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ABSTRACT

This report summarizes the mesoscale modeling work performed in fiscal

year 2024 under the Nuclear Energy Advanced Modeling and Simulation

(NEAMS) program to capture the microstructural evolution and restructuring

observed in the dark zone of high burnup UO2 nuclear fuel. This is the first

attempt to realistically simulate the restructuring behavior observed in different

regions of a high burnup fuel. We employ a grand-potential based phase-field

model to concurrently evaluate the formation of subgrains and growth of

fission bubbles within the fuel. A energy-based subgrain formation criteria

is introduced to simulate the restructuring process. The effect of different

initial conditions and different modeling parameters are studied systematically

to capture how each of these parameters influence the characteristics of the

restructured fuel. It is observed that the subgrain formation begins around

existing fission gas bubbles and then proceeds towards triple junctions,

grain boundaries and grain interiors. It is demonstrated that restructuring is

influenced by a combination of initial dislocation densities, subgrain formation

rate, and temperature. The rate of restructuring increases with increase in fuel

temperature. A restructuring bias is observed within the microstructure due to

variation in defect accumulation among different grains. Furthermore, bubble

sizes and distribution do not have a significant effect on rate of restructuring.

The predicted microstructures are consistent with experimental observations of

the restructured regions. Finally, a correlation is presented that demonstrates

the evolution of the restructuring volume fraction as a function of local

effective burnup. This work provides a first of its kind restructuring model for

the dark zone that can be used by BISON for performance prediction of high

burnup UO2 fuel.
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Phase-field modeling for restructuring in the dark zone
of high burnup UO2
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1. INTRODUCTION

To improve the economics of commercial nuclear reactors, U.S. nuclear industries are seeking approval

for the increased burnup usage of the existing nuclear fleet past the current regulatory limit of 62 MWd/kgU

up to 75 MWd/kgU. However, at higher burnups, nuclear fuels undergo significant restructuring which poses

the risks of potential fuel fragmentation, relocation, and dispersal (FFRD) during a loss-of-coolant accident

(LOCA). Specifically, the regions exposed to high burnup and low temperatures exhibit a fine-grained

microstructure with large bubbles known as a high-burnup structure (HBS) [4]. Furthermore, recent analysis

of high burnup fuel revealed that restructuring occurs not only in the rim region, but also at another region

closer to the fuel center [3, 5], sometimes referred to as the dark zone. Restructuring in the high burnup fuel

has been correlated to the diminished performance of the fuel, leading to an accelerated fission gas release,

as well as fuel fragmentation and pulverization during accident conditions. Therefore, it is necessary to

understand the mechanisms leading to the restructuring in different regions of the fuel, along with its impact

on the properties and performance of nuclear fuels.

Restructuring has been observed in various types of nuclear fuels, including ceramics and metals [6–8].

The key characteristics of the high burnup fuel include the (1) accumulation of dislocations, creating of large

dislocation networks, (2) formation of new defect-free subgrains, (3) depletion of intra-granular fission gas

concentration, and (4) development of large spherical inter-granular bubbles. There is a lack of consensus

among researchers regarding the mechanisms that lead to the restructuring observed in high burnup fuel.

Grain subdivision due to polygonization versus recrystallization, continuous versus discrete recrystallization

occurring in tandem or conjunction, etc., have been proposed and debated. In general, it is hypothesized

that defect accumulation and dislocation interaction within the grains cause the realignment of dislocations

networks into grain boundaries (GBs), leading to the the formation of new subgrains, which over time

transforms into new grains. Experimentally, advanced characterization techniques have been used on irradiated

samples to study the grain structure in the partially and fully restructured fuel regions. In the high burnup

fuels, both low-angle grain boundaries (LAGB) and high-angle grain boundaries (HAGB) were observed in

different fractions at different radial locations. The dark zone shows higher fraction of LAGBs compared to

the rim region. The low-angle character of boundaries between the subdivided grains disappeared in the fully

developed HBS. It is hypothesized that defect accumulation and rearrangement due to the combination of

fuel operating conditions play an important role in dictating the restructuring behavior. Localized burnup,

temperature, and stress govern the characteristics of the restructured fuel in different regions.

This report provides the details of the phase-field modeling work that has been performed in fiscal year

2024 under NEAMS to capture the microstrutural evolution in the dark zone of high burnup fuel. This year

we developed a phase-field model to realistically simulate the restructuring behavior observed in different

regions of a high burnup fuel. We employ a grand-potential based phase-field model to concurrently evaluate

the formation of subgrains and growth of fission bubbles within the fuel. The details about the model and

parameterization for the dark zone are provided in Section 2. An energy-based subgrain formation criteria is

introduced to simulate the restructuring process. In Section 3, the effect of different initial conditions and

different modeling parameters are studied systematically to evaluate how each of these parameters influence

the characteristics of the restructured fuel . Finally, the simulated microstructures are compared against the

experimental observations and key findings are summarized.
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2. MODEL FORMULATION

In previous years, a multiscale model coupling the phase-field model with cluster-dynamics simulations

has been developed to simulate the HBS formation and associated bubble growth. It was demonstrated

that the coupled model can realistically capture the convex bubble shapes typically observed in the HBS

regions. In fiscal year 2024, we extend the phase-field model to capture the restructuring observed in the

dark zone near the fuel center. The restructuring model presented in this section is formulated following

the grand-potential-based multi-order parameter, multi-component phase-field model [9]. This model can

concurrently capture the evolution of multiple phases, grains, and chemical species. Thus it enables capturing

the grain structure and fission product evolution leading to microstrutural changes in a nuclear environment.

The restructuring is modeled via new subgrain formation, employing a discrete nucleation approach.

