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ABSTRACT

This report summarizes the mesoscale modeling conducted in Fiscal

Year 2025 under the Nuclear Energy Advanced Modeling and Simulation

(NEAMS) program, focusing on the microstructural evolution and restructuring

in high burnup UO2 nuclear fuel and its impact on fuel fragmentation. We

developed a novel phase-field model to simulate restructuring behavior across

different radial regions of high burnup fuel, including the dark zone and rim

region. A grand-potential-based phase-field model is employed to concurrently

evaluate subgrain formation and the growth of fission gas bubbles within

the fuel. An energy-based subgrain formation criterion was introduced to

simulate the restructuring process. The effects of temperature and burnup

rate were studied to capture how each of these parameters influences the

characteristics of the restructured fuel. Subgrain formation was observed to

initiate around existing fission gas bubbles and proceed toward triple junctions,

grain boundaries, and grain interiors. Under a given subgrain formation rate, the

rate of restructuring increases with rising fuel temperature. The restructuring

occurs faster with higher burnup rate. A restructuring bias was observed within

the microstructure due to the variation in defect accumulation when comparing

different grains. Microstructures corresponding to the dark zone and rim

region can be obtained by parameterizing the model with the appropriate defect

production rate, as determined based on the burnup rate and temperature. The

predicted microstructures are consistent with experimental observations of the

restructured regions. Based on the mesoscale simulations, a mechanistic model

for restructuring and grain size evolution was implemented in BISON. Thus,

this work provides a first-of-its-kind restructuring model for different regions

of high burnup fuel for engineering-scale fuel performance analysis. It was

shown that the model predicts appropriate grain size evolution along fuel radius

as those observed in experiments. This model also enables BISON to calculate

the effect of restructuring on fission gas release. Finally, phase-field fracture

simulations with dark-zone-specific microstructures were performed to develop

fragmentation criteria for the dark zone region. This work introduces a first-

of-its-kind restructuring model for high burnup fuel, significantly enhancing

BISON’s predictive capabilities and expanding its applications for high burnup

fuel analysis.
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1. INTRODUCTION

In the United States, nuclear energy is crucial for supporting clean energy initiatives and meeting the

nation’s energy needs, providing nearly 20% of the total generated electricity in the country. Extended usage

of light-water reactors (LWR) is necessary for improving the efficiency and economic advantages of the

existing nuclear fleet. U.S. nuclear industries and the Nuclear Regulatory Commission (NRC) are currently

considering the potential impact of increasing the burnup limit for LWR fuels to 85 MWd/kgU, which is well

beyond the current regulatory limit of 62 MWd/kgU [8]. Extending this burnup limit could unlock several

financial advantages, such as extended fuel cycle usages and reduced nuclear waste, both of which would

have a positive effect on the environment. However, this increased fuel utilization entails significant design

and material challenges, as well as safety risks [9].

At higher burnups, nuclear fuels undergo restructuring, leading to the formation of sub-micron grains and

larger fission gas bubbles. The fuel’s rim region, which is exposed to low temperatures and a level of local

burnup 2–3 times higher than the average pellet burnup, exhibits a fine-grained microstructure with large

micron-sized bubbles. This forms a defined rim around the periphery of the fuel pellet known as the high

burnup structure (HBS) [10]. Furthermore, experimental observations of high burnup (HBu) revealed that

restructuring occurs not only in the rim region, but also in another region closer to the fuel center [4, 5, 11].

This central region is sometimes referred to as the “dark zone” [1] (see Figure 1). Restructuring in HBu fuel

has been correlated to diminished fuel performance, leading to accelerated fission gas release (FGR), as well

as potential fuel fragmentation, relocation, and dispersal (FFRD) during loss of coolant accident (LOCA)

[12]. This makes it crucial to understand the mechanisms behind the restructuring that occurs in different

regions of the fuel, as well as its impact on the properties and performance of nuclear fuels.

Figure 1. Different radial zones and corresponding restructured morphologies observed in North Anna fuel

(NA). Reproduced from [1].

Restructuring in HBu fuel has primarily been studied experimentally by using advanced characterization

techniques. Restructuring was first reported in the fuel’s rim region, where large bubbles were surrounded

by sub-micron grains, forming “cauliflower-like” structures [13]. Since that time, restructuring has been

observed in various types of nuclear fuels, including ceramic- and metal-based fuels [11, 14–16]. Fuel samples

have been irradiated at different burnups and temperatures to identify the threshold values beyond which

restructuring occurs [17]. The key characteristics of HBu fuel are (1) the accumulation of dislocations and

the creation of large dislocation networks, (2) the formation of new defect-free subgrains, (3) the depletion of

intra-granular fission gas concentrations, and (4) the development of large spherical inter-granular bubbles.

