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Gap analysis

B What M&S Tools are needed?
e “Atomistic modeling tools for fuel and materials" (for reactor design and

safety analysis).
— Yesterday: Specific question about the diffusion of fission products.
e Fuel performance analysis code covering the full fuel life cycle and under
accident scenarios.
— Atomistic support for developing materials models.
B Examples from LWR fuel
e UO, (main focus) and U;Si, (recent accident tolerant fuel concept).
e Although not the focus of this talk, Zr cladding (CASL) and FeCrAl
(accident tolerant fuel concept).
M The approach taken for the LWR fuels can be extended to other
fuel and reactor systems.
e Example: Extending the approach originally developed for UO, + Zr
cladding to U;Si, + FeCrAl (ATF HIP).

e Fuels: TRISO, metal, UN, UC, etc.,

e Cladding: Zr+coatings, SiC, etc. NEAMS
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Validation is an integral
Atomistic simulations to inform meso-scale part at each length
simulations of microstructure and property scale.

evolution in irradiated nuclear fuels. Enables
mechanistic materials models in BISON fuel
performance simulations.

Hierarchical multi-scale approach

BISON fuel
performance
simulations

MARMOT material ~ (FEM)
model development

based on state

variables (phase

Bulk properties and fottatatatas®
behavior of point
defects (DFT)

‘
orpe

Microstructure evolution field)

and role of microstructure All codes are available, but the
In mass and thermal lower length scale work requires
transport (MD) exneri

perienced/expert users.
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B No input from experiments (except for validation), empirical
correlations or fitting parameters - predictive power.

M Calculate the properties of materials from the laws of quantum
mechanics — high accuracy but computationally demanding.

M Density functional theory (DFT):

e The original many-electron problem is transformed into a set of one-
electron problems that can be solved self-consistently.

e The difficult many-body effects are contained in the so-called exchange
correlation energy, which requires special attention for uranium
compounds due to the U 5f electrons.

e Open source or commercial package with lots of features are available,
e.g. VASP used in our studies.

B Studies limited to a few hundred atoms and static calculations
or MD simulations with short time scales.

FHENEAMS
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WENERGY  Atomistic simulations methods:
Nuclear Energy Emp|rlca| pOtentlaIS

B Empirical potentials or force-fields describe the interaction
between atoms according to parametrized equations.

M Fitted to experiments and/or DFT calculations.

® High computational efficiency (>100 million atoms and much
longer time scales than DFT), but also lower accuracy and strictly
not predictive outside the fitting range.

B Many MD packages are available, e.g. LAMMPS from SNL.

For ionic materials (UO,): " ——
E long range
1 0 1 30 —total
E . =y —_— - _3 _q)t.;_r 20_.
lattice — gre- (E? : ;#; o ) + 5 8 10

Buckingham potential (1938):
_rz C
(I)?;j — Ae » — ?"_6

Additional terms may be added for improved accuracy. Metals such as U;Si, require
a different potential due to the drastic difference in electronic structure and bonding.
e — = RAM

Energy (eV)
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UO, thermal conductivity (k) as
Nuclear Energy function of fuel microstructure

C. Ronchi, et al., J. Nucl. Mater. 58 (2004)  P.G. Lucuta et al., J. Nucl. Mater. 232

327. (1996) 166.
et 7] K = Kg K1(B) Kx(P) K3(X) K4(T)
- where:
14x10° - K, IS the unirradiated thermal
] sSX conductivity
°E” e ﬁab ; K,(B) is the burnup (fission product)
% 10x10° f%g factor_ | o
‘;3 oo W K,(p) Is the porosity/bubble contrlbu_t_lon
o ny « K;(X) accounts for the O/M composition
60x107 1 K,(T) refers to radiation damage from
600 SO, B neutrons, a-decay and fission
%y, 00 _ -
£Y Current models highly empirical.

Rather attempt to quantitatively

)
) up . . . ..
O, 0 100 Bum catalog contributions from individual

defects and upscale using state

A = [A(Tirr, Tapn, bU) + B(Tirr, Tana, BW) T | yariables (see Y. Zhang’s talk). E
] .




Challenges to accurately predict

Nuclear Energy UO, thermal conductivity

Molecular dynamics (MD) to calculate
thermal conductivity via direct method.

Kinetic energy exchange

Temperature
gradient

B Use accurate force description
(many-body CRG potential?l).

B Must account for missing physics
(phonon-spin scattering?3).