2.1. Governing Equations

Here, the microstructure consists of two phases: the solid matrix and the bubble phases. Within the

matrix, multiple grains are represented with different order parameters, ηm0, ηm1, . . . ηmi, . . . ηmn, while

the bubbles are represented by a single order parameter, ηb. Additionally, local concentrations of vacancies
and fission gases are represented as chemical components, the number densities of which are represented by

ρv and ρg, respectively. The evolution of the order parameters are captured using the Allen-Cahn equations
derived from the grand potential functional, such that:

∂ηmi

∂t
= −Lm

δΩ

δηmi

∂ηb
∂t

= −Lb
δΩ

δηb
,

(1)

where Lm and Lb are the kinetic mobilities of the order parameters, and
δΩ
δηmi

and δΩ
δηb

are the variational

derivatives of the grand potential Ω with respect to the order parameters ηmi and ηb, respectively. The total
grand potential of the system, Ω, is derived from the local grand-potential densities as:

Ω =

∫
V
(ωbulk + ωgrad + ωchem + ωd) dV , (2)

where ωbulk accounts for the bulk free energy density term, ωgrad adds the gradient energy contribution,

ωchem incorporates the appropriate grand-potential densities for each phases, and ωd is the deformation energy

due to dislocations. Each of these components are defined as follows:

ωbulk = α

(η4b
4

−
η2b
2

)
+

nm∑
i=1

(
η4mi

4
− η2mi

2

)
+

γbmη2b

nm∑
i

η2mi +

nm∑
i

nm∑
j 6=i

γmm

2
η2miη

2
mj

+
1

4

 , (3)

ωgrad =
κ

2

(
|ηb|2 +

nm∑
i=1

|∇ηmi|2
)

, (4)

ωchem = hbωb + hmωm , (5)

and

ωd =
1

2
Gb2g deff . (6)

Here,m and b represent the matrix and bubble phases, respectively, i and j are indices for the grains, nm

is the total number of grains, and α is a constant free energy barrier coefficient. γmb and γmm are constant
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parameters that allow adjustment of interfacial energies between phases and grains. ωm and ωb represent the

local grand-potential density of the matrix and bubble phases, respectively, and hm and hb are the switching
functions used to interpolate the grand-potential densities between the phases. For the matrix and bubble

phases, the switching functions are:

hm =

∑nm
i=1 η

2
mi

η2b +
∑nm

i=1 η
2
mi

, (7)

and

hb =
η2b

η2b +
∑nm

i=1 η
2
mi

, (8)

respectively. The additional dislocation energy density, ωd, is added to capture the restructuring behavior. In

Eq. 6, G is the shear modulus of the material, bg is the Burgers vector, and deff is the effective dislocation
density [10].

The evolution of the vacancies and gas atoms are expressed in terms of the chemical potentials µv and µg,

such that:

∂µg

∂t
=

1

χg

[
∇ · (Dgχg∇µg) + sg −

∂ρg
∂ηb

∂ηb
∂t

−
nm∑
i=1

∂ρg
∂ηmi

∂ηmi

∂t

]
(9)

and

∂µv

∂t
=

1

χv

[
∇ · (Dvχv∇µv) + sv −

∂ρv
∂ηb

∂ηb
∂t

−
∑
α

pα∑
i=1

∂ρv
∂ηαi

∂ηαi
∂t

]
, (10)

where Dg and Dv are the diffusion coefficients, and sg and sv are the source terms for the production of Xe
atoms and U site vacancies, respectively. χg and χv are the susceptibilities defined as:

χg = hm
1

V 2
a k

m
g

+ hb
1

V 2
a k

b
g

(11)

and

χv = hm
1

V 2
a k

m
v

+ hb
1

V 2
a k

b
v

, (12)

respectively. Here, Va is the atomic volume, k
b
g, k

b
v, k

m
g , and kmv are the curvatures of the parabolic free

energy of the gas atoms and vacancies within the bubble and matrix phases. The grand-potential density for

each phase is given by:

ωm = fm − µgρg − µvρv , (13)

and

ωb = fb − µgρg − µvρv , (14)

where fm and fb are the Helmholtz free energies of each phase. The parameterization of the Helmholtz free
energies is described in Section 2.2.

2.2. Chemical Free Energy Density

Assuming the chemical energy of the matrix follows the ideal solution model, the Helmholtz free energy

density is described as

fm,ideal =
1

Vm

{
RT [cv ln cv + (1− cv) ln (1− cv)] +NAE

f
v cv

+ RT [cg ln cg + (1− cg) ln (1− cg)] +NAE
f
g cg

}
,

(15)
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where R is the ideal gas constant, Vm is the molar volume such that Vm = VaNA, NA is Avogadro’s number,

Ef
v is the formation energy of a U vacancy, Ef

g is the formation energy of a gas (Xe) atom, and T is the

temperature. cv and cg represent the concentration of vacancies and gas atoms. To improve numerical
performance, fm,ideal is approximated with a parabolic function

fm =
1

2
kmv (cv − cm,eq

v )2 +
1

2
kmg (cg − cm,eq

g )2, (16)

where cm,eq
v and cm,eq

g are the equilibrium concentrations of vacancies and gas atoms in the UO2 matrix.

The equilibrium concentrations are determined from the formation energies and temperature using cm,eq
v =

exp (−Ef
v /kBT ) and cm,eq

g = exp (−Ef
g /kBT ), where kB is the Boltzmann constant. The curvatures of

the parabolas are set by assuming that when the vacancy concentration, cv, is equal to the steady-state
vacancy concentration during reactor operation, c0v, the chemical potential determined from the parabolic

approximation is equal to the chemical potential of the ideal solution model, as described in [11]. Since

µ = ∂f
∂ρ = ∂f

∂c
∂c
∂ρ = Va

∂f
∂c ,

Va
∂fm
∂cv

∣∣∣∣
c0v

= Va
∂fm,ideal

∂cv

∣∣∣∣
c0v

(17)

This leads to an expression for kmv ,

kmv =
1

(c0v − cm,eq
v )

[
RT

Vm

[
ln c0v − ln (1− c0v)

]
+

NAE
f
v

Vm

]
(18)

Here, for c0v = 0.01, kmv varies linearly with temperature such that kmv = 7335 eV/nm3 −
0.9682T eV/nm3/K. The parabolic curvature for the the gas atoms is considered same as that of

the vacancies.

