density p“=1012 m=2 and the stress mean value are used to compute
strengthening coefficients using equation (1) a** = Vas = (t%)/(ub,/p¥), its standard
deviation is also provided in the following. Note that dipolar interaction coefficients are
not determined using DD model simulations due to the size of the simulation cell,

considered too small to provide statistical outputs for such weak interactions.
4 Results
4.1Dislocation interactions and reaction maps

Several examples of dislocation reaction maps for UO2 are provided Figure 2. The DD
products (junction or annihilation, crossed state and repulsion) depicted by symbols are
superimposed to analytical domains computed using the BS and anisotropic
approximations (reaction lobes) and the isotropic approximation (borders between

attraction and repulsion).

Figure 2a, b and c show respectively the reaction maps for the glissile,’;,, sessile,{,l/llf}

and glissile]j;;, junctions in UOz. All these junctions have %<110> Burgers vector but do

not lie in the same type of slip plane (see section 2.2). The mean probability to form
junctions among all glissile and sessile maps in UOz is about 41% (see Table S4.1 and S4.2

11



in the supplementary information for the detailed probability of each junction). Here,

{112}

analytical lobes for the sessile; ;" and glissilejy; are approximately of the same size but

DD results show more recombination events for the glissile,’;, (42%) than for the

{

SeSSlle”/If} (35%) reaction. Finally, Figure 2c shows the largest recombination domain

(44%).

m DD recombination
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Figure 2: Examples of dislocation reaction maps in UO2. (a) glissile,’}, (az) between A1 and B3
leading to Ey5 junctions, (b) sessilel{ll/llf} (ay) between A1 with Ci3 forming %[110](112) junctions -
Bacon-Scattergood and anisotropic lobes are superimposed, (c) glissile,’ﬁ,,a (a15) between A1 and
Am3 leading to Bui5 junctions and, (d) Hirthuym (as) between Ciyl and A2 leading to [001](101)
Jjunctions, (e) Hirthyi (az) between Al and B2 leading to ¥%2[010](100) junctions, (f) colinear,g/(,’; (as)

between A;1 and Aj1.

The reaction map of the Hirthui/ii junction (Figure 2d) is obtained from the reaction
between two %2<110>{111} parent dislocations with orthogonal Burgers vectors. The
junction is sessile with <100> Burgers vector, identical to the FCC Hirth junction which is

known to be the weaker among FCC structures. For this junction, the length of the

12



junction’s Burgers vector does not contribute to reduce the energy. Indeed, the line energy
gain arises from the effect of line orientation. As a consequence, the Hirth junction is the
most sensitive to the elastic anisotropy [32]. As for the FCC Hirth reaction map, UO2
Hirthuiy exhibits a junction lobe that covers about 8% of the tested configurations while

92% lead to crossed and repulsive states.

The Hirthi reaction map (Figure 2e) shares some crystallographic characteristics
with the Hirthuimui (i.e. <100> Burgers vector and orthogonal parent Burgers vectors) but
exhibits very different DD results. Indeed, Figure 2e shows only three recombination
events (very small junctions) and no analytical recombination domain, whatever the
elastic approximations. Moreover, the Hirthi/i exhibits one of the lowest recombination
rate among all Hirth junctions in UO2 (~0.5%). Nevertheless, even with a higher
recombination rate, other Hirth maps (except the Hirthui/ii) lead mainly to crossed state
formations (see Figure S5 in the supplementary) leading to a mean recombination rate of
4% for the Hirth junctions. This lack of recombination for Hirth maps was previously
reported for interaction implying modes [ and II using isotropic DD simulation in MgO

[36,40].

Finally, Figure 2f shows the reaction map of the collinear,g/(,’; interaction between Ail,

Aul slip systems. Here, the recombination rate is about 74% which is much larger when
compared to other reactions. The averaged recombination rate of collinear reactions in

U0z is of 78%.

Discrepancies between the different elastic approaches used are quite small in UOz,
especially between BS and full anisotropic calculations and even in cases where the BS
approximation is supposed to be less appropriate (Hirth junctions, Figured and e). This is
due to the low variation of the Poisson’s coefficient (~0.33 with variations of about 10%)
whatever the slip system. As generally observed recombination domains depicted by the
analytical solution are in good agreement with DD simulations despite few exceptions like
the lobe extension on Figure 2b with short junctions obtained using DD simulations in the
direct vicinity of the analytical lobe. For collinear reactions, DD results show that

annihilations take place in the entire attractive domain as well as in most of the repulsive

13



domain (due to the bending of originally repulsive lines that become attractive [48]).
Similar flexibility effects are observed especially in junction formation domains.

Based on the previous analysis one can expect that the assumption of elastic isotropy is
appropriate for DD computation with UO2 for which the Zener coefficient varies from 0.6

to 0.9 between 1000 K and 2000 K.