Values are significantly overestimated

Thermal conductivity (

15 4

-
o
L

(8}
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e UOy
—— Expt. Wiesenack

1

k=
/ -1.36x 1072 +2.32x 10°4T
/ 1

k=
0.115+2.48x10°%T

400 600 800 1000 1200 1400 1600 1800 2000
Temperature (K)

IM.W.D. Cooper et al. J. Nucl. Mater. 466 43-50
(2015).

2K. Gofryk et al. Nature Comm. 5, 4551 (2014).
3J. Moore and D. McElroy, J. Am. Ceram. Soc.
54, 40 (1971).
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Including spin scattering term

Nuclear Energy for UOZ thermal CondUCUVlty
120 N .
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E s Z; (w? — wS.JE(T)
i =
=

0 500 1000 1500
Temperature (K)

Spin scattering resolves the difference between the CRG

empirical potential and experiment.

FHENEAMS
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Simplified defect scattering
Nuclear Energy mOdeI fOI‘ BISON

B Simple analytical expression of defect scattering* for application
in MARMOT/BISON following M. Tonks et al?.

Defect scattering parameters

} = Pure ... 0.33%V
—_ 40 W Busker % CRG 8 1 e 033%la —u Combingdlmpallct.of FG, FPs and
3 35 - 33.39 P 0.33% Zr radiation damage on
t = E 7\ - 033%Xe thermal conductivity
£ 29.98 1 £ N 033%|
o 30 K= 2 6 N °
g 55 | 23.78 A+ BT +(Cx Z 5
£ 2
- i)
g 20 18.94 é a
oo
c
€ 15 - 12.630 12.74 o 3
o o
b= —_—
g 10 g 5
t; 3.97 5 Combined effect: 1
qg 5 3.75 2.23 1.99 £ 1 k=
o 1.38 0.1563 0-777 = A+ BT + Cyxy + Cozs + ...
0 - T —-— 0 T T
Xe La Zr U L, v, ly v, Pu Th 500 1000 1500

Defect Species

1Liu et al., Phys. Rev. Appl. 6, 044015 (2016).

Temperature (K)

=nEENIE A MS
°M. Tonks, et al., J. Nucl. Mater. 469, 89 (2016).
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Mechanistic UO, thermal

11

Nuclear Energy CondUCtiVity model

From M. Tonks, et al., “Development of a Multiscale Thermal Conductivity Model for
Fission Gas in UO,” J. Nucl. Mater. 469 (2016) 89.

Xe scattering parameter MARMOT to model the impact BISON simulation
. . *
from MD of bubbles+grain boundaries (Xe only)
' ‘ ‘ : s RISO 113
as=1.0+561.4c; .-~ | % |[—paa
1 I —1 | £ 20l —NFIR
il 3 —Fission gas
%315
e §10
+ Data :ggtlaﬁ L% 5
‘ ‘ ‘ ‘ —Fission gas \
2 4 6 8 : 0 50 100
X107 Timgo{hrs) 100 Time (hrs)

B Demonstrated mechanistic thermal conductivity model to treat the
impact of Xe as well as microstructure (grain boundaries and bubbles).

B Similar analysis can be performed for other defects and fuels, though
metals require a different simulation methodology due the change in
transport mechanism (electrons vs. phonons).

=i NI=/AIVWS
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Fission gas behavior

Intra-granular

Lb e @
e
Inter-granular

Fission gas located:
Mobile single gas atoms

Inter-granular bubbles

Gas release driven by inter-
granular bubble interconnection

oc , : Release to
gZDV c—gc+b'm+,3 plenum
=m -
Absorption \
_>

Effective diffusion rate: D :Db'/ (b' + g)

Our focus has been on UO,, but the same physics is
relevant to most fuels (recent application to U;Si,). AMS
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ENERGY Diffusion of fission gas in UO,
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=17
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¢ w
Current empirical model:

Total: D,,=D;+D,+ D,

Intrinsic: D,=76-10 x exp(—3.04 / kBT) [mz /s]
Irr. Enhanced: D, =4x14-10" xvFexp(-12/k,T) [m’
Athermal: D, =4x2-10"xF [m?/s]
N\

n?sh

Intrinsic diffusion {from [28})

Contribution due to enhanced
cation vacancy concentration
_tg} caused by irradiation damage.
10 F ;
/Si| Irradiation induced athermal
contribution.

NN/

Empirical relationships.

The mechanisms for D, D,, and D5 are not fully
understood, which complicates development of
predictive models.

D, and D, driven by vacancy population.