Among researchers, there is a lack of consensus regarding the mechanisms behind the restructuring observed

in HBu fuel. Among the various proposed mechanisms are grain subdivision due to polygonization vs.

recrystallization and continuous vs. discrete recrystallization, occurring either in tandem or in conjunction.

2



It is generally hypothesized that defect accumulation and dislocation interactions within the grains cause

dislocation networks to be realigned into grain boundaries (GBs), leading to the formation of new subgrains

that, over time, transform into new grains.

Because of the lack of transient data on how restructuring occurs, researchers have used advanced electron

microscopy techniques to analyze the microstructure across the fuel radius. Studies of those irradiated samples

with both partially and fully restructured regions are used to postulate the possible restructuring stages and

governing mechanisms. Cappia et al. [18] analyzed a HBu specimen and identified three different regions

across the fuel radius, each reflecting a different level of damage and restructuring as follows: a central

area until r/R ≈ 0.55, characterized by grain subdivision; an intermediate region from r/R ≈ 0.55 until
r/R ≈ 0.75 − 0.80, with no restructuring and a lower porosity than the central area; and the rim region,

featuring the rapid increase of porosity and the reduced grain sizes typical of HBS formation. Extension of

restructuring beyond the rim region, along with sharp transitions between the different regions, has been

reported by several researchers [1, 4, 11]. Moreover, both low-angle grain boundaries (LAGBs) and high-

angle grain boundaries (HAGBs) were observed in various fractions at different radial locations in the HBu

fuel. The dark zone shows a higher fraction of LAGBs in comparison to the fully restructured rim region [4].

Localized burnup, temperature, and stress are among the factors believed to govern the restructured fuel’s

characteristics in different regions.

Based on experimental observations, various empirical models were developed to capture the restructuring

behavior in HBu fuel. Kinoshita [19] used a reaction-diffusion process model for calculating defects as a

function of irradiation, and concluded that restructuring begins as a result of a self-organizing process that

stems from dislocation network interactions with vacancies and interstitials. Rest [20] developed a model of

the initiation and progression of restructuring as a function of fission rate, fission density, temperature, and

initial grain size. This work provided threshold values for dislocation density, fission density, and bubble size

distribution, thus identifying the onset of restructuring. Pizzocri et al. [21] proposed a semi-empirical model

for grain size reduction due to the polygonization/recrystallization process. Barani et al. [22] analyzed various

microstructural images obtained from experiments so as to compute the volume fraction of the restructured

fuel as a function of effective local burnup. However, their model is based on very limited experimental data

and does not account for the effect of temperature on restructuring. Moreover, these analytical models are

limited to the conditions for which they were developed and mostly focus on the restructuring that occurs in

the rim region. No existing model captures the restructuring observed in the dark zone. Furthermore, these

models fail to account for the variabilities seen in grain morphologies and the spatial distributions of defects.

Therefore, in this work, we aim to provide a more mechanism-informed restructuring model for high burnup

uranium di-oxide (UO2) and evaluate its impact on fuel fragmentation.

This report documents the advancements in the lower length scale (LLS) modeling of the restructuring

behavior and associated fragmentation in HBu UO2 fuel, done under the Nuclear Energy Advanced Modeling

and Simulation (NEAMS) program. In Fiscal Year (FY) 2024, a restructuring model was developed for the

dark zone of the HBu fuel. This year the model has been extended to other regions, including the rim region.

To this end, we simulated restructuring at various temperatures and burnup rates. Based on the mesoscale

simulations, a mechanistic model for restructuring has been developed and implemented in MOOSE-based

multidimensional fuel performance code (BISON). By combining the evolution of restructuring volume

fraction and average diameter of the new grains, the model appropriately captures the grain size evolution in

HBu fuel across different radial locations. We also investigated an existing dislocation density evolution

model from literature and identified additional development needs for improving the restructuring model.

Finally, phase-field fracture simulations with dark-zone-specific microstructures were performed to determine

the fragmentation criteria for the dark zone. This work introduces a pioneering mechanistic model for

restructuring and fragmentation in HBu fuel that can be applied using BISON.
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2. RESTRUCTURING IN HIGH BURNUP FUEL

The goal of this work is to provide a mechanistic restructuring model based on mesoscale simulations. At

the mesoscale, we employed a phase-field model to capture the microstructural evolution in high burnup fuel.