4.2 Strengthening coefficient model simulations and induced percolation effects

Table 4: UO; strengthening coefficient values at 1973K for each kind of slip systems combination.

1/1 11/11 1/11
az as s as as* as as* ar ar*
0.34+0.03 0.15+0.02 0.25+0.03 0.81+0.05 0.86+0.06 0.09+0.02 0.15+0.02 0.43+0.06 0.40+0.05
/11
as a9 ao ao* anz
0.79+0.05 0.16+0.01 0.30+0.04 0.32+0.03 0.3940.05
/111
a3 aiz* aie ais* ais as* aie aie*
0.7740.05 0.7540.05 0.10+£0.02 0.12+0.01 0.41+0.04 0.37+0.06 0.34+0.04 0.26+0.03
11/111
ary air* ais ag* a a* azo azo*
0.64+0.04 0.62%0.05 0.15+0.02 0.14+0.01 0.31+0.04 0.31+0.04 0.33£0.05 0.27+0.04

All the strengthening coefficients for UO2 determined by DD simulations are
provided on Table 4. Those coefficients also apply in first approximation to other
materials with fluorite (e.g., CaF2, BaFz, ThO2) or rock-salt structures (e.g., NaCl, MgO or
KCl) in the absence of a large anisotropy gap. The mean value for coefficient related to
glissile junctions is 0.35, 0.29 for sessile ones, 0.13 for Hirth ones and 0.75 for collinear
reactions. Coefficient values are in good agreement with the usual hierarchy [29,32]
driven by the energy gain during Burgers vector merging and diminution. During the
simulations, Frank-Read (F-R) sources show preferred extension directions depending of

the investigated interaction.
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Figure 3: Percolation in the extended slip plane of the mobile slip system during DD model

simulation - (a) extended plane (~360 x 315 um?) for coefficient a; with glissile,’;,junction and zoom
on a dislocation source - (b) zoom for az with very few and short Hirthy i junctions - (c) zoom of as with
sessilel{ll/llf}junctions - (d) zoom of as with collinear,g/(,’; reactions - (e) zoom of the as with original
Hirthym junctions- (f) zoom of a; with glissile,’/” junctions - (g) zoom of a;* with glissile,’,/,

junctions.

Figure 3 shows the percolation of F-R loops thought forest dislocations depending
on dislocation reactions during strengthening coefficient model simulations. On the
figure, the slip plane of the mobile system is extended through periodic boundary in order
to follow dislocation glide on slip distances exceeding widely the box size. Due to the
lower energy of the screw dislocation, a free obstacle F-R source is known to be slightly
elongated along the screw direction. As shown Figure 3, in the presence of a forest with
dislocations from one slip system, the F-R source preferentially progresses along the
junction direction leading to very anisotropic shape (see e.g., Figure 3f for the more
anisotropic effect). This result shows that dislocation recombinations act as a driving
force to the anisotropic extension of F-R sources. This effect is less obvious in the cases of
the Hirthuyn junctions (Figure 3b) that are too week to drive a very anisotropic
percolations, as shown for stronger obstacles. While few short and weak Hirthi/u
junctions are observed, many more crossed-states easily arise along the junction direction
(see Figure 2e). This, together with the screw direction which is energetically highly

favorable, leads to a more isotropic percolation.
Interaction in 1/2<110>{100} and 1/2<110>{110} slip systems

Three coefficients are derived from symmetries between mode I slip systems: the self-
interaction av’, the dipolar interaction az and the glissile;, az. In the case of the glissile/},
model simulation, Figure 3a shows an extension of the F-R source along the [100]
direction due to the high probability to make junction (see Figure 2b). Therefore, the
associated flow stress during the model simulation is quite high and leads to a coefficient

a2=0.34.
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Three coefficients are also obtained from {110} slip system symmetries including the

self-hardening interaction ao’, and the two sessile junctions i.e., the Hirthiiand a %2[110]

stronger sessile

{Mf} junction. Only the last two junction coefficients are measured leading

1/1
to @3=0.15 and a4=0.25 respectively. These values are quite low for junctions, but agrees
with previous calculation of Hirth coefficients in the FCC structure [29,32]. Figure 3b
shows almost no junctions leading to a F-R loop less elongated along the junction direction
than in the case of strong reactions. This result agrees with the interpretation of the

dislocation reaction maps (Figure 2e) that shows almost no junction reaction. For the

{112}

strongest sesszle”/” ,

a closer analysis revels that the energy gain due to the reaction is

the lowest among all UO2 %2[110] junctions. In addition, the angle between parent
dislocations slip planes (Bi2(a+)=60°) is lower than for the glissile[;, (B1z(az)=90°)
leading to less forest crossing events (so a lower number of junctions). However, the
percolation shapes observed on Figure 3a and c are quite similar showing both
coefficients to be associated with a quite strong junctions with a high enough

recombination rate (see Figure 2a and b).

