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Fuel R&D « loop » at CEA/DEN
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Simulation of nuclear fuels behaviour

at the macro scale

" Thermal Mechanical : - ,
: S e Physico-chemistry Thermochemistry
analysis ) calculations
Fuel Fission gas Fission product
temperature Location/Migration/. speciation
distribution _mi i
J S m— Thermo-migration
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Simulation of FG behavior at the

grain scale

Fabrication pores

B For guaranteeing fuel rod integrity, in-pile FG behavior is of

major concern
- Most up-to-date model (MARGARET) has been

validated on a huge PIE database
Many observations are correctly described:
« Fission gas release in nominal conditions as
well as in power ramp
« Fission gas repartition : intra/inter-granular,
dissolved/trapped in bubbles
« Fission gas swelling

<« Intergranular
bubbles

Nano-sized
Intragranular
bubbles

Precipitated
Intragranular
bubbles

B But...
— some empiricism need to be verified (e.g. bubble size distribution)

- unable to describe thermal annealing of spent fuel
= more physics will allow more predictivity (what happens outside the database regime?)

‘ Coupling between multi-scale modeling approach and separate effects experiments
to challenge the model

L. Noirot, Nuclear Engineering and Design 241, 2099-2118 (2011) NUMAT October 15th 2018 | Page 4



Multiscale modeling of FG and defect behavior at the

— grain scale

‘r time

Phenomenological model

integrated in FPC
Rate theory " o0rated MARGARET

days
I years fa Cluster Dynamics
S CRESCENDD
HS — -
Classical MD
Molecular Monte Carlo _
Libbs
. + comparison with
Electronic .
ps structure calc. s o experiments at relevant
Ab initio A scale
7 oinit
m Hm distance
~100-1000 atoms  ~1000-10 000 000 atoms 1 grain

Y
atomistic simulation
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Study of Point defects and Fission
Gases in UO,

Formation
Incorporation
Migration
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Defects stability from ab initio calculations AE¢,,,(X9) = E.(X9) —

Elect:
E. Vathonneegtrg
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Incorporation of Fission Gases in UO,

Kr E¢ouiion from ab initio calculations 161
XANES | ir  SuLEL

AEsol(Krr Vx, (I) = Etot(Kr; Vx, q)

—Ngy — NgMp + Ngr Uy
+q(Eypm + Me + AV) + AE(q)

For as implanted 0.5
at.% Kr samples
« Kr atoms
surrounded by U

. and O atoms only
—— (B) As implanted
—— (B) 1273K 12 hours (no Kr aggregate)
—— (€)1673K 4 hours « Kratoms as single
atoms inside
neutral bound
Schottky defects

8
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Elementary mechanisms and energy (NEB, ab initio)
Attempt jump frequencies (empirical potential)

Approximation : no interaction beyond 2" neighbours
= 5—frequency model

Kr migration mechanism depends on stoichiometry
m UO,, : Schottky defect and charged U vacancy

m UO, .charged U-O divacancy and charged U vacancy
m UO,,: 2 charged U vacancies

Data needed to parametrize a

Cluster Dynamics model (ma) i)
=
dC(Tl, p) _ (ngq)
dt

Jn-mp-@)+ma)omp)
(m,g)mobile

— Jp)+mgom+mp+q)
(m,q)mobile

Emission of
mobile cluster (m,q) from cluster (n,p)

+G(n,p)| Source term

—K(M,p)|  sink term

- similar to previous study of Xe
[Andersson et al PRB 84, 054105 (2011)]

E. Vathonne et al., Inorg. Chem. 56, 125 (2017)

R. Skorek et al, DIMAT 2011 323-325, 209 (2012)
S. Maillard et al., F-BRIDGE deliverable D225 (2012)
A. Le Prioux, Ph.D. Thesis (2015-2017)

Comprehensive framework to calculate defect and
defect cluster (cavities / bubbles / dislocation loops)
concentrations over time, with time scale and length
scale appropriate for fuel study (years, grains)



Cluster dynamics to interpret TDS exp. with Xe or Kr implanted fresh UO,
Isothermal release at 1300°C of

m lon implantation coupled to Thermal Desorption Spectrometry XT 129 ifqp(lanteld)in uo, iln
olycCrystal (purple) or single
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B Arrhenius law for low contents of Xe and Kr implanted UO,, \.\
- Determination of intragranular atomic Kr/Xe diffusion coeff 2 .