A grand-potential-based phase-field model was developed in FY 2024 to evaluate restructuring via subgrain

formation. An energy-based subgrain formation criterion was introduced to simulate the restructuring process.

The model also accounts for existing fission gas bubbles and concurrently tracks the concentration of defects

(e.g., vacancies and gas atoms) that lead to further bubble growth. Last year, the work primarily focused on

capturing the restructuring in the dark zone of the high burnup fuel. This year, the model has been extended

to simulate restructuring at other radial locations, with an objective to explore the possibility of extending the

model to the rim region. The effects of restructuring parameters, temperatures, and fission rate were evaluated

to elucidate different restructuring scenarios and their impact on grain morphologies. The developed model

can realistically simulate the restructuring behavior observed in different regions of high burnup fuel and

can generate realistic microstructures similar to the ones observed experimentally. The details about the

phase-field model can be found in References [23, 24]. Here we only present the restructuring criteria as

relevant for the development of the mechanistic model in BISON. We also present and discuss the relevant

results from the mesoscale simulations.

2.1. Mesoscale Restructuring Model

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

recrystallization using a discrete nucleation algorithm. A energy balance-based criteria is introduced following

the work proposed by Takaki et al. [25]. In this case, we assume that restructuring occurs when the dislocation

energy is higher than the energy penalty for forming a new subgrain. Here, the dislocation energy density, fd,
is defined as

fd =
1

2
Gb2g deff . (1)

where G is the shear modulus of the material, bg is the Burgers vector, and deff is the effective dislocation

density [26]. The dislocation density (di) within a grain is determined by following an empirical correlation

fit to experimental observations [6, 27] such that

log10 di = 2.2× 10−2β + 13.8, (2)

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) , (3)

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 vary depending on its crystallographic

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

di0 = Rd0 , (4)

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

, (5)
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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 2.

The subgrain formation energy is defined as

Esub = ksγ/D, (6)

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 fd > Esub. The value of ks in Equation 6 is set such that the subgrain formation based on

the energy-based restructuring criteria begins at a threshold burnup consistent with experimental observations.

Figure 2 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 [4].
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Figure 2. Evolution of (a) dislocation density (Equation 2) and (b) dislocation energy density (Equation 1)

within the fuel as a function of burnup. The subgrain formation energy is overlaid to demonstrate the

restructuring threshold.

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 , (7)

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 (8)

= 0, otherwise. (9)
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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

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 6 is modified such that

ks = rbks0, for ηb > 0.01 (10)

= ks0, otherwise. (11)

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, (12)

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

performed to determine whether 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.

2.2. Mesoscale Simulation Setup

A simulation domain of size 12.5 µm × 12.5 µm was initialized with four grains. The average grain

diameter at the beginning of the simulation was 7 µm, based on the grain size of the fresh UO2. Dislocation

densities within the grain are considered to be a function of grain orientation such that the initial dislocation

densities vary from grain to grain. We start the simulations assuming that the initial grains were somewhat

damaged and had accumulated a certain amount of dislocations. 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, representing an initial burnup around 44 GWd/tU.

At the mesoscale, the simulation conditions are chosen based on experimental observations. Figure 3

shows the burnup and temperature profile in the radial direction of the fuel. The temperature range for the

dark zone in H. B. Robinson (H. B. Robinson fuel (HBR)) fuel is around r/R ≈ 0.4− 0.45, corresponding
to temperatures 1040 K to 998 K. For the rim region beyond r/R ≈ 0.93, temperature is below 723 K (up to

650 K). For the North Anna fuel, the dark zone is around r/R ≈ 0.52− 0.57, corresponding temperatures

are 1147 K to 1120 K. The rim is beyond r/R ≈ 0.9, with corresponding temperatures 822 K to 700 K. It is

also observable that burnup increases quickly in the rim region due to higher fission rate in the region. Based

on this, various mesoscale simulations were performed with varying temperature, subgrain formation rate,

and burnup rate to obtain the mechanistic restructuring model for BISON.