Below 1200 K, the most mobile Xe defect is interstitial Xe [12]. Therefore, Xe and vacancy monomers

arrive at the bubbles independently, unlike at higher temperatures where Xe-vacancy clusters are the most

mobile Xe defect. Bubbles are created as vacancies first cluster together to provide space as voids in the

UO2 lattice, then these voids are filled by interstital Xe. Therefore, the bulk chemical free energy density

of the gas bubble phase, fb, is determined assuming that the bubbles are initially created as voids such that
the equilibrium vacancy concentration within the bubble is cb,min

v = 1. Any additional gas atoms that arrive
at the bubble cause the bubble pressure to increase without changing the bubble size. Bubbles grow due to

addition of vacancies to the bubble over time. This is different from the higher temperature cases simulated

in earlier works, where the bubble phase is considered to be a mixture of U-site vacancies and Xe atoms as

described in [11].

To simplify the numerical calculations, the Helmholtz free energy of the gas phase is also approximated

utilizing a parabolic fit

fb =
1

2
kbv(cv − cb,min

v )2 +
1

2
kbg(cg − cb,min

g )2 + f0 (19)

with cb,min
v = 1 as described above. The value of kbv is set at 245 eV/nm

3, which was chosen to be large

enough to keep cv in the bubble close to 1, but small enough that it did not hinder numerical convergence of
the simulations. The values of kbg, c

b,min
g , and f0 were set by fitting a parabola to the Helmholtz free energy

obtained from a virial equation of state (EOS) of Xe in UO2 [13]. The Helmholtz free energy for the virial

EOS is given by

fg = cgf
◦
g +cg

kT

Va

[
ln

(
cg
c◦g

)
+

B

vm

NA

ρcg
(cg − c◦g) +

C

2v2m

(
NA

ρcg

)2

(c2g − c◦g
2) +

E

4v4m

(
NA

ρcg

)4

(c4g − c◦g
4)

]
(20)
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where f◦
g is the reference Helmholtz free energy of Xe per unit volume at reference molar volume v

◦
g , vm is

the molar volume of the gas, c◦g = vm/vg, vm = 2.53× 10−5 m3/mol is the molar volume of U sites in the

solid, B, C, and E are temperature-dependent coefficients, and ρcg = 5.06 nm−3 is the density of Xe atoms

at the critical point. For all values of these parameters, please see Ref. [13, 14].

Plots of the Helmholtz free energy from the virial EOS, the van der Waals EOS, and the parabolic fit to the

virial EOS are shown at 1000 K and 1050 K in Figure 1a and 1b, respectively. At 1000 K, cb,min
g = 1.0037,

kbg = 6.33 × 109 J/m3 or 39.51 eV/nm3, and f0 = −3.10 × 109 J/m3 or −19.36 eV/nm3. At 1050 K,

cb,min
g = 1.0080, kbg = 6.56× 109 J/m3 or 40.93 eV/nm3, and f0 = −3.24× 109 J/m3 or −20.25 eV/nm3.

(a) (b)

Figure 1. Gas phase Helmholtz free energy as a function of gas concentration at (a) 1000 K, (b) 1050 K.

2.3. Interfacial And Kinetic Parameters

In general, the grain boundary energy of UO2 is considered to be σmm = 1.5 J/m2 or 9.363 eV/nm2. The

interfacial energy between the matrix and gas bubble phase is considered to be same as the grain boundary

energy, σmb = σmm. This results in a dihedral angle of 120
◦ between the bubbles and the grain boundaries.

The interfcial properties are calculated assuming interface thickness lint = 10 nm. The free energy coefficients
(in Equation 3, Equation 4) are obtained as [15]

α =
6σmm

lint
, (21)

and

κ =
3

4
σmmlint . (22)

The kinetic mobility of the grains is obtained as

Lm =
4MGB

3lGB
, (23)

whereMGB is the grain boundary mobility:

MGB = M0 exp

(
− Q

kBT

)
, (24)

whereM0 = 9.21× 10−9 m4/Js, Q = 3.01 eV [16]. For the bubble-matrix interface, the kinetic mobility is

defined such that the bubble evolution is solely diffusion controlled. To this end, the kinetic mobility of the
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bubble phase is increased until the bubble evolution is not affected by the mobility value [17]. Based on this

analysis, the kinetic mobility of the bubble phase is chosen as, Lb = 10LGB .

The Xe diffusivity values are defined from the cluster dynamics simulations [18],

Dg = D1(T ) +D2(T, Ḟ ) +D3(Ḟ ) (25)

D1(T ) =
2.22× 10−7 exp (−3.26/kBT )

1 + 29.0 exp (−1.84/kBT )
(26)

D2(T, Ḟ ) = 2.82× 10−22 exp (−2.0/kBT )
√

Ḟ (27)

D3(Ḟ ) = 8.5× 10−40Ḟ (28)

where Dg is in units of m
2/s. For typical LWR fission rate density of 1.09 ×1019 fissions/m3-s and 1000 K

temperature the gas diffusivity value is 9.35 ×10−3 nm2/s. For the vacancy diffusion coefficients, we use the

irradiation enhanced diffusivity value of 1.677 nm2/s [19].

The Xe source term (in Equation 9) is calculated as:

sg = Ḟ yXe (29)

where Ḟ is the fission rate and yXe = 0.2156, is the fission yield of Xe.

The vacancy source term is parameterized based on the approach described in Refs. [14] and [20].