D, is believed to be caused directly by damage.

xxxxxxx

=

N i i i i i
& L] 8 10 12 T 13 i ]

et 104 7T (*K )

J. A. Turnbull et al., JINM 107, 168 (1982)

Goal: Calculate and fission gas diffusion through simulation

using point defect dynamics and

13

by direct MD simulations.




SR U.S. DEPARTMENT OF

& ENERGY Radiation driven diffusion of
fission gas (D;): Simulations

Nuclear Energy

TIT
--------
.......

.....
......

——

Electronic stopping Ballistic stopping

For each fission event a finite amount of displacement is generated. This is
related to the diffusion coefficient by the fission rate. In UO, the majority of
the energy is deposited through electronic stopping, but that is not the case

for most other fuels.

=
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Radiation driven diffusion of

Nuclear Energy fission gas (D3) Diffusivities
. 2000K 1000 K 500 K x10-4° x102!
10* 1 1 1 4 4
-+~ Kr expt. Turnbull [12] —=— 0 MD @ ThO, ¢ U0, Expt. Turnbull [12] —
—_ -+- Xe expt. Turnbull [12]—=—Kr MD _ ) Vs
T ~=-Uexpt. Hoh [13] ~ ——Xe MD = uo, @ UO, Expt. Hoh [13] y
.g. 1019 ——UMD o I PUO2 -_—
* 1 E 31 3 *
(] ~— Q
iy — -
o [ =
'g 10—20 GJ 2 2 .9
T ‘ = ? O
8 ||\ T | . %
c L 1 [¢0]
.9 F o= e - -—— Q. 8
u:n - Pp—— Wy c
£ 107 N : << 1. 1 S
e o ‘@
- =
=
107 : 0 . . o ©

5 10 15 20
Inverse Temperature (10* K?)
B Near-athermal mechanism and within scatter of experiment. Ratio of
10:1 for ratio of electronic to ballistic contribution. Little difference
between actinide oxides.
B Currently extending these simulations to U;Si, using a new U-Si
potential.

Cation  Xe Kr 0]

15



ENE&GOY Xe diffu sion by. point
Nuclear Enoray defects in irradiated
UO, (D, and D,)

Initial point defect dynamics model:
U vacancies (mono- and di-)
U interstitials
Equilibrium O (stoichiometric)

Xe residing in uranium single vacancy(+0O)
and diffusing as a di-vacancy

Damage source term (U interstitials,
vacancies)

Sinks (static bubble population)

In(D [nm"/s])

O Irradiation
O No irradiaition

Xe/Vacancy cluster dominates low | = Intrinsic anlytical model

- - - Xeypo Cluster

temperature diffusion. . . | | —
300 400 500 600 700 goox10°
1/T [1/K]

Xe+2Va diffusion behavior does not
capture experiments

R. Tonks, et al., Comput. Mater. Sci. 51 20 (2012)
A. Andersson, et al., JNM 451, 225 (2014)

A. Andersson et al., Phys. Rev. 84, 054105 (2011)
A. Andersson et al., JINM 462, 15 (2015)
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M.
D.
D.
D.

Investigate extended Xe-Va clusters
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Testing the models in BISON

B The Xe diffusion models were used in BISON to simulate fission
gas release for a few irradiation experiments.

M The lower release compared to empirical models follows from
lower values for irradiation enhanced diffusion.

Ris0-3 AN3 Riso GE7

a) b)
50 = 50 40
T FeR, smenimental fenine) w0 & FGR, expenmental (PIE)
R, Sxpenmenal IS} — FGR, Tumbull D1+D2
— EGH, Tumbull D1+02
) —— FGA, Tumbull D1+402 |
40 || FGR, Tumbull D1+402 1 1 1 4D _ |
===FGR, Xe_UI0 [theory] s H FGR, Xe_LII0 [theory] -
= FGR, Xe_U20+Xe_U30 A
B ] S o | g, | _
£ ——EGR, Xe_UZ0+Ke_L30 maory, E = ——FGR, Xe_L20+Xe_U30 | E
Figh binding =nemgy) [theody, figh binding energy) =
g 30 |— unear power 30 g § —— Lingar pawer | E
g = - g
e 2 [T + 20
. | 8 s g
@ 2 20 5 g =
: | 1§ 3 ! ;
=] E K] c
E SR | =
e - L g 10
; ‘ \-\q/ b ‘ |
= ; |
0 A 1 1] K i ! ]
1.035E+D8 1.036E+08 1.037E+D8 1.038E+08 1.6175E+08 1.8177TE+08 1.8179E+08 1.8181E+08

