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lll Fuel-Cladding Chemical Interaction (FCCI) in
U-(Pu)-Zr metallic fuels

(a)
Cladding

FCCI is a major performance limitation for U-Zr
fuels

Complex interactions resulting from interdiffusion
at fuel-cladding interface

+ Cladding: various stainless steels have been
used (HT9, D9)

Fuel

» Diffusion of Fe into U can result in low-melting
temperature eutectic

Cladding

* Diffusion of lanthanide fission products from
fuel to cladding leads to formation of brittle
intermetallic phases, referred to as “wastage”

* Most prevalent intermetallic: (Fe,Cr)17(Nd,Ce)2
» Degrades cladding mechanical properties

(A) HT-9 intact cladding (B) HT-9 with Ln GB attac gh Ln, low Fe, stable Cr
(D) Fe, U, and Ln (E) Segregation layer, (U, Fe) and (Zr, Fe)

Wang et al., J. Nucl. Mater., 572, 153990, 2022




Cladding wastage formation

3. Fuel cracks

r—‘—w

Fuel Na Clad
. . . 4. LAtransports [\ iffuses
- Lanthanide fission products (LA) 2. Latanspored opnoge [IRECCEREEN
generated in fuel ' L
* Most prevalent: Nd, Ce, La, Pr, Sm A | SEp

- Diffuse to pin edge I

« EBR-II design: liquid Na in fuel-cladding
gap

3. Fuel swells

« Prior to contact by swelling: LA Matthews et al., Nucl. Tech. 198 (2017) 231
diffusion through liquid sodium _ ,' e
- Pre and post contact: fast transport = .l
from pin edge to cladding £ ok I
- Several intermetallic phases are %m ‘ .
observed, most prevalent: (Fe,Cr)17LA2 i s
- Diffusion couple data suggests wastage ~ * A Efl---: ---------------- g‘

thiCkneSS 5 == ‘\/ Kt 0(; 200 400 6(;0 800 1(;00 1200

Square root of time [sec'?]

Diffusion couple data from
Inagaki et al., Trans. AES Japan, 12, p.149 (2013
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Jlll FCCl Mechanistic Modeling approach

« Empirical FCCIl model available in BISON based on EBR-II data
- May not be readily extensible to new reactor designs
« Mechanistic model under development, initial focus on Nd

trect Locci
FCCI Unaffected Cladding cccl

Cladding degradation
Miao et al., NED, 385, 111531, 2021

e Growth rate of Fe17Nd2
Nd diffusion in fuel: o )
dc 6 = (Kt)

Frie V-DesVe +yF — Ac K = Kyce Ea/kT
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Il Determining effective diffusivity of Nd

. o:fu%‘m a-‘ ‘;"“""‘,*""
v wp N m.« '\"‘ o 3 e | el
,’. ! >y -
-4

* Need to account for fuel
microstructure

* |solated porosity

* Interconnected porosity

- Interconnectivity function f,

1.3% burnup 2.1% burnup
* Interconnected, sodium-logged Isolated Interconnected
porosity due to infiltration from Bauer & Holland, Nucl. Tech, 110, p. 407 (1995)
bond sodium "=
» BISON model: Dy ggeq = 0.8 f—Smeom=ER
fvDtotfres (based on data _06]
from Bauer) o4l
* Need diffusivity of Nd through bulk, 0.2}
surface, and sodium | |
00 0.1 0.2 0.3 0.4
Intercopnnectivity

Aagesen et al., Mat. Theory, 6:8, 2022.
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Il Nd diffusivity: atomistic calculations through
bulk, surface, Na

® Average diffusivity

A
S

 Bulk solid diffusivity

* Assume o phase dominates U
microstructure

INDygy (M?/s)

a
o

* DFT calculation showed Nd interstitial in a-
U is unstable, so assume vacancy -

mechanism 0.001 0.0015 0.002 0.0025 0.003
T (K1)

» Use Nudged Elastic Band t lculat : . :
er?eerg; bgfriersas ¢ Band to caietiate Diffusivity of Nd in polycrystal a-U

N . o Jiang et al, JNM, 557, 153307 (2021)
 Kinetic Monte Carlo to calculate diffusivity in

a,b,c directions, polycrystalline average
 Surface diffusivity

« Same methodology, calculate on (001) a-U
surface

« Diffusivity through liquid sodium

* Previous ab-initio molecular dynamics

(AIMD) simulations from literature Nd diffusivity in Na: AIMD
Li et al., JNM, 484, p. 98-102 (2017)
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Effective diffusivity of Nd through isolated
porosity