Physically, both vacancies and interstitials are produced by collision cascades, and the kinetics of bubble

growth are determined by the processes of defect production, vacancy-interstitial recombination, and

absorption at sinks including dislocations and grain boundaries. Bubble growth results from preferential

absorption of interstitials at dislocations, leading to a net excess of vacancies. In the present phase-field

model that includes only vacancies, referred to as the source-only (SO) model, this can be represented by a

net vacancy production rate sv. The approach described in Refs. [14] and [20] allows the SO model to be

parameterized through comparison with an analytical model that includes both vacancies and interstitials and

their related kinetic processes in a simplified geometry, referred to as the chemical stress model [21].

In [20], for the SO model, an analytical expression for the radius R of a spherical void due to the vacancy

source term in the surrounding solid matrix was derived for a spherical simulation domain with radius R,

assuming that the vacancy concentration in the matrix is in a quasi-steady state condition:

R =
[
svR3t+R3

0

]1/3
(30)

where t is the time, and R0 is the initial radius of the bubble. For the chemical stress model, the radius as a

function of time is given by

R =

[
2Dv

(
1− Zv

Zi

)
cssv t+R2

0

]1/2
(31)

where Zv and Zi are capture rates of the point defects by sinks such as dislocations, and c
ss
v is the steady-state

concentration of vacancies in the matrix far from the void. The vacancy source strength sv can be determined
by finding the value that provides the best match between Equation 30 and 31. The exact values of Zv are Zi

have not been determined for UO2 to our knowledge, but Zi is typically greater than Zv by several percent

[21]. Therefore, we assumed Zv = 1 and considered the bounding cases Zi = 1.1 and Zi = 1.02. We then

used a least-squares based optimization to find the values of sv that give the best match between Equation 30
and 31 for typical simulation times.

Figures 2a and 2b show the results from this optimization for Zi = 1.1 and Zi = 1.02, respectively.
Figure 2a also shows the results of a phase-field simulation performed in radial coordinates with spherical

symmetry for comparison with the analytical solution; the results were in good agreement. We found that for

Zi = 1.1, sv = 15.9sg provided the best match, while for Zi = 1.02, sv = 1.94sg provided the best match.
Therefore, sv = 10sg was chosen as a reasonable intermediate value between the bounding cases since the
exact values of Zv are Zi are not known.
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Figure 2. Comparison between predictions for bubble radius versus time using the analytical expression for

the SO model in the quasi-steady state limit (Equation 30) and the chemical stress model (Equation 31). (a)

assumes Zi = 1.1 and (b) assumes Zi = 1.02. Simulation results using a phase-field model in (a) show good

agreement with the quasi-steady state approximation.

2.4. Restructuring Criteria

In the present phase-field model, the restructuring of the grains is modeled as subgrain formation via

dynamic recrystallization using a discrete nucleation algorithm. Previously, a restructuring model was

developed for HBS which used a dislocation density-based nucleation criteria such that nucleation occurs

when effective dislocation density exceeds the critical dislocation density for restructuring. For the dark zone,

we updated the model to include a energy balance-based criteria following the work proposed by Takaki et al.

[22]. In this case, we assume that restructuring occurs when the dislocation energy, defined in Equation 6,

is higher than the energy penalty for forming a new subgrain. The dislocation density (di) within a grain is
defined following an empirical correlation derived based on experimental observation [23] such that

log10 di = 2.2× 10−2β + 13.8, (32)

where β is the burnup in GWd/tU. Note that this correlates the pellet average burnup to the dislocation

densities. We use the same correlation to calculate the dislocation density in the dark zone by substituting

average burnup with local effective burnup. Here, the local effective burnup (βeff ) is defined as:

βeff = kβ (t− t0) , (33)

where kβ is the burnup rate in GWd/tU/s, t is current time, and t0 is the initial time when a grain or subgrain
is formed. Considering that dislocation densities within a grain can very depending on its crystallographic

orientation, the initial dislocation densities (di0) within different grains are assigned randomly such that

di0 = Rd0 , (34)

where R is a random value in [0, 1] and d0 is the specified constant dislocation density. The effective
dislocation density is calculated as:

deff =

∑nm
i=1 diη

2
mi∑nm

i=1 η
2
mi

, (35)
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where di is the dislocation density within a grain. When a new subgrain is formed, the dislocation density

within that subgrain is set to a lower value of 1× 10−5 nm/nm3, assuming that subgrain formation occurs due

to the organization of dislocations into grain boundaries surrounding the nano-scale regions of defect-free

material. This value is set such that it is below the dislocation density value at zero burnup according to

Equation 32.

The subgrain formation energy is defined as

Esub = ksγ/D (36)

where γ is the interface energy (considered to be the same as the GB energy),D is the subgrain diameter, and

ks is a dimensionless geometrical factor for subgrain formation. Restructuring occurs via formation of new
subgrains, when ωd > Esub. The value of ks in Equation 36 is set such that the subgrain formation based on
the energy-based restructuring criteria begins at a threshold burnup consistent with experimental observations.

Figure 3 shows the evolution of dislocation density and corresponding energy density with burnup. Subgrain

formation energy for a 200 nm radius subgrain is overlaid to demonstrate the energy-based restructuring

criteria. Assuming a subgrain radius of 200 nm and setting ks = 1.0, the restructuring would begin above
threshold burnup of 40 GWd/tU. This matches the experimental observations [3].
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Figure 3. Evolution of (a) dislocation density (Equation 32) and (b) dislocation energy density (Equation 6)

within the fuel as a function of burnup.