Time (s) Time (s}

= =umes (5, Pastore, INL. '
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MARMOT free energy cluster

Nuclear Energy dynamICS for irradiated UOZ
B Formulation of cluster dynamics - - N
_ _ ox Lo wlm _mg i S
using the change in total free wy U T {; S g N
“ .. ” o v - ] " |
energy as the “driving force” for -
reactions Y, S ey TS o) S ey
e Naturally follows phase-field methods r by, SR, % rrq— - w @ l—qhﬂ
e Built upon existing framework in L Tw e '3 R
MARMOT UgOg U,0y, UgO, UgOs5

B Requires many parameters from empirical potentials and DFT
e Formation energies of point defects
e Binding energies of clusters
e Migration energies
e Database of Xe+U,0O, vacancy clusters

B Many different variables and reactions requires custom automatic

Input file creation
e 17 non-linear variables, 60 reactions, ~200 kernels

B Generic coding framework can be extended to other fuels or fission

products. HEENEAMS
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diffusion

%?57 2500 2222 2000 1818

B Xe almost entirely within Xe+Uv6
M Reaction between divacancy and 6-
vacancy cluster drives creation of

fast moving 8-vacancy clusters.

M Shift from Xe+Uv80v12 - Xe+Uv80v1l
->Xe+Uv80v10 follows the general
trend of diffusivity data.

Xe+Uv6: Xe+Uv6Ovi12:

This conclusion (  and

standing Xe diffusion models. Important
consequences for fission gas behavior.

logl0 of atom fractions

Cluster dlffu5|on

Temperature [K]

1667 1538 1429 1333 1250

Results for Xe-Va cluster

Cluster concentrations

4 4 Xe UveOv8
+— Xe Uv80Ov10

—al 4 | =+ Xe_Uv80Ovll
v Xe Uv80Ov12
S I I P -- Ui
—6 _/, ol el - R P o UV
- W20v2
-8
-10f

35 40 45 50 55 60 65 70 75 8.0

= re [led/K]

nperature [K]
2585?' 2500 2222 2000 1818 1667 1538 1429 1333 1250

logl0 of total diffusivity

) breaks with long-

................................................

= D tot

— M Xe UvB0v10/Xe.
— M _Xe_UvB0v1l/Xe,, |
— M Xe UvB0v12/Xe., |

- - Data high
- - Data mid

i i i i
3.5 4.0 4.5 5.0 55

i i i
6.0 6.5 7.0 7.5 8.0

1ed [ Temperature [led/K]
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Fission product diffusivities

EFollowing the approach for Xe, *pr————r12ph DR
calculated D for Zr4*, Ru#, : o
Ru3*, Ce#, Y3*, La%*, Sr2f,and -2 — R’
Baz*in UO.,.

BOccupy single vacancy traps ~ 4l
sites (FP). NE :

B Rus*4* exhibit fast diffusion, =
comparable to Xe. ;-28

M Sr2t, Ba®* follow.

W Ce?, Zr4*, La®*, and Y3 diffuse
slower, rate ~ U self-diffusion. Rl

B Example of how the modeling

approach can easily be extended.

'364 6 8 10

R. Perriot, et al., submitted to J. Nucl. Mater. (2014). ]04/]" (K_l)




CE R, U.S. DEPARTMENT OF

DFT study of stoichiometry

Nuclear Energy d eV| atl on | N U3S| 2 Collaboration with

S. Middleburgh at

Westinghouse.

B UO, fuel performance benefits from the ability to accommodate
non-stoichiometry (UO..,,).

B Much smaller non-stoichiometry in U;Si,, in agreement with the

.
accepted phase diagram
Defect reactions for non-stoichiometry o _ . lauids UsSiy |
Deviation type Defect type Reaction #  Detail Enthalpy (eV) 1700 -
Excess Si from USi  [Interstitial 1 - 0.19
Vacancy 2 0.68
Substitutional 3 0.16
Excess Si from UsSi, |Interstitial 4 0.40 1500 -
Vacancy 5 1.38 <
Substitutional 6 - 0.35 -~
Excess Ufrom U;Si |Interstitial 7 From a-U5Si 0.77 g 1300 -
Interstitial 7 From B-U5Si 0.77 ‘6
Interstitial 7 From y-UsSi 0.72 o USi/UsSi, + UsSi,
Vacancy 8 From a-U,Si 1.59 g‘ 1100
Vacancy 8 From B-U5Si 1.59 @
Vacancy 8 From y-UsSi 1.54 =
Substitutional 9 From a-UsSi 0.35 900 -
Substitutional 9 From B-U,Si 0.35
Substitutional 9 From y-UsSi 0.31
Excess Ufrom U(m) [Interstitial 10 From a-U 0.51 700 ~ B-U,Si
Interstitial 10 Fromy-U 0.41 +U;Si,
Vacancy 11 From a-U 1.06
Vacancy 11 From y-U 0.96 500 4
Substitutional 12 From a-U 0.24
Substitutional 12 From y-U 0.14