2.3. Mesoscale Simulation Results

To evaluate the effect of temperature on the restructuring and grain morphologies at different radial

locations, mesoscale simulations were performed at 850 K, 900 K, 1000 K, 1050 K, 1100 K, and 1150

K temperatures. The burnup rate is considered 4.3 × 10−7 GWd/tU/s, corresponding to a fission rate of

1.09×1019 fission/m3/s. The initial subgrain formation rate is considered as 5.3×10−5. Ideally, the subgrain

formation rates could vary with temperature. However, we kept them constant so as to enable an analogous

comparison here.
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Figure 3. Comparison of fuel burnup and temperature variations across radial direction at the end of life

from simulated commercial pressurized water reactors (reproduced from [2] using Plotdigitizer [3]).

Different restructuring stages for 900 K and 1100 K temperatures are presented in Figure 4 and Figure 5,

respectively, while Figure 6 compares the final grain morphologies corresponding to different temperatures.

Restructuring is observed to occur in two stages: formation of new subgrains, followed by the coarsening

thereof. Higher temperatures facilitate defect annihilation and subgrain coarsening, leading to faster

restructuring. Generally, subgrain size increases with increasing temperatures due to the interplay of the

competing phenomena of defect accumulation from irradiation and thermal annealing. At 900 K, more

subgrains form with less coarsening, resulting in a lower average grain size. Consequently, both the rate

of restructuring and average grain size increase with temperature, with restructuring occurring faster and

average grain diameter becoming larger at higher temperatures. We also see that more bubble growth occurs

at 900 K in comparison to at higher temperatures. At lower temperatures, the irradiation-enhanced vacancy

diffusivity is relatively higher in comparison to the gas atoms. Furthermore, the presence of a denser GB

network promotes vacancy diffusion, leading to the formation of new bubbles and the growth of existing

ones. This will also be further investigated at a future time.

Additionally, the rim region experiences 2–3 times higher burnup than the average fuel pellet burnup.

Hence, we simulated additional restructuring scenarios with different burnup rates, featuring the same initial

subgrain formation rate. The mesoscale simulations are run with 4.3×10−7, 1.3×10−6, 4.3×10−6 GWd/tU/s

burnup rates at 1000 K temperature. The initial subgrain formation rate was considered to be 6.2 × 10−6

in this case. A lower initial subgrain formation rate is used in this case to isolate the effect of burnup rate

on restructuring and allow for the subgrain formation rate to grow significantly during the course of the

simulations. Figure 7 compares the final grain morphologies obtained from the simulations with different

burnup rates. It is observed that the restructuring happens faster with increasing burnup rate. It is also

noteworthy that a higher burnup rate can induce multiple restructuring stages within the microstructure, due

to continuous dislocation accumulation.

Figure 8 compares the evolution of the number of grains and average grain diameter with time at different

temperatures, with an initial subgrain formation rate of 5.3× 10−5. Here, the average grain diameter (davg)
is calculated by a circular grain approximation in 2-D such that davg = 2

√
(A−Abub)/πNgrain, where A is

the area of the simulation domain, Abub is the area covered by the bubbles, and Ngrain is the total number of

grains. It is observed that the number of grains increases and the average grain diameter decreases during the

subgrain formation stage. During the coarsening stage that then follows, the number of grain decreases and
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(a) (b) (c)

Figure 4. Different restructuring stages simulated at 900 K temperature at (a) 5.63× 106 seconds, (b)
2.2× 107 seconds, and (c) 1.0× 108 seconds. The corresponding restructuring fractions are 16.3% at 46.9
GWd/tU, 31.62% at 53.8 GWd/tU, and 63.1% at 87.1 GWd/tU, respectively.

Figure 5. Different restructuring stages simulated at 1100 K temperature at 44.71 GWd/tU (left), 45.84

GWd/tU (middle) and 47.33 GWd/tU (right) burnup.
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(a) (b) (c)

Figure 6. Restructured grain morphologies at (a) 900 K at 87.1 GWd/tU, (b) 1000 K at 58.6 GWd/tU and (c)

1050 K temperatures at 53.7 GWd/tU. The average grain sizes are 414 nm, 2 µm, and 3.9 µm, respectively.

(a) (b) (c)

Figure 7. Restructured grain morphologies at 1000 K with burnup rates (a) 4.3× 10−7 at 1× 108 sec (b)
1.3× 10−6 at 7.74× 107 sec and (c) 4.3× 10−6 GWd/tU/s at 2.92× 107 sec. The corresponding to a fission
rates are 1.09× 1019 fission/m3/s, 3.27× 1019 fission/m3/s and 1.09× 1020 fission/m3/s, respectively.
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the average grain diameter increases. Figure 9 compares the evolution of number of grains and average grain

diameter with time for different burnup rates. In general, the number of subgrains increases and the average

grain diameters decrease with a rising burnup rate. With higher burnup rate, dislocation density evolution

happens faster, which results in higher subgrain formation rate. Therefore, more number of newer subgrains

are formed and less coarsening is observed.
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Figure 8. Evolution of (a) number of grains and (b) average grain diameter with time for different

temperatures, with an initial subgrain formation rate of 5.3× 10−5.
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Figure 9. Evolution of (a) number of grains and (b) average grain diameter with time for different burnup

rates, with an initial subgrain formation rate of 6.2× 10−6.