-23

-24

A. Michel, PhD thesis (2009-2011)
M. Gérardin, PhD thesis (2016-2018) NUMAT October 15th 2018 | Page 11



Migration of Point defects and Fission Gases in UO,

Cluster dynamics to interpret TDS exp. with Xe or Kr implanted virgin UO,

* Mobile species: I, Vi, Ixe, Vou, XeV,,— Mobilities from atomistic simulation
« €Y : point defects concentration induced by implantation
« Initially Xe in interstitial site

1.2x161% em?

| —1.3x101 cm2 800 keV Xe
] 1.4x10% em? implanted UO,
] 1573 K annealing

5000 10000 15000 20000 25000 30000

temps (s)

Initial burst release not reproducible — interpretation is difficult

M. Gérardin, PhD thesis (2016-2018) NUMAT October 15th 2018 | Page 12



Migration of Point defects and Fission Gases in UO,

Cluster dynamics to interpret TDS exp. with Xe or Kr implanted virgin UO,

* Mobile species: I, Vi, Ixe, Vou, XeV,,— Mobilities from atomistic simulation

« €Y : point defects concentration induced by implantation

« Initially Xe in interstitial site

0,25

0,2

0,15

FGR

0,1

0,05

~0-atomistic

atomistic IU/IXe enhanced <+—
-e—atomistic IU/IXe enhanced cV/10
—-e—atomistic lU/IXe enhanced cV fit
——exp.

5000 10000 15000 20000 25000 30000 35000
Time (s)

Parameters Ab initio
E'V (eV) 4,72
EV (eV) 0,7 (4,1)
= E*e (eV) 2,2 (5,75)
consistent with the MD study EXV2U (ov) 3.50
of Keller and Nekrasov UL
E2U (eV) 2,84
(Dy)"V (cm?/s) 0,00712
(Dy)"? (cm?/s) 0,03 (N.C.)
(Dy)"*¢(cm?/s) | 0,03 (0,0075)
(Do) *¢"2¥ (cm?/s) 0,148
(Dy)V2U (cm?/s) 0,545

C2 =7.1018 1V per cm?
- Fit: 1,7.10%8 I/V per cm?

800 keV Xe implanted UO,
1573 K annealing

NUMAT October 15th 2018 | Page 13




DE LA RECHERCHE A LINDUSTRIE

Cluster dynamics to interpret TDS exp. with Xe or Kr implanted virgin UO,

0,8
1 |~*—atomistic
0,7 ' atomistic IU/IXe enhanced cV fit
0,6 E —+—exp.
505 1
L -£m
i
0,4 0 1073k | 1273k 1473K 1573K  |41673K
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0,2 -
0,1 3
0 __rl':"""""_: ::::::':-:-: q: —:: : 1 1 1 1 1 1 1 1 1 1 ] ] 1
0 50000 100000 150000 200000 250000
Time (s)

Migration of Point defects and Fission Gases in UO,

800 keV Xe implanted
uo,

1,4 10 ions/cm?
iIsochronous annealing
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Cea Migration of Point defects and Fission Gases in UO,

Cluster dynamics to interpret TDS exp. with Xe or Kr implanted virgin UO,

0)1 ]

] [*—atomistic _
0,09 1 800 keV Xe implanted

- atomistic IU/IXe enhanced cV fit uo,
0,08 A 1,4 10" ions/cm?

1 [ exp. isochronous annealing
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oc Ex
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Release of Iy, Release of both I, and XeV,
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ly+ XeVy=> Ixe NUMAT October 15th 2018 | Page 15



Extending the approach to the study of
Intergranular behavior and mixed oxides
fuels

v Combining multiscale modeling and adapted experimental
characterization techniques we are able to identify
mechanisms or parameters introduced in industrial models

v Up to now, we focused our investigation to intragranular
mechanisms in UO,

But: . Experimental evidence that grain boundaries play
a key role in fission gas release and
microstructure evolution under irradiation (HBS,
sub-domains formation inside initial grains,...)

SEM EBSD ‘ * Fuels for GenlV reactors will be mixed oxides :

burn-up 73 GWd/tU - " (U,Pu)O, even (U,Pu,Am)O, M. Talla Noutack
NuMat P1.100

==) Methodology developed for UO, is being
applied to these systems

NUMAT October 15th 2018 | Page 16



A combined atomistic modeling and
experiment to study UO, grain
boundaries properties

NUMAT October 15th 2018 | Page 17



A combined atomistic modeling and experiment to

— study UO, grain boundaries properties

ldentification of grain boundaries Atomic scale investigation
m Misorientation angle between grains m Large systems: Study using empirical
m Coincidence site lattice (CSL) index interatomic potentials (validation:

complementary electronic structure
calculations)

SEM-EBSD map
of polycrystalline UO, and m Construction of GB from 2 grains with

identification of symmetric GB given misorientation and relaxation to
obtain GB structure and energy

