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High Burnup Structure Formation and Gas Bubble Evolution Modeling

Objective:
* Understand mechanisms of HBS formation and associated bubble growth
* Provide microstructure as input for fracture simulations
* Provide pressure input for determining fragmentation criteria

Developments:
* Multi-phase multi-order parameter model capable of capturing arbitrary number
of phase, grains, and chemical components
* Model is parameterized with LLS defect evolution data obtained from cluster
dynamics simulations
* Pressure calculation has been added to the model
* Established collaboration with AFC experiments for model validation



Model Improvements

* Defect source term and diffusivities updated for operating conditions

e Vacancy sink is added to the model

* |Initial super saturation value in the matrix is set based on the experimental data
* Pressure calculation has been added to the model

C
gkpT
Van der Waals EOS: Py=—"—"— o
Q—cy4b U Diffusion Mathews et al., INM (2020)
Temperature [K]
016 2200 2000 1800 1600 1400 1200
15 - Xe Diffusion . mmm |rr. Total x Th.Eq. Total
) 10 ——Irr. Vy =--= ThEq. Vy
7 € 10 Irr. Vi, ThEq. Vi,
§ 10718 ——— Irr. U20; - - - Th.Eq. Ui20;
'E . N N —19 |
£ 10 Dtot (T, F) =D1(T) + Do (T, F) + D3(F), 0
‘% 10720
€ _2.22-10_7exp(—3.26/k3T) T 0
% DN =37"290 exp(—1.84/kgT) "’ E
Q 05 8 107§
=
S ) 2 \/, B S
2 Dy(T,F)=2.82-10"““exp(—2.0 / kgT) V'F,
* 107 ¢
) _40¢
% 50 100 150 200 D3 (F)=8.5-10"""F, 1025
Burnup (GWditU) 10726 |
Perriot et al, INM (2019) T S R S N S S E_—
Lassman et al., JNM (1995) 488 Bs 0 88 T e B8

10* / Temperature [1/K]



Simulation Resulits

 Competition between the vacancy diffusion and gas diffusion dictates the bubble
growth vs. pressure buildup
* Preliminary pressure estimation indicates bubble pressure could go beyond the

theoretical value obtained using dislocation punching criteria, verification of the
pressure calculation is required

Concurrent Bubble Formation of intra-
bubbles Formation and Growth granular bubbles



Model Validation

Experiment Credits: Fabiola Cappia
e Simulated microstructure closely resembles the

experimentally observed recrystallized microstructures

* Porosity reduction in partially recrystallized zone is also
observed experimentally
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Recap: HBS Bubble response to LOCA transient

* Developed of new phase-field model to address LOCA behavior:
e KKS formulation (removes bulk contribution to interfacial energy)
* Includes surface tension of bubble-matrix interface and gas pressure; allows
consideration of effect of overpressurized bubbles
 LOCA transients: variations in bubble size, initial pressure, porosity, external pressure
* Bubble size does not change significantly for any cases considered
* Pressure as a function of time passed to PF fracture model

, x10° | | g x10° | , , x10° |
— R =250 nm — P, =400 MPa —P.,,=0MPa
= —— R =500 nm —~ — Py = 200 MPa —~ 1.8 F|— Pext = 30 MPa
A, 3 R = 1000 nm a6 Py =100 MPa P.,; = 60 MPa

(Gas pressure
— N
(Gas pressure
N IN
Gas pressure (Pa
N BN

0 50 100 150 0 50 100 150 0 S0 100 150
Time (s) Time (s) Time (s)



Bubble growth during steady-state operation
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 Assume bubble pressure is 100 MPa in initial conditions
* Upper bound based on dislocation punching pressure

* Bubble pressure decreases during growth but remains well above equilibrium

pressure
* Increased likelihood of fragmentation during LOCA




Bubble growth during steady-state operation

e 3D simulation to 1.5 x 107 s, 2 bubble impingement, initial radii of 300 nm

* Hydrostatic stress surrounding bubbles

* Region of enhanced compressive hydrostatic stress in “neck”

* Results of steady state growth and LOCA response incorporated into manuscript

submitted to JNM
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Development of Physics-Based Criterion for Pulverization for BISON

 Began implementation of pulverization based
on analytical expression (Olander)
* (To be supplanted by Phase-Field Fracture

results)
e Originally developed for lenticular (non-HBS)

bubbles
 Adapted to HBS geometry using porosity,
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Phase-field fragmentation modeling

Developed a phase-field model for quasi-brittle pressurized fracture

* |t remains elastic behavior before crack initiates

* |t can predict general softening laws

Critical fracture strength is independent of length-scale parameter

Phase-field fracture model was used to study HBS fragmentation behaviors
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Fragmentation in partial HBS

Phase-field fracture model was used to simulate fragmentation behaviors of partial HBS
 Use the output from the HBS formation simulations as our initial condition
 Three HBS at different recrystallization stages with 25%, 60% and 100% recrystallization fraction were considered
 Crack initiation locations and crack propagation paths varied among the three cases because recrystallized grain structures change.

25 % recrystallization stage 60 % recrystallization stage 100 % recrystallization stage



Determine BISON fragmentation criterion

Phase-field fracture model was used to inform fragmentation criterion for BISON models
* Use periodic boundary conditions to get more realistic simulation results.
* Consider bubble size, bubble distance and external pressures
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Incorporate elastic-plastic anisotropy

Developed crystal plasticity based phase field fracture model

Derived variational consistent crystal plasticity based phase-field fracture model

 Implemented a new generic phase field damage model that uses crystal plasticity constitutive laws
e Anisotropic elastic-plastic deformation due to grain orientations

e crack driving forces include elastic and plastic contributions.
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