Crossed interaction between modes [ and II involves three asymmetrical reactions

that lead to six coefficients. The collinear;); interaction is the strongest reaction between

slip systems in UOz and the first case of asymmetrical collinear interaction reported up to
now. In this case, the variation of the Poisson’s ratios between mobile and forest systems
(or, in a more general point of view, the anisotropic energies between the involved slip
systems) is the only possible cause for asymmetry. Here, it leads to a significant
asymmetry even with a modest variation of Poisson’s ratio: a5*=0.86 with mode Il mobile
slip system (v5°=0.32) while a5=0.81 with mode I mobile slip system and vZ$=0.27. The
high value of the collinear coefficient originates from the wide line energy minimization
that happens during the reaction (and the related recombination rate, see Figue 2f). as
and as* exhibit the largest value among all dislocation reactions and even among all
collinear interactions [28]. Indeed, the orthogonal slip planes rises the probability for
dislocation crossing what increases the annihilation coefficient [32]. Percolation on
Figure 3d shows that the mobile dislocations annihilate most of the time they cross a
forest dislocation cutting them up in small dislocation debris. Finally, the remaining

mobile dislocations segments are so small that the related critical stress to initiate the
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movement becomes very high when compared to the critical stress of the strongest
junction.

A second reaction between [ /Il is the Hirthi/i that is weaker than the Hithi/i including
almost no junction formation. So, in the absence of junctions, this coefficient is mainly due
to the crossed states formed and will be referred as a crossed state coefficient in the
following. A clear asymmetry effect is nevertheless observed with a widely stronger
coefficient when mobile system is associated with both the highest Poisson's ratio and a
slip planes intersection closer to the screw orientation for mobile dislocations (v$=0.27
and $1=90°: as=0.09 - v55=0.32 and $:=0°: as*=0.14).

It has been reported that coefficients are stronger when the character of the mobile
dislocations is closer to the screw orientation. This effect is related to highly anisotropic
percolation, especially in the case of large Poisson’s ratio when the line tension makes
screw dislocation bending harder [32]. Here, the effect is supposed to be strong as the slip
system permutation implies a switch between edge and screw characters. In case of weak
reaction, the percolation is not only along the slip plane intersection but also along the
screw orientation (when it doesn’t match the first direction) leading to a more isotropic
and bidirectional geometry. Still, the bidirectional percolation influences the mean line
tension, especially along the edge direction, leading to the as/as* asymmetry. But the
asymmetry is expected to be less pronounced and here it is very strong (see Figure S6.2).
The reason why is that very few junctions are formed with a mode [ primary system
during the model simulation while with a mode II system the number of junctions is nearly

the greatest (ten times more, see also Figure S5).

Finally, the last coefficient among I /Il interactions is the glissile,’/,, associated with the
coefficients a7=0.43 and a7*=0.40 both exhibiting a very anisotropic percolation (see
Figure 3f and g). The glissile,’/,, is the strongest junction in UO2 with the largest junction
coefficient a7, due to the highest probability to form junctions among all UO2 junctions
(see table S4.1 in supplementary). a7*is smaller with the mobile slip system from mode I
involving the edge character (f1(a7*)=90°). However, this effect is supposed to be narrow

as the Poisson’s ratio is also smaller for mode I.

Interaction with ¥%2<110>{111} slip systems
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The coefficients obtained for mode III reactions are in the same range than the values
published for FCC metals [29,32]. Those coefficients are usually referenced as asei=av,
Olcopla=Ql11, Olortho= 9, Qleoli= 8, 2= aGo°=t10* (aceo°=10) and as=a2 in case of FCC metals. The
Table 5 provides the comparison of UO: coefficients with the more recent FCC coefficients
with the closest Poisson’s ratio i.e. Germanium (Ge) and Aluminum (Al) [32]. The mean
values for UO2 are not systematically between the values of Ge and Al, but a good

accordance is obtained.

Table 5: UO; coefficient values for interaction between systems of {111} slip mode compared to

Germanium and Aluminum with FCC structure.

Ge U0 Al
v 0.25 0.30 0.36
collinear;)) ;; (as) 0.77 +0.04  0.79+0.05  0.81 +0.04
Hirthy i (a9) 0.1840.01  0.16+0.01  0.20 +0.01
glissilell! ;1 (ao) 0.30 +0.015  0.30 +0.04  0.30 +0.015
glissilelll 11 (1) 0.31+0.015 0.32+0.03  0.32+0.015
glissilejjf;,;; (a12), Lomer 0.39+0.02  0.39+0.05  0.38+0.02

As expected, the collinear,??;,,, interaction coefficient is the larger among mode III,
followed respectively by Lomer, glissile and Hirth. One can notice that ay is the strongest
Hirth coefficient within the fluorite structure. This is due to the ability of the system to
effectively make Hirth junctions (ie., presence of a well-defined junction lobe on the

reaction map Figure 2d).

