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Fuel Fragmentation, Relocation, and Dispersal 
(FFRD) in High Burnup UO2

• Observed during testing of fuel rods 
in Loss of Cooling Accident (LOCA) 
scenario

• Fuel Fragmentation/Pulverization
• UO2 breaks up into particles 

<1mm at burnups >62 GWd/MTU
• Relocation

• Fragmented fuel particles 
relocate into the balloon region

• Dispersal
• Fragments exit the cladding 

following cladding rupture
• Utilities would like to run fuel to 

higher burnup to improve 
economics, but regulators are 
hesitant due to risk of FFRD

3



Microstructural features of high burnup fuel
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Rim or HBS
Restructured 
grains, high 

misorientation, 
large bubbles, 

high bubble area 
fraction

HBS transition
Restructured 

grains, range of 
misorientations, 

increasing bubble 
size

Mid-radial
Non-restructured 

grains, lower 
bubble size and 

area fraction

Central or Dark 
zone

Restructured 
grains with low 
misorientation, 
intermediate 

bubble size and 
area fraction

Sometimes: 
non-

restructured 
grains at 
center

Gerczak et al., JNM, 509, 245-259 (2018).

r/R = 0.44 r/R = 0.63 r/R = 0.95 r/R = 0.99



Why does fragmentation/pulverization occur?

• Fuel undergoes restructuring
• Hypothesis: organization of 

radiation-driven dislocations 
into subgrain boundaries

• Fission gas bubbles grow in 
restructured regions (esp. rim)

• Hypothesis: pressure rise 
during LOCA causes fracture 
along grain boundaries

5 Gerczak et al., JNM, 509, 245-259 (2018)

r/R = 0.44
“Dark zone”

r/R = 0.63 r/R = 0.95 r/R = 0.99
“Rim”

Burnup peaks 
in rim.

Capps et al., Top Fuel, 
2024



1. Microstructure evolution in rim

2. Mechanism of pulverization in rim

3. Microstructure evolution in dark 
zone
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Microstructural evolution in rim: cause of 
large bubbles

• Hypothesis: large bubbles grow from existing bubbles after 
subgrains form. Subgrains provide fast diffusion path for Xe 
from subgrain interiors (Lassman data)

• Phase field model alone can predict realistic intergranular 
bubble evolution and pressure build up

• Intragranular bubbles form within the grains; physically 
expected, but impractical to track at their realistic size scale

• Xolotl coupling: spatially resolved cluster dynamics to 
separate out the intergranular and intragranular Xe atom, 
thus resolving numerical challenges and making the model 
more physical  

7 Intragranular Bubble Formation

Lassman et al., JNM, 226, 1-8, 1995

Xe concentration in 
solid decreases as HBS 
forms



Grand-potential-based phase-field model

• Multi-phase multi-order parameter model capable of capturing arbitrary 
number of phase, grains, and chemical components

• Removes bulk energy from interfacial energy, allowing increased 
interface size and improved efficiency

• Prevents spurious formation of other phases at 2-phase interface 

• Applicable to wide variety of materials systems

8
Aagesen, Gao, Schwen, Ahmed, Phys. Rev. E, 98, 023309, 2018
Aagesen, Schwan, Tonks, Zhang, Comp. Mat. Sci., 35-45, 2019



Evolution Equations
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Order Parameters

Vacancies/gas atoms

+ SA

Source Term



Marmot-Xolotl Coupling Approach

Modified Approach for HBS

The Coupled Approach 
(Kim et al., Mat. Th., 2021)

• Intra-granular gas evolution is 
tracked by the spatially resolved 
cluster-dynamics code Xolotl 

• The microstructural alterations 
and inter-granular fission gas 
bubble evolution is handled by 
the phase-field models







Microstructural Evolution
• Bubble geometry predicted by the coupled-model is 

consistent with the experimental bubble shapes
• Use microstructures as input to fracture simulations (next 

section)

13

Model Predictions Experimental Observation



1. Microstructure evolution in rim

2. Mechanism of pulverization in rim

3. Microstructure evolution in dark 
zone
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Rim bubble response to LOCA transient

• Developed phase-field model of 
bubble growth accounting for:

• Vacancies, gas atoms
• Chemical and elastic energy 

contributions
• Solid-bubble interfacial energy
• Surface tension of bubble-matrix 

interface
• Xe gas pressure

• No significant change in bubble 
size for varying conditions

• Based on these results, do not 
need to consider bubble size 
change in fracture model
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Overpressurized bubble stress state

Bubble Matrix

Aagesen et al. JNM, 557, 153267 (2021).















1. Microstructure evolution in rim

2. Mechanism of pulverization in rim

3. Microstructure evolution in dark 
zone

24



Shifting focus from rim to dark zone

• Used MD-informed phase-field fracture to determine 
pulverization criterion for rim in BISON

• Rim pulverization alone cannot account for measured fuel 
dispersal in LOCA tests

• Need to understand dark zone formation and fracture!