The new subgrains are introduced utilizing a discrete nucleation method where nuclei of a finite size

are introduced in a stochastic fashion once the energy-based restructuring criteria is met. A simple linear

relationship is employed to define the subgrain formation rate, ṅ,

ṅ = 〈ηiηj〉 kddeff , (37)

where kd is the nucleation rate prefactor indicating the fraction of the local dislocation density that contributes
to the subgrain formation. Here, the function 〈ηiηj〉 is defined as

〈ηiηj〉 = 1, for ηiηj > ηcrit (38)

= 0, otherwise (39)

The value for ηcrit is considered to be 0.75. The term 〈ηiηj〉 ensures that the new subgrains are formed around

the grain boundaries of the existing grains and bubble surfaces. Furthermore, a nucleation bias is included for
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the bubble surfaces. Considering bubbles provide a free surface as a sink for dislocations, the energy penalty

for creating a subgrain around bubble is reduced. Depending on the subgrain shape, the bubble surface covers

a fraction of the subgrain boundary. Assuming only one segment of the subgrain boundary coincides with the

bubble surfaces, the coverage fraction could be 1/6 for a hexagonal grain. Whereas, for a circular grain the

coverage fraction could be as high has 1/2. For any other arbitrary grain shapes the coverage fraction could
vary. Based-on this, the geometric factor for the subgrain energy in Equation 36 is modified such that:

ks = rbks0, for ηb > 0.01 (40)

= ks0, otherwise (41)

We set ks0 = 1.0 and rb = 0.5 to evaluate the effect of this local reduction in Esub on the nucleation

probability and restructuring fraction. The local nucleation probability, P (r), is defined as

P (r) = v ṅ, (42)

where v is the volume over which the local subgrain formation rate is being integrated. A Bernoulli trial is

performed to determine if a nucleus is introduced by comparing a random value R in [0, 1] against P . If
R < P , a nucleus is introduced at that location.

The burnup and temperature values for the simulations are chosen based on experimental observations.

Figure 4 shows the burnup and temperature profile across radial direction of the fuel. We use this to

calibrate the subgrain formation parameters for the dark zone. The baseline simulation parameters for 1000 K

temperature are listed in Table 1. Any deviation from these values will be mentioned while describing the

corresponding simulations in Section 3.
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Figure 4. Comparison of fuel burnup and temperature variations across radial direction observed in

experiments (reproduced from [1] using Plotdigitizer [2]).

2.5. Computational Details

For implementation and numerical solution of the current model, we utilize the open-source parallel

MOOSE framework and MOOSE-based application, MARMOT. For the 2D simulations presented here, the

finite element meshes are comprised of four-node quadrilateral elements (QUAD4). Meshes are generated

with the internal MOOSE mesh generator and linear Lagrange shape functions are used for all the nonlinear
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Parameter Formulation Value Source

T 1000 K

Ḟ 1.09× 1019 fission/m3/s

Va 0.04092 nm3 [24]

Ev
f 3 eV [11]

Eg
f 3 eV [11]

cm,eq
v/g exp

(
− Ef

v
kBT

)
2.515 ×10−13 [17]

kmv /k
m
g 7335 eV/nm3 − 0.9682T eV/nm3/K 6366.8 eV/nm3 [17]

cb,eqv 1.0 [17]

cb,eqg 1.0037 [17]

kbv 245 eV/nm3 [17]

kbv/g 39.51 eV/nm3 [17]

f0 −19.36 eV/nm3 [17]

lint 10 nm

σmm 1.5 J/m2 or 9.363 eV/nm2

κ 3
4σmmlint 1.125 ×10−8 J/m or 70.2 eV/nm [17]

α 6σmm
lint

9 ×108 J/m3 or 5.62 eV/nm3 [17]

γmm/γmb 1.5

G 64.1 GPa [25]

bg 5× 10−10m

MGB 9.21× 10−9 exp
(
− 3.01

kBT

)
m4/Js 1.62× 10−5 nm4/eV/s [17]

LGB
4MGB
3lint

2.16× 10−6 nm3/eV/s [17]

Lb 10LGB 4.58× 10−4 nm3/eV/s [26]

sg Ḟ yXe 2.35× 10−9 atoms/(nm3 s) [26]

sv 10sg 2.35× 10−8 atoms/(nm3 s) [26]

Dm
g 9.351× 10−3 nm2/s [26]

Dm
v 1.67 nm2/s [26]

Table 1. Parameters used for phase-field simulations of dark zone formation.
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variables. The system of nonlinear equations is solved with the preconditioned Jacobian Free Newton-Krylov

(PJFNK) [27] method. We employ the additive Schwarz method (ASM) for preconditioning and iterative LU

factorization for sub-preconditioning. The simulations are solved with a linear tolerance of 1×10−3, nonlinear

relative tolerance of 1× 10−6, and a nonlinear absolute tolerance of 1× 10−8. Automatic residual scaling is

utilized to minimize any disparities in the residual norms corresponding to different nonlinear variables. For

the time integration, implicit time integration scheme with second order backward differentiation formula

(BDF2) is employed. Furthermore, adaptive meshing and time stepping schemes are used to reduce the

computational cost. The mesh is refined around the interface and coarsened in the other areas. This is achieved

by refining the mesh in regions of high curvature in the order parameter fields with the help of a gradient jump

indicator scheme [28] within MOOSE. This adaptive meshing scheme allows us to appropriately resolve

the interface without significantly increasing the computational cost. Additionally, an iteration-based time

adaptivity scheme is employed to increase the time step, based on the number of iterations required to solve

the coupled equation system. The optimal iteration window of 6±1 is adopted. Periodic boundary conditions
are used to eliminate any boundary effect on the solution.

3. RESULTS AND DISCUSSION

A simulation domain with 12.5 µm× 12.5 µm size was initialized with 4 grains and a single 100 nm

radius bubble. Average grain diameter at the beginning of the simulation is 7 µm. We start the simulations

assuming that the initial grains are somewhat damaged and have accumulated a certain amount of dislocations

(exact values specified in the following sections). Considering the temperature bounds for the dark zones,

simulations are performed at 1000 K and 1050 K temperatures. Since the physical value of some of the

parameters needed for the restructuring model are not available in the literature, we systematically vary the

modeling parameters and evaluate how each of those parameters influence the restructuring behavior.