S. C. Middleburgh, et al., “Non-stoichiometry in U,Si,”, e oss o 04 omi om  ou ws
>1J. Nucl. Mater. 482, 300 (2016) Stoichiometry (Si/(U+Si)) ATION PROGRAM
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DFT study of defect and Xe

diffusion in U;SI,

Uranium self- and defect diffusion

0
0.00025 0.00075 0.00125 0.00175
SORRAMALAL A A & & A4
-10 . i - —a— & 2
Eggn? S Emg .
oL Kxy v @@ g o “ = =
Kxxxxﬁ X v ; ® o =]
K 5 X < N
20 X *
—_ X *
o %
5 30 \ S
= -
F U0 (0 N
-40 +—# Y vacancy a-bptane N
B U vacancy c axis
& Uinterstitial a-b plane
50 * Self-diffusion U vacancy a-b plane N
* Self-diffusion U vacancy ¢ axis \
@ Self-diffusion U interstitital a-b plane
UO2 Sabioni et al.
-60

1/T[1/K]

log{D [m2/s])

=
o

-10

-20

w
o

-50

-60

-70

Intrinsic Xe diffusion

0.002

0.0005 0.001 0.0015
mﬁwﬁ‘o
&
L X)KX\X._;K L JFS PN .
! Ky * .
o = - *
’ e r—— ¢
— UO, (int) %84 " X
. X E & \
—— j X @ I
UO, (irr) 65
g o - X o
wAEImd vU 1L To danotner vu 1 (C-dXI5) % L:
@ XeinaVU 1to another U 1site via VU 2 (a-b plane) w% &
4 XeinaVU1toanother U 1site via a VSi ~
Xe ina \/Sito another \VSi (:-I-h pl:-mn) J
# Xe in a VSito another VSi (c plane) (
@ Xe in a VSito another Si site via a VU 2
Xe split interstitjal, exchange with neighboring U atom (a-b plane)
Xe split interstitjal, migration to another a-b plane along the c axis

UO2 intrinsic
U02 radiation-e

nhanced

1/7 [1/K]

B Very few if any data points available from experiments.
B The fastest mechanisms exceed those in stoichiometric UO.,,.

B These results feed models for swelling and fission gas release in

22

fuel performance simulations (BISON).
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Carlos Tome (LANL)

Hierarchical approach: Cladding
(NEAMS: FeCrAl and CASL: Zr

MOOSE Code

Interface VPSC-MOOSE gives dimensional changes &
strength of cladding under complex conditions of dose,
stress &/Qmperature

Type |

jup

VPSC Code

Polycrystal model of creep accounting for crystallo-
graph/ig mechanisms, texture, processing

Type I

cqnditions

o

Thermal creep
crystallographic

15}

U Type Il

Irradiation creep
crystallographic

'model | model - dislocation-
—> climb assisted - evolution of dislocation &
glide of dislocation loops by || dislocation-loop
dislocation climb interactions
S

Radiation
hardening model

Molecular Dynamics and Discrete Dislocation Dynamics
Interaction between dislocation and irradiation induced defects

23

< ~F

720°C
10°4 100 MPa
\T

rradiated (1.8 dpa)

Creep rate (s™")

3.0
x10°

HENEAM

NUCLEAR ENERGY ADVANCE!

0 15 2.0
Creep time (s)
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Huclear Eneray performance modeling
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B We (NEAMS) have focused work on the problems highlighted
here (fission gas and thermal conductivity) based on
UQ/sensitivity analysis for UO, (=impact).

B These methods can be used for other fuel types (TRISO, metal,

UN, UC, etc.), cladding and other physics/chemistry problems:
e Fuel mechanical properties (creep).

Fuel fracture.

Fuel swelling.

Fuel grain growth.

High-burnup-structures.

Fuel-cladding chemical interaction.

Corrosion (CASL).

Cladding hydriding (CASL).

Cladding oxidation (CASL).

M Few (=none) of these examples are simple, but there is a value S
o \
”s added proposition to be made for each case. s
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Thanks for your attention!
Questions?

Discussion
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