Coefficients between mode III and mode I or II are of special interest as they might
play a significant role on the single crystal response of UO2 [8,12,13,16,17]. Crossed
interaction between modes I and III involves four reactions and eight coefficients because
of the asymmetry. The a13=0.77 and a13*=0.75 coefficients are related to the collinear,sﬁ;,
reaction. The asymmetry is not significant here. The a14=0.10 and a14*=0.12 related to
Hirthi/ir exhibits a very low coefficient value. Again, here the asymmetry is due to line
orientation effect and Poisson’s ratios (respectively B1(a14)=90° vf$=0.27 and B1(a14*)=0°
v52=0.30). Finally, for interactions between mode I and III, there are two strong glissile
coefficients the glissile];;, and glissile};;;, both leading to a glissile junction in the
{111} slip mode. As seen for I/Il reactions, the asymmetry leads to smaller glissile
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coefficient when the character of the mobile dislocations is close to the edge character.

For glissilefyj, coefficient, B1(a15)=0° for the mobile system leads to a16=0.34 while

B1(a16¥)=60° leads to smaller coefficient value ai6*=0.26. For glissile]j;, ai15=0.41
exhibits a larger value than a15*=0.37 while f1(a15)=90° > f1(a15*)=60°. Finally, coefficient
ais* seems to not follow the usual coefficient hierarchy ruled by the line energy gain,

probably due to its large standard deviation (the largest among all junctions).

The interactions between mode II and III are similar to the latter case with one
coefficient of each type (collinear, Hirth, glissile and sessile) that are all asymmetrical. The
collinearf,;;,, is the weakest among all collinear coefficients in UOz (a17=0.64). It has the
highest recombination probability (81%, based on its reaction map that assumes the
dislocation lines to cross each other) what it is likely due to the angle between the parent
slip planes which is the lowest among all collinear configurations (f12(«17)=35°). This
geometry promotes strong dislocation interactions able to bend dislocation lines and
force reactions. However, this is not the most important effect of this angle. Indeed, f12
also drives the crossing probability of dislocation lines: decreasing f12lower the crossing

probability and the combination of both effects leads to a lower coefficient value. The

Hirthg)/l,ﬁ has a stronger coefficient for ais=0.15 than for ais*=0.14 but the variation is
not significant due to a low variation of dislocation character and v55 (from B1(a18)=55°
vB5=0.32 to P1(a18*)=90° v55=0.30). The sessilel{ll/llfl} does not exhibit asymmetry with
a19=a19*=0.31 due to both the almost neutral character of the parent dislocation for both
slip systems Bi1(a19)=55° and B1(a19*)=30° and the close Poisson’s ratio (v55=0.30 and

viy’ =0.32). Finally, the asymmetry for the glissilef{;;; is mainly due to the screw

character of the junction for a20=0.33 while it is close to edge (81(az20*)=60°) for az0*=0.27.

5 Discussion
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Figure 4: (a) Interaction coefficients versus reaction maps recombination rate. Hirth junctions are
in blue, glissile and sessile junctions are in green and collinear reactions are in red. For all reaction
groups, darker colors refer to larger B12 angles. The dashed line is a guide for the eyes. (b) Hirth

coefficients versus Poisson’s ratio.

As inferred from the results section, the amplitude of a given interaction coefficient
depends on (i) the energetical aspect of the contact reactions as described by the reaction
maps (i.e., dislocation line, Burgers vector and parent slip planes), (ii) the topology of the
dislocation process (percolations) and (iii) the probability for dislocations to intersect
which is driven by the angle between slip planes (f12).

Figure 4a exhibits a continuous increase of the interaction coefficient that scales with
reaction maps recombination rate leading to three delimited domains relative to Hirth
junctions, glissile/sessile junctions and collinear reactions. Interactions coefficients of a
given group of contact reactions are colored according to f12 (the larger B12 the darker the
marker) in order to quantify correlations. While the collinear coefficients continuously
increase when increasing 12 confirming previous observations made in BCC metals [32],
Hirth and sessile/glissile coefficients do not scale with f12. This property is due to the high
similarity (in terms of in plane geometry) of collinear reactions that overstates the role of

P12 whereas its impact on junction coefficients is limited by the role of other
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configurational parameters. As an example, the Hirth coefficients rather scale with the
Poisson’s ratio as shown by Figure 4b.

Overall, these results confirm the main role of the recombination rate over other
configurational parameters such as 1z, 1, and, at a lesser extent, v55, that do not lead to

comparable correlations (see section S6 in the supplementary for more details).

Based on the analysis of dislocation interaction coefficients, one can derive a
qualitative description of strain-hardening in UOz2 single crystal. Indeed, data from Table
4 show that strain hardening within individual modes I and II should be moderately high,
as characterized by dislocation reaction coefficients of intermediate amplitude
(respectively, a2=0.34 and a3=0.15, a4=0.25). On the other hand, an enhanced
strengthening effect should be noticed in case of simultaneous activation of modes I and
I as shown by larger interaction coefficients values (e.g., collinear reactions with
coefficients of about as=0.81).