3.1. Effect Of Subgrain Formation Parameters

For the first set of simulations, we initialize the dislocation densities within the grains ensuring that the

maximum dislocation density of 6× 10−4 nm/nm3 is achieved in one of the grains. This assigns the initial

dislocation densities within the grains slightly below the threshold value for restructuring. This represents

an initial burnup around 44.5 GWd/tU. These simulations are run at 1000 K temperature. Burnup rate

(kβ in Equation 33) and nucleation rate prefector for subgrain formation (kd in Equation 37) are varied to
evaluate the role of subgrain formation rate and identify appropriate parameters corresponding to the dark

zone. Nogita and Une [23] reported that above 44 GWd/tU, the dislocation density seems to be saturated

((5-6) ×1014 m/m3). We hypothesize that this is primarily due to the initiation of restructuring that converts

dislocation networks into subgrain boundaries. However, within the damaged regions of the original grains

further dislocation accumulation is possible due to continuous increase in burnup. Hence, we simulate two

restructuring scenarios with different burnup rates. In the other scenario, we consider the effect of a higher

nucleation rate prefactor. The details about the subgrain formation parameters used in different simulations

are provided in Table 2.
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Parameters Case I Case II Case III

Burnup Rate, kβ (GWd/tU/s) 4.2654× 10−7 4.2654× 10−7 4.2654× 10−6

Nucleation Rate Prefactor, kd 8.5× 10−3 1× 10−3 1× 10−3

Initial Subgrain Formation Rate, ṅ 5.3× 10−5 6.2× 10−6 6.2× 10−6

Table 2. Subgrain formation parameters used in phase-field simulations for dark zone formation at 1000K

temperature.

Figure 5 to Figure 7 shows the restructuring observed in the three cases presented in Table 2, respectively.

It is observed that restructuring occurs in two stages: formation of new subgrains followed by the coarsening

of the subgrains. Comparing Case I and Case II, it is noticed that lower subgrain formation rate in Case

II allows for more coarsening to occur. Thus, the average grain diameter in Case II is higher than Case I.

Furthermore, the initial dislocation densities within the grains are assigned randomly around a specified

constant value, following Equation 32. The specified value of di0 in Equation 32 is chosen to ensure that the
dislocation densities within the grains are close to the threshold value for restructuring. This process can

assign dislocation densities below what is necessary for subgrain formation. Thus, only two of the four initial

grains meet the subgrain formation criteria at the initial condition. This results in a local restructuring bias as

observed within the simulated microstructure for Case I and Case II. Here, restructuring bias refers to the

difference in the probability of subgrain formation among different grains or regions of the microstructures.

For example, as observed in Figure 5c, only one grain is fully restructured at 58.6 GWd/tU burnup.

Comparing Case II and Case III, it is observed that even though both the cases had same initial subgrain

formation rate, grain morphologies for both the cases vary significantly. For Case III, higher burnup rate

results is a sharp increase in the effective dislocation densities which increases the subgrain formation rate as

the simulation progresses. Thus, a sharp increase in number of subgrain is observed in case III. Moreover,

the grains which initially had dislocation densities below the threshold value for subgrain formation, quickly

reach high enough burnup and accumulate enough dislocations to induce restructuring. Microstructures

corresponding to case III reach very high burnup due to the high burnup rate used in the simulation. Thus,

Case III is more representative of the peripheral regions, rather than the dark zone. Figure 8 compares the

evolution of number of grains and average grain diameter among the three cases presented in Table 2. Number

of grains increase and average grain diameter decreases during the subgrain formation stage. During the

coarsening stage, average grain diameter increases. In general, the number of subgrains increase and average

grain diameters decrease with increase in subgrain formation rate. Subgrain formation rate is influenced by

the combination of nucleation rate prefactor and burnup rate, which determines the change in dislocation

density. Higher subgrain formation rate, however, results in less coarsening and more new subgrain formation.

Average grain diameter in the restructured fuel varies between 1 µm and 2.5 µm.

3.2. Effect Of Dislocation Densities

For Case IV, we increase the initial dislocation densities within the grains. In this case, the initial

dislocation density is set around a maximum value of 7.33× 10−4 nm/nm3 and the nucleation rate prefactor

kd used is 9.0× 10−4. This results in an initial subgrain formation rate of 6.5× 10−6. All other simulation

parameters remains the same as in Case II presented in Section 3.1. The relevant simulation parameters are

compared in Table 3. Figure 9 shows the different restructuring stages for Case IV. It is notable that the

initial dislocation densities within all the grains are high enough to induce restructuring without any localized

subgrain formation preference or bias. Higher initial dislocation density results in higher subgrain formation

rate leading to faster restructuring.

Figure 10 compares the evolution of number of grains and average grain diameter with time between Case
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(a) (b) (c)

Figure 5. Different restructuring stages simulated at 1000K temperature for Case I at (a) 1.86× 106 sec (b)
1.0× 107 sec (c) 3.3× 107 sec. Corresponding restructuring fractions are 9.42% at 45.2 GWd/tU, 26.87% at

48.7 GWd/tU, and 60.74% at 58.6 GWd/tU, respectively.

(a) (b) (c)

Figure 6. Different restructuring stages simulated at 1000K temperature for Case II at (a) 2.65× 107 sec (b)
7.12× 107 sec (c) 1.0× 108 sec . Corresponding restructuring fractions are 12.23% at 55.7 GWd/tU,

52.88% at 74.8 GWd/tU, and 85.47% at 87.1 GWd/tU, respectively.
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(a) (b) (c)

Figure 7. Different restructuring stages simulated at 1000K temperature for Case III at (a) 2.15× 107 sec (b)
2.55× 107 sec (c) 2.92× 107 sec. Corresponding restructuring fractions are 27.23%, 54.37%, and 98.71%
respectively.
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Figure 8. Evolution of (a) number of grains and (b) average grain diameter with time for the three cases

presented in Table 2.
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II and Case IV. These two cases had different initial dislocation densities (di0), but similar nucleation rate
prefactors (kd). Although the initial subgrain formation rates are similar, the subgrain formation rate continues
to be high for much longer for Case IV because there are more locations available for subgrain formation

to begin (since restructuring can occur in all grains at the start of the simulation in Case IV). Changes in

initial dislocation density not only change the subgrain formation rate, but also influence the restructuring

bias observed among different grains. Thus, it plays an important role in dictating the characteristics of the

restructured fuel regions. With increase in initial dislocation densities, restructuring occurs significantly

faster. Additionally, the continued high subgrain formation rate in Case IV also results in smaller average

grain size.