Correlation energies calculated / fractions measured
2 -
‘ |
18 pEE Lowest-energy GB are
g I.l ] s the most frequent
=161 mE B experimentally
] u
C
(] 1’4 4
c
2 m
g 1,2 - 23
= [
. N
20% of GB are symmetric 1 | | | (=] |
0 0,5 1 1,5 2

Linear fraction measured (%)
E. Bourasseau et al., J. Nucl. Mat., submitted (2018)
A. Ksibi, Ph.D. thesis (2017-2020) NUMAT October 15th 2018 | Page 18



A combined atomistic modeling and experiment to

— study UO, grain boundaries properties

Experimental characterization Atomic scale modelling

B Formation of a GB groove through thermal etching 4

hours at 1400°C under Ar-5%H, §;§§ ' gggg:
B Determination of 1 angle using AFM (Institut Néel, &%ﬁ&% , gg‘?gg:
Grenoble) QQ&QQ p"g‘?ﬂ‘
| e
S AL A
= IR 25%,
E O SnalRetass
= USRI 00
- At 14002C
Formation energy: ygp = 1.38 J.m™2
EB (111) /[111] 6_00 Surface energy (GB plane): y, = 1J.m?2

x [um]

1) angle calculated : 92.7°
P angle measured : 92.9°

Cleavage energy
(energy needed to open the GB)

Ygb = 25 cos(¥) Ye = Yab — 2V

ForaGB L GB Formation energy

to the surface,

E. Bourasseau et al., J. Nucl. Mat., submitted (2018)
A. Ksibi, Ph.D. thesis (2017-2020) NUMAT October 15th 2018 | Page 19



' Istic modeling and experimen
Ce2 A combined atomistic modeling and experiment to

study UO, grain boundaries properties

2,5 -

A correlation is observed
f?E‘ 2 - ~~__ " . between cleavage energy

~— [ . . .
= . R and misorientation angle
g [ S~ g ® g .
T~a |
%D 157 " m RN /
3 " T~
Y . /
| -
% n
[}
(@) . [ ]
0,5 - .
|
0

0 10 20 30 40 50 60 70

Misorientation angle(®)

Perspectives

m Validate correlation on more experimental tests

m Extend simulations to general GB and determine impact of
temperature

m Establish a link between cleavage energy and toughness
through micro-mechanical testing (nano-indenter)

m Defects/FG segregation and diffusion at GB and sub-
domains interfaces
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Atomistic simulations to produce
MOX thermodynamic data integrated
In Fuel Performance codes
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Data needed for fuel performance codes and thermodynamic
databases to evaluate margin to melting

B Lattice parameters, enthalpies, heat capacities, thermal expansion
vs temperature, stoichiometry, Pu content for (U,Pu)O,

B Complementary to measurements in hot labs that are scarce due
to the complexity of such experiments

B Difficulty : solid solutions with wide range of compositions
numerous local configurations must be considered

B Use of electronic structure and empirical potential calculations
(molecular dynamics and Monte Carlo) to combine accuracy and
large quantity of calculations

(U,Pu)oO,
22
%

96-atom SQS supercell for
electronic structure calculations

2592-atom supercell for
empirical potentials

Code GIBBS (CNRS, IFP-EN, Paris Sud)
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Thermal expansion (%)

Production of thermodynamic data on oxide fuels

255 1

0,5 1

0 E

cerme

He

D.G Martin

vo2

(U,Pu)02 25% Pu
(U,Pu)02 50% Pu
(U,Pu)02 75% Pu

* Uncert up
* Uncert down

Lattice parameter

Guthrie et al. JNM 479 (2016)

U02_MC

(U ,Pu)02 12,5% Pu_MC
(U ,Pu)02 25% Pu_MC
(U ,Pu)02 37,5% Pu_MC
(U ,Pu)02 50% Pu_MC
(U ,Pu)02 62,5% Pu_MC
(U ,Pu)02 75% Pu_MC
(U ,Pu)02 87,5% Pu_MC
Pu0O2_MC

’..... .
o
|t

":+

¥

180 4
160 +

140 4

Cp (J/mol/K)

100 A

80 4

120 H

498

6;8 8;8

* MOX_00

* MOX_25
MOX_50

® MOX_75
MOX_100

==Fink's UO2

==Fink's PuO2

800

1300

1098 1298

1800

1498

1698 1898

T (K)

2098

Specific heat

2300

2800

T(K)
3300

Similar trends as recommendations drawn from measurements

for UO2 and PUOZ D.G. Martin et al., J. Nucl. Mater. 152, 94 (1988)
J. Fink, Int. J. Thermophys. 165, 3 (1982)