This hypothesis was first discussed in Amodeo et al. [36], in the case of MgO, that also
exhibits 2<110>{110} and %<110>{100} slip systems as main slip modes. In Amodeo et
al. [36], the authors used isotropic DD simulations to investigate MgO single crystal
deformation with compression axis (CA) along <100> and <110>. Only single mode
simulations were carried. In the case of CA aligned with <100>, the authors considered
dislocations in %2<110>{110} slip systems only, including four over six activated slip
systems (the same dislocation density was set on each slip system). On the other hand,
additional simulations accounting for %2<110>{100} dislocations with four over six slip
systems activated with CA aligned with <110> were performed. The authors derived
averaged interaction coefficients ai;1=0.28 and au/n=0.24 (using the same convention for
mode I and II than here for UO2) from stress-strain and dislocation density evolutions.
These averaged coefficients rely on all possible interactions occurring in each mode.

For UO2, similar averaged coefficients for mode I and II can be defined using the same

relative orientations that in Amodeo et al. [36] and the following equations:

ai =+ (2a; + a; + ag)/4 (2)

and

22



A = VQ2a, +az +ag)/4 (3)

In this approach, only interactions between activated slip systems are considered as
they are usually characterized by a larger obstacle dislocation density (due to dislocation
multiplication) than slip systems with zero Schmid factor. Assuming a negligible effect of

elastic coefficients variations between Mg0O and UO2 (Amodeo et al. used v=0.33 on both

slip modes), one can easily derive the self-hardening coefficient a," = \/a_o’ =0.29 and the
dipolar coefficient az which is null (indeed dipolar interactions are negligible in
comparison to junction effects), using both MgO and UOz2 coefficients in equations (2) and
(3). While they remain qualitative, these coefficients are in good agreement with those
expected from the literature. Indeed, ao’ can directly be compared to the value calculated

in Cu (a0’=0.35) [39] while less than 0.1 is expected for dipolar interactions [34].

One can extend this approach integrating the influence of the crystal orientation as
shown Figure 5 using inverse pole figures (IPF). While this approach is partially
qualitative due to the thermal/athermal character of some deformation modes in UO2 (T}
ranges from 1400 K to 1750 K [10,16], T}/>2000 K [16] and no information about T}/,
we will show that it allows to easily lay the foundation of a strain-hardening model for
UOz2 single crystal at high-temperature.

Averaged coefficients a for individual and pairs of modes are calculated using equation
(4). As a criterion for plasticity, slip systems with Schmid factor m« larger than 0.15 are
considered together with those characterized by m«>0.8 my*** (with m;*** the maximum

Schmid factor).

— Zfs‘vzl 65 Z'lly Suasu
a=
24185 Xay=1 Ou

6 = 1if my = 0.15 and my, = 0.8 my***
else 6, =0

(4)

Figure 5 shows that ai/ reach intermediate values for most of the orientations what
promotes ¥%2<110>{100} slip system activation in UO2 single crystal except close to [001]
where myi00; is null (Figure 5a). Strengthening is also quite homogenous but slightly softer

for mode II (Figure 5b). In this last case, the weak activation of mode II close to [111] also
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enhances mode I activation for these orientations whereas mode II slip systems should be
favored nearby [001]. As commonly observed in FCC, mode IIl strengthening is
particularly high [32] with @ ranging from 0.20 close to [122] up to 0.42 along [111]
(Figure 5c).

Crossed interactions between modes I and II (Figure 5d) induce strengthening for
orientations in the central domain of the IPF where both modes benefit of activated slip
systems verifying equation (4) leading to several collinear interaction configurations.
Nonetheless, this domain is particularly narrow and white regions are typical of
orientations where slip systems with higher Schmid factors are restricted to a unique slip
mode (I or II for white region in the vicinity of [001] and [111] respectively). This
additional strengthening induced by modes I and Il common activation (Figure 5d) is in
good agreements with single crystal experiments of Sawbridge and Sykes [8], for which
stress-strain curves show a particularly high strengthening rate for orientation ¢ ranging
from 25° to 36° only. The lack of crossed interaction close to [011] (£2=0°) also confirms
the weak contribution of mode II for theses orientations as suggested by Portelette et al.
[16].

Interactions I/IIl (Figure 5e) could also contribute to the strain-hardening observed on
experimental stress-strain curves. They are particularly high (@i =0.60) in a domain in
between [111] and [011]. Finally, dislocation interactions between mode III and II lead
to auyn ranging from 0.38 to 0.45 (Figure 5f).