0.055 X Simulation: high bulk diffusivity pores
—— 3D Maxwell-Eucken
0.050
 Higher diffusivity on pore surfaces may 0.045
increase effective diffusivity somewhat Ry
. g
« Maxwell-Eucken model of effective = 0,035 -
transport 5 0.030 -
e e e L . Q
« When diffusivity in spherical inclusions 0.025 1 L4y
is much higher than matrix, 0.0%0 - b“”‘1—Vf
—Vr
1+2V¢ 0.015 |
‘ DME = Dbulk 1-V 00 01 02 03 0.
f Vi
¢ H.ypOtheSIS th.ls e).(plreSSIOn Stl” Valld for 0.055 1 X Simulation: high surface diffusivity pores x
high surface diffusivity 005 | T 3D Msvell-Bucken

- Test by calculating D¢ using

asymptotic expansion homogenization
(AEH) in MOOSE?*, for case of isolated
spherical pores

* Use Maxwell-Eucken model for isolated
porosity

T T T T T
0.0 0.1 0.2 0.3 0.4

* Hales et al., Comp. Mat. Sci., 99, p. 290 (2015)




Jll Effective diffusivity of Nd through
interconnected porosity, no sodium infiltration

* No analytical theory available, so need to calculate and fit a function

* Need to account for interconnected microstructure
« Large 3D simulations required to get statistics, so start with the simplest model possible
— Cahn-Hilliard model, single defect species with source term for production in the

solid
- Free energy with minima at normalized defect concentrations c =0 and ¢ = 1

' 2 9 (a1 . 12
= /(fb T fgrad)‘“"r fo = Weo (1 —¢)° fgrad - E |v(|

_OF  9fy o
p=S = — KV e
9 . (MVp)+ S
gr o VYRITE
S = s9[1 - h(e)]
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I Effective diffusivity of Nd through
interconnected porosity: phase-field simulations

* |nitial conditions: Randomly placed isolated bubbles at N = 3 X
10"4/m3, as determined from experiment

* Interfacial energy 1.8 J/m?from atomistic calculations

- Diffusivity not well known, so vary parametrically with fixed source
strength to see effect

MD calculations to determine
interfacial energy (Beeler et
al., J. Nucl. Mat., 540, 152271,
2020)

[..
Initial conditions, simulation
volume (72 pm)?

¢ = 0.5 contour
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Jlll Phase-field simulation results
* (72 um)3 domain, 112 bubbles for N =3 X 10"4/m3

» Time evolution for D = 2 nm?/s:

IDAHO NATIONAL LABORATORY

D=2nm?s,t=114x10%s D=10 nm?/s,t=1.14%x10%s




I Effective diffusivity of Nd through interconnected
porosity: interconnectivity function

* Fraction vented to surface as a function of porosity

|

Vented: Connected to
this surface (x =72 pum)

—e— Config.
—— Config.
0.8 Config.
—— Config.
06t —a— Config.
S Config.
S~ —— Config.

0.4 ||—— Conlfig.
—— Config.

Config.

— O 00 J O Ui W N -

0.2F

S0 ~— s

< i: - - - - B s N
o= —=_—fa=r" -

0 0.1 0.2 0.3 0.4

p
D=2nm?s

Aagesen et al., Mat. Theory, 6:8, 2022.
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Effective diffusivity of Nd through interconnected
porosity: interconnectivity function

* Fit interconnectivity function based on simulation results

—e— Conlfig.
—— Conlfig.
0.8 Config.
—— Config.

| |—— Config.
06 —o— Config.
—— Config.
0.4 |——Conlfig.
—»— Config.

Config.

—erf
| |—smooth step

fv

= © 00 ~J O UK W =

0.2}

0 0.1 02 03 0.4 0 0.1 0.2 03 0.4
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I Effective diffusivity of Nd through
interconnected porosity, no sodium infiltration

« Use simulations of bubble growth and interconnection
 Assign diffusivity at each position including surfaces
* Account for interface thickness in phase-field model

- Calculate porosity, effective diffusivity at each simulation time
step using AEH method

1.0e+02
s
60
40

20
| seos
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Effective diffusivity of Nd through interconnected
porosity, no sodium infiltration: results

0.8 1

Deys (pm?/s)

0.2 4

0.0 1

80 A

— 60 -

Desp (pm?/s

20 A

0.6 4

0.4 1

X Simulation D,

% Simulation D,

X Simulation D,
—— 3D Maxwell-Eucken
— Deyy fit

surf/Dbulk
= 1.5x10°

40 4

/
/¢

p
X Simulation D,
> Simulation D,
X Simulation D,
—— 3D Maxwell-Eucken
— D, eff fit
sur f / D bulk
= 1.5x108
0.00 0.05 0.10 0. 5 020 . 5
D