Empirical pot. predicts small Pu content effect

No clear effect from ab initio either (may be at high T)

I. Cheik-Njifon et al., Inorg. Chem. 2018, 57, 10974
I. Cheik-Njifon, PhD thesis (2016-2018)
C. Takoukam-Takoundjou, PhD thesis (2017-2020)

At 2300K (~0.8 Tm) Bredig transition: Fusion of O sublattice
= Change in properties

Should be taken into account in laws used in FPC
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~~— Conclusions

B Investigation of operational issues using basic research approach: irradiation
damage, margin to fuel melting, microstructure = essential data for fuel
performance codes

B Combination of modelling and experiments contributes to get further insight into
mechanisms governing the behaviour of nuclear fuels and cladding under
irradiation

Future work

B Extend application of models at mesoscopic scale, in particular rate theory methods
to study atomic transport and dislocation dynamics for microstructure

B Application of basic research approach on other nuclear fuels: including additives,
chemically active fission products, minor actinides

NUMAT October 15th 2018 | Page 24
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Production of thermodynamic data on oxide fuels

Lattice parameter Linear thermal expansion coefficient
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Point defects and Fission Gas in UO,

Cluster dynamics to interpret TDS experiments

formation/incorporation/migration

v In experiments, decrease of the apparent diffusion coefficient upon fluence of irradiation

[1] Kalmalet ai Met Mater Process voI 1 1990
=) LI .
20
1x10™ 5 o
—~ " ]
i
£ °
O
1x107 4
@
&>
*@ 9
sl " il i PR R | i MR | i "
10” 107 10% 10%

Taux de fission (fission.m™)

T T B I . T
4E-20 4 %
2E-20 A
3 ° 3
" 3 .
“g 1E-20 - T[ 3 i
~ 8E-21 4
= ’
6E-21 A -
@ Xenon (Poly) o
4E-21 4 o Xenon (Mono) T
@ Kirypton (Poly) T
Krypton (Mono)
2E-21 . — — p— .
1E11 1E12 1E13 1E14 1E15

Fluence (ions.cm™)

v Fit of the release isotherms by a simple model based on Fick’s 2"d law is coherent with this picture

at

aC(x,t)

92C(x, t)

ki x C(x,0)

k; : trapping coeff ~ 4ntr, C,, D, ,

D(t) =

intrinsic diffusion

+ DZ,intrinsic > o
coefficient
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Point defects and Fission Gas in UO,

formation/incorporation/migration
Cluster dynamics to interpret TDS experiments

v In experiments, decrease of the apparent diffusion coefficient upon fluence of irradiation
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v Fit of the release isotherms by a simple model based on Fick’s 2"d law is coherent with this picture
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Cea Point defects and Fission Gas in UO,

formation/incorporation/migration
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U Mechanisms and trends with non-stoichiometry similar to previous study of Xe [Andersson et al]
- UO,, : migration assisted by Schottky and charged V; D =5,35x10° xe ®'“"m?/s 7,80 < E,< 8,01 eV
- U0, . migration assisted by V,,, and charged V|, D=708x10"°xe *'"""m2/s 4,09 <E,< 7,80 eV
- UO,,, : migration assisted by 2 charged V|, D=307x10" xe ®='""m2/s 0,73 <E,< 4,09 eV

U Combinaison with experiments in progress
E. Vathonne et al., J. Phys. Cond. Mat. 26, 325501 (DOMAT October 15th 2018 | Page 30



Point defects and Fission Gas in UO,

formation/incorporation/migration

Kr incorporation site from XANES experiments

Kr K edge normalised p(E) (A.U.)
-
1

0,0

Kr low concentration

— (B) As implanted
— (B) 1273K 12 hours
—— (C) 1673K 4 hours

14310

T
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I L T L T ¥ 1
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Energy (eV)
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)

— Schottky BSD1 (V;+2V,)

—=»— XANES calculation
experimental

Energy (eV)

How to analyse XANES spectra?

To determine the local environment of the probed atom, the XANES
spectra are modelled using the FDMNES code [Bunau et al., J. Phys..
Cond. Mat. 21 (2009) 345501]

The atomic coordinates of the atoms surrounding the rare gas
atoms are required as input for the fit of the spectra

Only BSD1 gives a good agreement
DFT+U local environment close to XANES results

For as implanted 0.5 at.% Kr samples

« Kr atoms surrounded by U and O atoms only (no Kr aggregate)

« Kratoms as single atoms inside neutral bound Schottky
defects with O vacancies aligned along the (100) direction
(BSD1)

=»Nano-cavities observed by TEM after rare gas implantation
are empty
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Point defects and Fission Gas in UO,

formation/incorporation/migration

Positron lifetimes calculation and comparison to PALS exp.