Assuming the controversial aspect of mode III dislocations in UO2, one could expect a
significantly different mechanical response in case of dislocation multiplication in the
three modes when compared to a simpler model that accounts only for modes I and II.
Interestingly, III/III interactions strongly strengthen mode III in regions where mode I
and [l are dominant in terms of slip activity (mode Il near [001] with m{}75,=0.5and mode
I near [111] with m{100y=0.47 respectively) but exhibit weak interactions. In addition,
crossed interactions between mode IIl and II (Figure 5f) with high value of @i/ near [001]
do not promote activation of mode III in this zone while Figure 5e shows that Schmid
factor is too unfavorable for mode III activation near [111]. Therefore, mode III crossed
contribution is most likely expected in the central part of the IPF where it spans a larger

zone than cross interaction between modes [ and 1.
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This is of special interest as Sawbridge and Sykes observed softening or no hardening
on stress-strain curves for ¢p<25° and ¢>36° suggesting a low dislocation multiplication
rate in mode III for these orientations.

Consequently, the low strain-hardening observed for ¢<25° in Sawbridge
experiments could be attributed to the moderate values of @i/, &/ and @i/ and the lack
of dislocations in %2<110>{111}. Moreover, Sawbridge and Sykes also observed hardening
in the middle of the mode /Il interaction zone (Figure 5d) but not near [011]. This agrees
with ai/ir values but not with @i/ near [011] what suggests again a lack of dislocations in

%<110>{111}, at least near [011].

I [ N
Ngcstli"fitteym 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
[111] [111] [111]
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Figure 5 : IPFs showing the evolution of the averaged dislocation interaction coefficients for (a) 1/1,
(b) 1I/11, (c) Ul/11I, (d) I/11, (e) 1/11] and (f) 111/1] mode interactions computed using equation (4) for
various orientations. For crossed interactions, the lack of strengthening is related to low Schmid factors
in mode I slip systems for the left part of (d) and (e), in mode Il in the upper and right part of (f) and in
mode Il for the upper part of (e).

As previously discussed, modes II and III should be characterized by partial and/or

high lattice friction what does not fit the forest model used here. However, results
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presented Figure 5 already provide some hints about UO: single crystal deformation
under incidental conditions of temperature. First Figure 5a, b and c confirm the crucial
role of I/I and I/II dislocation interactions that are configurations mostly athermal. This
is particularly true for I/I configurations and should be investigated for I/II as the
curvature of dislocations in mode I slip systems could lead to the formation of several
junctions, even if crossing dislocation from slip systems characterized by lattice friction
(such as mode Il in these conditions of temperature). Interactions II/II are mostly weaker,
and III/IIl are only partially required to explain strain-hardening observed in the

experiments.

This study addresses a detailed description of dislocation interactions and
strengthening reactions in UO2z required to build first physics-based model for strain
hardening in in UO:2 single crystal. Nonetheless, dislocation microstructural aspects such
as the dislocation density spread per slip mode or a detailed analysis of mode III
contribution still need to be investigated, e.g., using transmission electron microscopy, to
clarify their role among UOz2 single-crystal mechanical properties within the incidental

conditions.

6 Conclusions

Here are resumed the main conclusions of the study:

e Dislocation Dynamics simulations are used to investigate the strengthening
elementary processes, dislocation reaction maps and compute Franciosi’'s
interaction matrix coefficients for the three deformation modes %<110>{100}
(mode 1), %2<110>{110} (mode II) and %><110>{111} (mode III) of UO-.

e The interaction coefficients scales with the recombination rate and parameters
such as the angle between parent slip modes and the Poisson’s ratio have shown
to influence particular reactions such as collinear interactions and Hirth’s
junctions respectively.

e When only one slip-mode is activated, modes | and II are characterized by

intermediate dislocation coefficients, while those of mode III are larger. Largest
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values are also obtained when two modes are activated together (e.g.,, modes I and
II) especially in the case of strong collinear dislocation interactions with coefficient
that can exceed 0.8.

e Averaged strengthening coefficients are presented and their variations with the
sample orientation are discussed. Results are in good agreement with Sawbridge
and Sykes [8] experiments.

e Such coefficients can be used in macroscopic models to describe the deformation

induced by dislocation glide in UO2 at high-temperature.
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Supplementary Section 1

Crystallography and symmetries

Table S1: Interaction matrix for UO,. Each line represents a mobile system, each column a forest
system and each cell a coefficient. Coefficients with stars are asymmetrical coefficient.