Parameters Case II Case IV Case V

Initial Dislocation Densities, di0 (nm/nm
3) 6.0× 10−4 7.33× 10−4 5.0× 10−4

Initial Subgrain Formation Rate, ṅ 6.2× 10−6 6.5× 10−6 4.4× 10−6

Table 3. Different initial dislocation densities used for phase-field simulations of dark zone formation at

1000 K temperature.

(a) (b) (c)

Figure 9. Different restructuring stages simulated at 1000K temperature for Case IV at (a) 2.09× 107 sec (b)
2.85× 107 sec (c) 3.7× 107 sec. Corresponding restructuring fractions are 3.46% at 45.7 GWd/tU , 49.99%
at 48.6 GWd/tU, and 96.79% at 52.1 GWd/tU, respectively.

3.3. Effect Of Bubble Distribution

For the next case, Case V, we initialize the domain with 6 bubbles having 60 nm radius. The nominal

value of initial dislocation density is set at 5.0× 10−4 nm/nm3 and the prefactor for nucleation rate used is

9.0× 10−4. This results in an initial subgrain formation rate of 4.4× 10−6. All other simulation parameters

are the same as in Case I presented before. Figure 11 shows the different restructuring stages for this case.

It is observed that the subgrain formation initiates around the existing bubbles even when the dislocation

densities within the grain have not reached the critical values for restructuring. This primarily happens due to

the lower energy barriers for subgrain formation around the bubbles as compared to the grain boundaries.

Additionally, although it is not considered in the present model, dislocation punching around the bubbles

may also play a role by inducing higher localized damage around the bubbles and thus facilitating subgrain

formation; this effect will be considered in future work. Similar to the previous cases, subgrain formation is
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Figure 10. Evolution of (a) number of grains and (b) average grain diameter with time for different initial

dislocation densities corresponding to Cases II and IV reported in Table 3.

followed by a coarsening stage. It is noteworthy that even though restructuring initiates around the existing

bubbles, bubble size distribution does not seem to influence the rate of restructuring.

(a) (b) (c)

Figure 11. Different restructuring stages simulated at 1000 K temperature for Case V at (a) 1.66× 106 sec
(b) 9.41× 106 sec (c) 3.35× 107 sec. Corresponding restructuring fractions are 5.89% at 41.6 GWd/tU ,

15.64% at 44.8 GWd/tU, and 85.58% at 55.1 GWd/tU, respectively.

3.4. Effect Of Temperature

Next, we simulate the restructuring at 1050 K temperature with varying dislocation densities and subgrain

formation rates. The parameter values are reported in Table 4. Figure 12 and Figure 13 present different

restructuring stages for the two cases presented in Table 4. Higher temperature facilitates defect annihilation

and coarsening of the subgrains. Thus, the restructuring occurs faster at higher temperature.
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Parameters Case VI Case VII

Initial Dislocation Densities, di0 (nm/nm
3) 6.0× 10−4 5.0× 10−4

Initial Subgrain Formation Rate, ṅ 5.3× 10−5 1.5× 10−5

Table 4. Parameters used for phase-field simulations of dark zone formation at 1050 K.

(a) (b) (c)

Figure 12. Different restructuring stages simulated at 1050K temperature for Case VI at (a) 6.77× 105 sec
(b) 7.84× 106 sec (c) 2.16× 107 sec. Corresponding restructuring fractions are 9.6% at 44.75 GWd/tU ,

49.05% at 47.8 GWd/tU, and 93.31% at 53.7 GWd/tU, respectively.

(a) (b) (c)

Figure 13. Different restructuring stages simulated at 1050 K temperature for Case VII at (a) 4.6× 105 sec
(b) 4.2× 106 sec (c) 3.35× 107 sec. Corresponding restructuring fractions are 10.34% at 44.6 GWd/tU ,

76.98% at 46.2 GWd/tU, and 90.52% at 46.9 GWd/tU, respectively.

3.5. Analysis Of The Restructured Fuel

In this section, we analyze all the cases presented in Section 3.1 through Section 3.4 together to assimilate

the combined effect of subgrain formation rate and temperature on the restructuring behavior. Figure 14
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depicts the evolution of number of grains and average grain diameter with time for different subgrain formation

rates at 1000 K temperature. The data presented here are from Case I, Case, II, Case IV and Case V. Different

subgrain formation rates result from varying the initial dislocation densities and the nucleation rate prefactor.

With increase in subgrain formation rate, the number of grains increases quickly. Average grain size also

reduces with increase in subgrain formation rate. Figure 15 compares the evolution of number of grains

and average grain diameter for different temperatures with a subgrain formation rates of 5.3× 10−5 (Case I

vs. Case IV). It is observed that the rate of restructuring and average grain size increases with increase in

temperature. For the same subgrain formation rate, restructuring happens faster and average grain diameter is

larger at higher temperature.
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Figure 14. Evolution of (a) number of grains, and (b) average grain diameter at 1000 K temperature with

time for different subgrain formation rates. Different subgrain formation rates are obtained by varying the

initial dislocation densities and nucleation rate prefactor.
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Figure 15. Evolution of (a) number of grains and (b) average grain diameter with time for different

temperatures with initial subgrain formation rate of 5.3× 10−5.
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Figure 16 depicts the evolution of the volume fraction of restructured fuel as a function of local effective

burnup for a combination of different nucleation rates and different temperatures. In general, the restructured

volume fraction can be fitted using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) correlation for phase

transformations such that [29]:

α = 1− exp
(
−k βn

eff

)
(43)

where α is the volume fraction of the new subgrains, k is the transformation rate constant, βeff is the effective
burnup, and n is the Avrami constant. Here, we fit a modified JMAK correlation such that

α = 1− exp [−k (βeff − βth)
n] , (44)

where βth is the threshold burnup beyond which restructuring is observed. Based on the restructuring criteria
described in Figure 3, the threshold burnup is taken as 40 GWd/tU. The fitting parameters corresponding to

different combination of subgrain formation rates and temperatures are provided in Table 5. It is observed

that rate of restructuring increases with increase in subgrain formation rate prefactor as well as temperature

(Figure 16a and Figure 16c). For the same subgrain formation rate, restructuring occurs faster at higher

temperature. This primarily happens due to the subgrain coarsening at higher temperature. As also observed

in Figure 15, more subgrains are created at 1000 K temperature as compared to 1050 K. However, higher

temperature allows for more coarsening that follows the subgrain formation. Thus, the restructuring progresses

faster at higher temperatures. Changes in initial dislocation density significantly shift the restructuring curve.

For the same nucleation prefactor, restructuring happens faster at higher initial dislocation densities.

Simulations Temperature

(K)

Initial

Dislocation

Density

(nm/nm3)

Initial

Subgrain

Formation

Rate

Transformation

Rate Constant

(k)

Avrami

Constant (n)

Case V 1000 5.0× 10−4 4.4× 10−6 5.905× 10−3 2.13

Case II 1000 6.0× 10−4 6.2× 10−6 8.152× 10−5 2.59

Case IV 1000 7.33× 10−4 6.5× 10−6 2.268× 10−8 6.96

Case I 1000 6.0× 10−4 5.3× 10−5 1.044× 10−2 1.51

Case VII 1050 6.0× 10−4 5.3× 10−5 1.127× 10−3 3.04

Case VI 1050 5.0× 10−4 1.5× 10−5 9.827× 10−7 7.79

Table 5. Simulation details and JMAK fitting parameters for the cases presented in Figure 16.

3.6. Comparison With Experimental Data

Figure 17 shows a sample dark zone microstructure [3] and grain size variation across the radial direction

of the fuel observed in different restructured fuels [1]. In the case of North Anna fuel, grain size decreases

radially with a sharp decrease in grain size observed around radial position 0.55. Temperature at that location

is around 1120 K. For the HB Robinson (HBR) fuel the sharp decrease in grain size is observed around 0.4.

Gerczak et al. [3] concluded that the dark zone is observed from 0.35-0.45 radial location. Corresponding

temperatures at those radial positions are 1000 K and 1050 K (see Figure 4). Thus, phase field simulations

were performed at those temperatures. Analysis for other temperatures will be performed in the future.

BISON currently does not have any restructuring model for the dark zone. Hence, it fails to predict any grain

size reduction (Figure 17b). The current mesoscale work aims to provide a mechanistic restructuring model

that BISON can use to improve its predictions for validation purposes. The average grain diameter reported

in the dark zone are 3.6 µm and 6 µm for the HBR and North Anna fuel, respectively (see Figure 17b).
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Figure 16. Volume fraction of restructured fuel and fitted JMAK relationship as a function of local effective

burnup for (a) different nucleation rates prefactor, (b) different initial dislocation densities at 1000 K

temperatures and (c) different temperatures. The corresponding fitting parameters are listed in Table 5
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Figure 17. (a) Microstructure observed in the dark zones of HB Robinson Fuel [3]. (b) Comparison of grain

size variations across radial direction observed in experiments (reproduced from [1] using Plotdigitizer [2]).

Qualitatively, the simulated microstructures show similar characteristics as observed in Figure 17a.

Here, Zone A and Zone B are representative of the partially restructured and fully restructured regions.

It is observed that the restructuring initiates around the existing bubbles. Furthermore, different regions

have reached different levels of restructuring within the same micrograph. This indicates that there is a bias

depending on damage accumulation within the grains and bubble distribution. The current model appropriately

captures both of these phenomenon as observed in Figure 5 and Figure 11. The average grain diameter

achieved in the simulations vary from 1µm to 3.5µm. The maximum grain diameter observed corresponds

to Case IV presented in Section 3.2 (Figure 11). This value is close to the grain diameter observed in the dark

zone of the HBR fuel [1, 3].
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4. CONCLUSION

In conclusion, this report summarizes the development of a novel phase-field based restructuring model

to predict the restructuring observed closer to the fuel center known as the dark zone. In Section 3 we present

how different parameters such as burnup rate, dislocation densities and temperature influence the subgrain

formation rate and restructuring predicted at the mesoscale. It is demonstrated that qualitatively the model

predicts similar characteristics as observed in experiments. The key findings are listed below:

• Subgrain formation begins around exising fission gas bubbles and then proceeds towards triple junctions,

grain boundaries and grain interiors.

• A restructuing bias is observed within the microstructure due to variation in defect accumulation among

different grains.

• Restructuring is influenced by a combination of initial dislocation densities, subgrain formation rate, and

temperature.

• Rate of restructuring increases with increase in fuel temperature.

In the following years, the phase-field-based restructuring model will be extended to include the role of

dislocation interaction and grain orientation to distinguish between different types of grain boundaries to

better understand the restructuring that occurs both within the rim region and at the dark zone closer to the

fuel center. Currently BISON does not have a restructuring model that can capture the dark zone behavior.

Hence, a mesoscale-informed mechanistic model for restructuring needs to be implemented in BISON to

improve its robustness. The fitting parameters calculated from this work (Table 5) will be provided to BISON.

The BISON model for restructuring fraction and grain size evolution will be updated based on the mesoscale

observations. Such updates are necessary to validate and improve BISON prediction for the fuel performance

as a function of radial location. This would enable BISON to appropriately predict the effect of restructuring

on the fission gas release.
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