Non-destructive experimental method used to study vacancies in solids
Evolution of defects with temperature (ionisation, clustering, annealing)
Neutral and negative defects can be detected and distinguished, while positive ones cannot
be detected
1.Positron generation
in a B* decay

2.Positron thermalisation

3.Diffusion
4a.Annihilation in the bulk

4b.Trapping in a defect
and annihilation

100 pm 100 nm
few ps positron lifetime
=100 ps

Yi- 1.27 MeV
Y,-=0.51 MeV

2
1 mer

T e

fd3;7’ [H(F)n+(7)r(n,n+)] Electronic and positronic densities are
needed

—  Electronic structure calculations (TC-DFT)
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Multi-scale modeling of FG and defects behaviour at the

— grain scale

Atomistic simulation

Actinide compounds
« Complex systems:
various phases, non-stoichiometry,
magnetism

- Nl Cuboctaedral
UO, AEM 3k U,Oq

Ab initio simulation

= DFT+U (VdW-DF+U)
well adapted for FG in actinides fuels
= Occupation matrix control (OMC) scheme

N

Actinide cations with varying oxidation
state : U3+, U%, U*in UO,
Pu3*, Pu* in PuO,

Electrons 5f localized in numerous
compounds
= Strong electronic correlations

Empirical potential-based simulation

= Classical molecular dynamics
= Molecular Monte Carlo
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Multi-scale modeling of FG and defects behaviour at the

— grain scale

CLUSTER DYNAMICS

Nucleation

.
oo Xe

: of FG Xe
_ _ AOMIC £ bubbles ol
B Modelling the evolution of the N o
= . . U235 ul GPOIE!
microstructure under in-pile or oo desinuction

Production .
re-solution

ion irradiation

Bubble/pore Xe

movement
Bubbl th

o o+ @ - ubble grow

Pore shrinking
N Xe, Xe
. . . . . ig bubbles @,
Set of differential equations on species concentrations: orsiption» S D

calculation of defect and defect clusters (cavities / bubbles
/ interstitial loops) concentrations over time

dc(n, p) p) c
dt > Jmp-armaons 7 2 dmermaonmpsa B0 p)7K(n, p)
(m,q)mobile (m,q)mobile
(n,p) I.Emission of Source Sinkterm (for
‘ mobile cluster (m,q) term mobile
‘ from cluster (n,p) clusters)
(n-m,p-q)

DFT and empirical potential calculations can provide input data needed
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Simulation of FG behaviour at the

grain scale

B For guaranteeing fuel rod integrity, in-pile 4 'Rto:fiegas :flicf“xe
FG behavior is of major concern diffusion Xe
7 e S
re-solution
74 Bubble/pore ’5132;'
Essential since these populations control a larggeneishiagy i‘““f,a.f_ Butblo gront
of properties and the macroscopic evolution of the material o e Xné.gie
ig bubblos A

« precipitation » m

B MARGARET code within the PLEIADES platform at CEA: Most ot . .
simulated (gas concentration, gas release, swelling, porosity) but <....c r,..\,..u..'.:..u oo
modelled empirically, e.g. bubble sink strength and bubble size distribution
and irradiation defects not taken into account

B Cluster Dynamics (rate theory model): Comprehensive framework to calculate defect and
defect cluster (cavities / bubbles / dislocation loops) concentrations over time, with time scale
and length scale appropriate for fuel study (years, grains)

— Study using cluster dynamics of intragranular fission gaz behaviour
« code CRESCENDO (co-developped EDF/CEA)
« DFT-based parametrization
« Separate effects experimental studies to validate
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Point defects and Fission Gas in UO,

formation/incorporation/migration

Static: Nudged elastic band (NEB) o0 <09
@0 @0 @0 @
[ | T: O K ..f""}...(“\‘.‘.“"*«}.‘.f‘»;..
= Discretization and optimization of the migration path e ¢ ¢ o ¢ ¢ "o o]
» Migration barrier E_ BRI SRR
: : . ® O ® O T ® O ® O @0
» Migration mechanism o o o 4 e o e
"3'«;.!’...’:,.:‘...‘i.,.;‘.‘.‘{. o.o
R . . JNGIN oI JON IO
Activation energy for diffusion : e o e n e oe
E.~E;+E, via point defect model DL M I L LD
D= DO exp (Ea/ kT) [100] : |

Prefactor D, from vibration modes (phonons), in presence of defects governing the
diffusion. Calculations using empirical potentials more adapted
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