I I1 I11

A1A2B3B4C5C6/A1 B2 C3 D4 E5 F6|{C1 D1 A2 B2 A3 C3 B4 D4 B5 C5 A6 D6
Allao a1 az az az az|as as ar ar; ar ar|ai3z a3z Q4 A4 A5 die A5 Ai6 Ais di6 dis  di6
A2|la: ao az az az az|as as ar; ar ar ay|ai4 a4 A3 Q13 A6 A15 dis dis di6 415 416 di5

I B3|a: az ao a1 az az|a; ar as as ar ar|ais ais ais ais aiz aiz A4 A4 Ais die die 415
B4|a: az a1 ao az az|ar ar as as ar a7 |ais ais ais ais a4 a4 Az A3 dis Ai5 dAis  di6
C5|az az az az ao ai|as ar ar; ar as as|ais ais ais Qi Qis Qi Q16 A15 Q13 A13 Q14 Q14
C6|az az az az a1 ao| ar ar ar ar as das|ais dis Ais Ais dis Q15 dis A1 di4 di4 Q13 A13
Al |as* as* ar* as* a7* a7*| a0 a3 as+ as as as |ai7 a7 aig Ais A9 dzo A1 Azo A9 Az0 di9 20
B2|as* as* as* ar* as* a7*| as a0 as a+ as as |ais ais aiz aiz az a9 Az A9 dz A 4z d19
I C3|ar* ar* as* as* a7* ar*| as as ao a3 as a4 |az a9 az a9 diz Qi dig Aig di9 dzo Qzo  A19
D4|ar* a7* as* as ar* ar*| as as a3 ao as as|ai az ap az dis aig aiz Aiz dzo dis di9 20
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Supplementary Section 2

Elastic constants and Scattergood and Bacon’s average moduli

The UO2 elasticity is defined considering Ci1, C12 et C44 elastic constants using Voigt
convention in orthotropic cubic material. Elastic constants as a function of temperature

are provided in ref. [1].

Table S2.1: Elastic constants at 1373 K, 1600 K and 1973 K from [S1].

Elastic constants (GPa) 1373 K 1600 K 1973 K
Ci1 297 278 248
Ciz 107 104 98
Cu 56 54 50

Table S2.2: BS elastic constants for the three slip modes at 1973 K [S2].

1<110>{100} v%-<110>{110} ¥2<110>{111}
1373 K 72.7 0.25 0.32 0.29
1600 K  uB5(GPa) 68.5 vBS 0.26 0.32 0.29
1973 K 61.4 0.27 0.32 0.30
References

[S1] M.T. Hutchings, High-temperature studies of UO2Z and ThOZ using neutron
scattering techniques, J. Chem. Soc. Faraday Trans. 2 Mol. Chem. Phys. 83 (1987)
1083-1103. https://doi.org/10.1039/F29878301083.

[S2] D.J. Bacon, D.M. Barnett, R.O. Scattergood, Anisotropic continuum theory of lattice
defects, Prog. Mater. Sci. 23 (1980) 51-262. https://doi.org/10.1016/0079-
6425(80)90007-9.



Supplementary Section 3
DD simulations
3.1 Effect of the damping coefficient used in the dislocation mobility law

Thanks to the Orowan law equation (y = p,,bv) and the viscous dislocation mobility
law (v = tb/B) we can estimate the stress due to the mobility (equation (1)).

7B (%) 1.5107°
b, = = : > =9.010°Pa ~ 107°MPa (1)
L (5.47 10—10)
V2

The stress derived from the Taylor equation with an Hirth coefficient equal to 0.1 is
given in equation (2).

5.47 10710
7 = aub,/pr = 0. : — | = 2. a
I b./p; =0.172.7 10° 7z 1012 = 2.7 MP (2)
Aratio ;—” ~ 3 1073 is small enough in order to have some results independent from the
f

damping coefficient.

3.2 Volume geometry

Table S3: Simulated volume geometry

Mobile system % [011](100) % [011](011) % [101](111)
After rotation [4 11 5](148) [4 115](1233) [606](666)
_ Ly=10,5 um Ly=10 um Ly=10 um
Simulated volume L,=10 um L,=11,38 ym L,=11,06 pm
geometry L,=11,82 ym L,=12,32 ym L,=613,29 pm




3.3 Extraction of the coefficient

Coefficient [-]

0.0 | | | | |
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

Déformation [-]

Figure S3: Methods for estimating coefficient values (here a; at 1373K) from stress strain curves.

Stress fluctuations (in grey) are attributed to dislocation avalanches. The mean value is in red and
the standard deviation is emphasized in green.



Supplementary Section 4
Effect of temperature on strengthening coefficients

Table S4.1: Coefficient values for 1373K and 1600K. ; and (3; represent the character of the
mobile dislocations and the forest dislocations respectively (0° = screw - 90° — edge). (12 is the
angle between the slip planes. The recombination rate is provided at 1373 K, and the junction
density at 1973K with 0.1% of deformation.