800 -

X Simulation D,
% Simulation D,
X Simulation D,
—— 3D Maxwell-Eucken

4 = Deyy fit

surf/Dbulk
= 1.5x107

T T T
0.00 0.05 0.10 0.15

020
p

X Simulation D,
> Simulation D,
X Simulation D,
—— 3D Maxwell-Eucken

/
/

— D, eff fit
surf/Dbulk
= 1.5%x10°
0460 0.2)5 0. . 5 020
p
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Jll Effective diffusivity of Nd through sodium-
logged interconnected porosity

* Interconnectivity occurs when p > 0.26

« Sodium-filled porosity: Dy, > Dyyixk

— When filled (logged) with sodium, transgort through interconnected
pores is dominated by diffusivity through sodium

* Fuel with interconnected porosity: bicontinuous structure

— Past work has shown that when diffusivity through one phase
dominates, can use

Dpignp
~Dpi = —,

—T: tortuosity, T = 1.5 for many bicontinuous structures

Qe

Bicontinuous structures: Chen
et al., Scr. Mater., 61, p. 52-55
(2009)
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Effective diffusivity function to capture
behavior of three regimes

1+2p D%ZP

D,rr= Dbulkm + Dfu,ffVa|P — Pstart|” + — I

|

|solated porosity Interconnected porosity, Interconnected porosity,
no sodium with sodium

[Nd_diffusivity]
type = DerivativeParsedMaterial
property_name = D_Nd

coupled_variables = 'T'
material property_names = 'porosity sodium_logged_porosity' # interconnectivity'
constant_names = ' DO_bulk Ea_bulk DO_surf Ea_surf DO_Na Ea_Na kB
a p-start alpha p-cen delta tortuosity '
constant_expressions = '4.007e-8 1.4076 5.916e-8 0.079234 7.86e-9 0.0421 8.6173324e-5
2.17695e-3 0.2508 1.71912 0.269 0.0392 1.5°'
expression = 'D_bulk:=D0_bulk #* exp(-Ea_bulk / (kB*T));

D_surf :=D0_surf * exp(-Ea_surf / (kB=*T));

D_Na:=DO_Na * exp(-Ea_Na / (kB»*T));

interconnectivity:=0.5 * (1 + erf((porosity - p_cen) / delta));
D_bulk * (1 + 2%porosity) / (1-porosity)

+ D_surf * a * interconnectivity #* (abs(porosity - p_start))~alpha

+ D_Na * sodium_logged_porosity * interconnectivity * porosity / tortuosity'

IDAHO NATIONAL LABORATORY




Jll BISON model results: EBR-Il X447

+ Used effective diffusivity, growth rate of Fe17Nd2

Assessment Case

160
== DP04 Empirical ‘A“
~ 140 4 =—— DP04 Mechanistic ;
£ A DP04 Measured
w 1209 —_ pp11 Empirical LI Y
0 4
¢ —— DP11 Mechanistic A0 i e
£ 100 = % N
© == DP70 Empirical " e )
£ g9 — DP70 Mechanistic v L\
a; A DP70 Measured 2’
8 604 —- DP75 Empirical A /}"
o —— DP75 Mechanistic Pl
£ 404 a DP75 Measured i
s 4:%%s
20 <Pt
:_ _‘—‘ A
0 ——r _———== . T T :
0.0 0.2 0.4 0.6 0.8 1.0

Relative Fuel Height (z/Lo)
§ = (Kt)Y/?
K = Kyce EalkT

expression assuming a = 1/2

« Calibrated Ky using data from pin DP04 at maximum

wastage thickness

« Apply to other pins, good agreement for maximum

wastage thickness, cladding strain

« Maximum thickness: fuel design criterion
* Improvement at lower height: growth exponent

1.2

Cladding Radius (mm)

Cladding Radius (mm)

2.98
== Empirical
= Mechanistic
297 A Measured
2.96
2.95 4
2.94
293

2.98

2,97 1

2,92 +

t T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Cladding Height (m)

DP04

— = Empirical
~— Mechanistic A
4 Measured ‘ 4

T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Cladding Height (m)

DP11
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- Conclusions

« Used atomistic and mesoscale methods together to
answer questions for engineering-scale fuel performance
modeling

* Developed mechanistic model of cladding wastage
layer growth

* Provides insight into mechanisms that is not available
from empirical models

* Model improvements extend capability of BISON to
consider broader range of metallic fuel reactor designs,

e.g.
« Annular fuel, without bond sodium
 Cladding inner liners

IDAHO NATIONAL LABORATORY
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