25
NUREG-2160





Evolution for baseline case
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Restructured volume fraction and fit to 
Avrami equation
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Comparison to experiment

• Measured grain diameter falls in range of parameters from simulations
• Mix of partially restructured (A) and fully restructured (B) regions as in 

simulations
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Conclusions

• 1. Microstructure evolution in rim:
• Mechanism of bubble growth: Enhanced Xe diffusion along subgrain 

boundaries allows diffusion from within grains to existing bubbles
• 2. Mechanism of pulverization in rim:

• Bubble size constant during LOCA-type temperature transients
• Bubble pressure driven by temperature transient causes cracking 

along GBs; quantitative criterion developed and being validated
• 3. Microstructure evolution in dark zone

• Dynamic model of restructuring developed
• Initial comparison with (limited) experimental data is in qualitative 

agreement
• Goal: develop a BISON model for dark zone restructured volume 

fraction
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Thanks for 
your attention!
Funding 
Support: DOE-
NE NEAMS 
Program

Questions?
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Idaho National Laboratory Overview

INL mission: Discover, demonstrate, and secure innovative nuclear 
energy solutions, clean energy options, and critical infrastructure.
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Materials and
Fuels Complex

Energy & 
Environment
Science & 

Technology

National & 
Homeland

Security Science 
& Technology

Advanced 
Test Reactor 

Complex

Nuclear Science
& Technology



Why is grain structure of fuel important? 
Early in fuel life: fission gas release

• Fuel pellet: UO2

• Cladding: Zr-based alloy
• Fission gas release: important performance 

limitation for nuclear fuel elements
• Insoluble Xe, Kr produced in fuel
• Gas diffuses to grain boundaries; grain 

boundary bubbles grow and interconnect, 
leading to release from pellet. Grain size 
impacts how fast this occurs

• When released to fuel-cladding gap, 
increases cladding strain and decreases 
gap thermal conductivity
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https://www.nrc.gov/reactors/power/atf/techn
ologies/chrom-clad.html

Fission Gas Bubbles on grain 
boundaries in UO2

White, JNM, 325, p. 61 (2004)



MOOSE: Multi-physics Object-Oriented 
Simulation Environment

Capabilities:
• Continuous and Discontinuous Galerkin Finite 

Element Method
• Finite Volume
• Supports fully coupled or segregated systems, 

fully implicit and explicit time integration
• Automatic differentiation (AD)
• Unstructured mesh with FEM shapes
• Higher order geometry
• Mesh adaptivity (refinement and coarsening)
• Massively parallel (MPI and threads)
• User code agnostic of dimension, parallelism, 

shape functions, etc.

General purpose, open-source framework for solving partial 
differential equations
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MOOSE Framework and Application Structure

35

Apps included with MOOSE
• Mechanics
• Phase-field
• Heat conduction

• Chemical reactions
• Navier-Stokes
• Electromagnetics

License-required AppsOpen-source Apps
MALAMUTE



Accelerating advanced reactor demonstration & 
deployment
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Idaho National Laboratory Overview

INL mission: Discover, demonstrate, and secure innovative nuclear 
energy solutions, clean energy options, and critical infrastructure.
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Sustaining the existing commercial reactor fleet 
and expanding deployment of future reactors
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Fuel cycle 
and separations

Advanced 
modeling and simulation

Nuclear fuels and 
materials

Regulatory 
and safety 
research

Advanced 
reactor technologies





Phase-field model: Grand-potential functional

• Multi-phase, multi-order parameter extension to grand-potential model

M. Plapp, Phys. Rev. E, 84, 031601 (2011)
L.K. Aagesen, Y. Gao, D. Schwen, K. Ahmed, Phys. Rev. E, 98, 023309 (2018).
L.K. Aagesen, D. Schwen, M.R. Tonks, Y. Zhang, Comp. Mat. Sci., 161, 35-45 (2019).40





Phase-field model evolution equations

• Order parameters: Allen-Cahn
• Densities: Change to chemical potential for each species

Gas:

Vacancies:

42



GrainTracker

• The grain growth model requires one 
variable per grain

• However, at a specific point, only a few 
variables are non-zero

• We have developed an approach that uses variables for multiple 
grains and then remaps them when two grains represented by the 
same variable get too close. 

Grain structure shaded by OP number 













Effect of restructuring rate
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1.86×106 s 1×107 s 3.3×107 s



Effect of restructuring rate
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2.65×107 s 7.1×107 s 1×108 s



Effect of fission rate
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2.15×107 s 2.55×107 s 2.72×107 s



Microstructure characteristics
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Effect of bubbles

53

1.66×106 s 9.41×106 s 3.35×107 s



Effect of temperature

• Case II parameters with T = 1050 K
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6.77×105 s 7.85×106 s 2.16×107 s



Effect of temperature
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