b. junction
«(373K) a(1600K) fi  fr Pz OB Pune

rate (m2)
oz glissilefy; ~ 0.35:004 0.35:006 45 45 90 90 422 5.5x101
as Hirthy 0.14+003 0.15x002 90 90 90 90 0.5 1.0x1010
o4 sessilel{ll/llf} 0.26+003 0.26x004 35 35 60 90 34.5 4.0x1011
as , 90 0.84:005 0.91+005 O 0 90 - 73.8 0.0
collinearyy,
as* 0.86+0.06  0.86+0.06 0 0 90 - 73.8 0.0
a6 . 0.11+0.01 0.0940.02 90 0 90 45 6.7 2.0x10°
Hirth,
a6* 0.14+0.02 0.14+x003 0 90 90 45 6.7 1.5x1010
az o 0.38+0.05 0.40+0.04 45 90 45 45 47.3 6.0x1011
glissiley
ar* 0.39+0.05 0.40x005 90 45 45 45 47.3 6.0x1011
as  collinear},;; 0.78:005 0.78:005 0 0 70 - 77.0 0.0

a9 Hirthyy, 016002 0.15:002 60 60 70 45 7.8  8.0x1010
0.29:003 0.30:004 60 0 70 60 387  4.5x101
10 0.32:004 031:003 0 60 70 60 387  5.0x101
w2 glissilel,, 035:005 038:004 60 60 70 90 414  55x10m

10 lissil I
«  gussiteé

13 . sse  0.78+007  0.79x0.05 0 0 55 - 79.6 0.0
collineary)yy,

oz*® 0.75+0.05 0.75+0.05 0 0 55 - 79.6 0.0

14 , 0.09+0.01 0.10+0.02 90 0 55 45 4.3 3.0x10°

Hirthy

o14* 0.12+0.01 0.12+0.01 0 90 55 45 4.3 1.1x1010

o5 oIl 0.39+0.05 0.40+005 90 60 55 60 442 6.0x1011
glissile;jjjq

os* 0.36+005 0.36+005 60 90 55 60 442 5.0x1011

016 e I 0.33£004 0.32+0.04 0 60 55 60 39.5 5.0x1011t
glissile; /i

a6 0.28+0.04 0.27+0.03 60 0 55 60 39.5 4.5x1011

o17 . 350 0.63+0.05 0.69+0.05 0 0 35 - 80.8 0.0
collineary

o7* 0.65+006 0.65+0.06 0 0 35 - 80.8 0.0

18 Hirth012) 0.17+002 0.17+002 55 90 90 66 0.16 1.1x1010

og*® i 0.14+001 0.15t001 90 55 90 66 0.16 5.0x10°

019 . {113 0.32+0.05 0.32+004 55 30 90 73 37.4 5.0x1011
sesszle{ }

a19* i 0.33+005 0.32+t003 30 55 90 73 37.4 5.0x1011t

020 lissile!! 0.30+0.06 0.30+0.04 0 60 35 60 40.3 4.0x1011

wot 7 I 0254003 028004 60 0 35 60 403  4.0x101




Table S4.2: Mean values of coefficients at 1973K, recombination rate, cross state (CS) repulsion
(R) and CS and R together for each king of interaction at 1373 K.

Recombination Cross

a (1973K) Repulsion Recomb+CS
rate states
Colinear 0.75 77.8 3.4 20.8 81.2
Glissiles 0.35 41.9 31.3 26.7 73.2
Sessiles 0.29 359 36.7 27.4 72.6
Sessiles and glissiles 0.33 40.6 32.5 26.9 73.1
Hirth 0.13 3.9 54.9 28.6 58.8

Supplementary Section 5

Hirth junction interaction maps

= DD recombination

o DD Repulsion = = Bacon-Scattergood lobes == Crossed state/ repulsion limit
x DD Crossed state === Anisotropic lobes = =+ (E) edge orientation for {100}/ (S) screw orientation for {110} and {111}
E E S S
m O0000000000Q, T ”XXOX.XXXXXX
OQ0000000QX0 égéééigiég
xoooboooox
X000P0000X
/2 m/2 /2 @-o@e&o-oen-
xoooboooo
X000p0O0OOO
X000pPOOOO
X000 XE 0OO0OXO
XX XX XX XX
¢, 0 S ¢, 0 s ¢, 0 1

—TT /2] %>

X X X XK XXX XX O
XXX XK XXX X X
X O XX XXX X X

xxxxExxxox
=T px X O XK X X X X X

- -/2

(c)Hirth

WX X XX XXX XXX

- -m/2 0

(a)Hirth

XX K XX XX XXX X

- - /2 0

(b)Hirth

i 47011 1/

Figure S5: UO; additional Hirth maps without recombination lobes.



Supplementary Section 6
Influence of moduli and crystallography on the coefficient value

Figure S6.1 shows the influence of v&5 and 1 on all UO2 coefficient values. No clear
global tendency can be seen due to these parameters.
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Figure S6.1: All coefficient values versus (a) the Poisson’s ratio (v85) and (b) the character of the
mobile dislocations (f:).

Hirth junction deserve a specific analysis because those coefficients are particular since
they do not form a lot of junction with the exception of the Hirthui/ii. Here the effect of the
character of the mobile dislocations is clear and induces the asymmetry, the strong effect

for a6/a6* coefficient is also related with the very different number of junctions formed
(see text).
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Figure S6.2: Hirth coefficient values versus the character of the mobile dislocations (f;).