2.4. Analysis Of Restructured Fuel Volume Fraction

By analyzing the outputs of the mesoscale simulations, we assimilate the combined effect of subgrain

formation rate, burnup rate, and temperature on the restructuring behavior observed in high burnup fuel.
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Figure 10 depicts the evolution of the volume fraction of restructured fuel as a function of local burnup

for different temperatures. The restructured volume fraction is fitted using a modified Johnson-Mehl-

Avrami-Kolmogorov (JMAK) correlation for phase transformations, similar to what was previously done in

Reference [22] such that

α = 1− exp [−k (β − βth)
n] , (13)

where α is the volume fraction of the new subgrains, k is the transformation rate constant, n is the Avrami

constant, β is the local burnup, and βth is the threshold burnup value beyond which restructuring is observed.

Based on the restructuring criterion described in Figure 16, the threshold burnup is taken as βth = 40GWd/tU.

The fitting parameters corresponding to different combinations of subgrain formation rates, burnup rate, and

temperatures are provided in Table 1. It also includes the average restructured grain size at the end of the

simulation for each of the analyzed cases. In general, the rate of restructuring is observed to increase with a

higher subgrain formation rate as well as temperature and burnup rate. Under a given subgrain formation

rate, restructuring occurs faster at higher temperature, primarily due to the subgrain coarsening that occurs at

higher temperatures. As observed in Figure 8, more subgrains are created at 900 and 1000 K than at 1050 K.

However, higher temperatures allow for a greater amount of coarsening following the subgrain formation.

Thus, the restructuring progresses faster at higher temperatures. With the increasing burnup rate, burnup

accumulation happens faster within the same time, which results in accelerated defect generation and leads to

faster restructuring. Figure 10b depicts the restructuring fraction evolution over time for different burnup

rates. In this case, the higher burnup rates are representative of the rim region. Based on this analysis, a

mechanistic restructuring model is developed for BISON (Section 2.6).
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Figure 10. Volume fraction of restructured fuel and the fitted JMAK relationship as a function of local

burnup for (a) different temperatures and (b) different burnup rate at 1000 K temp. The corresponding fitting

parameters are listed in Table 1.
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Temperature

(K)

Burnup Rate

(GWd/tU/s)

Initial

Subgrain

Formation

Rate (ṅ)

Transformation

Rate Constant

(k)

Avrami

Constant

(n)

Average

Grain

Diameter

(µm)

850 4.85× 10−2 0.626 0.295

900 2.66× 10−2 0.95 0.320

1000 1.044× 10−2 1.51 1.987

1050 4.3× 10−7 5.3× 10−5 1.127× 10−3 3.04 3.92

1100 4.211× 10−8 9.47 3.912

1150 8.785× 10−20 27.68 3.912

4.3× 10−7 8.152× 10−5 2.59 3.367

1000 1.3× 10−6 6.2× 10−6 2.273× 10−7 3.44 0.796

4.3× 10−6 4.116× 10−18 8.44 0.615

Table 1. JMAK fitting parameters and average new grain diameter for the cases presented in Figure 10.

2.5. Comparison With Experimental Data

In this section, we compare the characteristics predicted by the mesoscale model presented in this work to

experimental observations. Figure 11a through Figure 11d display sample microstructures from different radial

locations in HBR [4] and NA [5]. Among these, Figure 11a and Figure 11b depict the central restructured

zone, i.e., the dark zone, while Figure 11c and Figure 11d represent partially restructured regions closer to

the rim. It is observed that restructuring initiates around the existing bubbles and then proceeds toward grain

interiors. In addition, different regions within the same micrograph exhibit varying levels of restructuring.

For example, Zone A and Zone B in Figure 11a illustrate the partially and fully restructured regions in the

dark zone. This suggests that a restructuring bias exists, depending on the bubble distribution and the damage

accumulation within the grains. The current model effectively captures all these phenomena. The simulations

performed at 1000 K and higher temperature with low burnup rate are considered to be representative of

the dark zone microstructures. On the other hand, simulations performed at 900 K and 850 K temperature,

higher burnup rate and subgrain formation rate replicate the regions closer to the fuel rim. Qualitatively, the

simulated microstructures show similar characteristics as those observed in these figures, indicating that the

model appropriately represents the restructuring observed in high burnup fuel.

Figure 11e and Figure 11f present the grain size variation along the radial direction of the fuel, as observed

in different restructured fuels [2]. The average grain diameter obtained from the mesoscale simulations

corresponding to different temperatures are overlaid for comparison. For the HBR fuel, the sharp decrease in

grain size is observed at a position around 0.4. According to Gerczak et al. [4], the central restructured zone

is observed from radial locations 0.35 to 0.45, with temperatures between 1000 and 1050 K (see Figure 3). A

significant decrease in average grain size is again evident in the rim region beyond r/ro ≈ 0.8, indicating
transition to HBS. In the case of North Anna fuel, the grain size decreases radially in the central region, with

a sharp decrease in grain size being observed at around radial position 0.55.

The radial locations for the mesoscale simulations are approximated based on the temperature profile

from Figure 3. The average grain diameters reported in the dark zone are 3.6 and 6 µm for the HBR and NA,

respectively [2]. Simulations representing the dark zone show average grain diameter ranging from 2 to 3.9 at

the end of these simulations. The maximum simulated value closely aligns with the grain diameter observed

in the dark zone of the HBR fuel [2, 4].

The average grain size in the rim region with fully formed HBS is reported to be around 600 nm for both

these fuels. For the simulations representing regions close to the rim, the average grain diameter varies from
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Figure 11. Microstructure observed in the HBR fuel at locations (a) r/ro ≈ 0.35 and (c) r/ro ≈ 0.82 [4].
Microstructure observed in the NA at locations (b) r/ro ≈ 0.55 and (d) ≈ 0.95 [5]. Comparison of average

grain diameter obtained from the mesoscale simulations presented in this work with the grain size variations

across the radial direction, as observed in (e) HBR and (f) NA (reproduced from [2] by using Plotdigitizer

[3]).
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400 nm to 930 nm, depending on the restructuring stages. It is noteworthy that the simulated grain sizes are

significantly smaller compared to the North Anna data. This is primarily attributed to the difference in grain

sizes prior to the onset of the restructuring. More rigorous statistical analysis in this regard will be pursued in

the future.

2.6. Mechanistic Restructuring Model For BISON

Restructuring in the high burnup fuel has significant implications on the fuel performance, including

fission gas release and fragmentation during normal operating and accident conditions. In order to evaluate

the performance of the high burnup fuel, it is important to understand the mechanisms of restructuring and

associated microstructural changes in the fuel. Therefore, we first compare the restructuring predicted by the

mesoscale simulations with the existing BISON model for HBS [22, 28] (Figure 12). The existing BISON

model relies on empirical fitting to a limited set of experimental data. It fails to account for temperature

and fission rate dependence of the restructuring. Moreover, the model represents the restructuring fraction

as a function of effective burnup, which is defined as a Heaviside function based on threshold temperature

for restructuring observed in different radial locations. Thus, the fuel performance code BISON [29] lacks

a unified restructuring model for the high burnup fuel. Hence, it fails to predict the grain size reductions

observed in different radial locations in high burnup fuel. Updating this model is crucial for improving fuel

performance predictions. The current work aims to provide a first-of-its-kind, mechanistic restructuring

model to the fuel performance code BISON.
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Figure 12. (a) Comparison of the mesoscale predictions with the current BISON model and experimental

data. (b) Variation in restructured grain size with restructuring fraction for different temperatures.

To this end, we fit the transformation rate constant k and Avrami constant n as a function of temperature

(Figure 13) as follows

k = 1983.66 exp (−0.0125T ), (14)

and

n = 9.19× 10−26T 8.44. (15)

Only part of the data set (below temperature 1100 K) was used in fitting n, since it is very sensitive to
temperature at the lower temperature range. Additionally, the fission rate dependence is also implemented by
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Figure 13. Fitted correlation for the transformation rate constant and Avrami constant as a function of

temperature using the data from Table 1.

accounting for the burnup-rate dependence on the restructuring model. Since burnup accumulation happens

linearly given a specific burnup rate, we assume the same correlation for the restructuring fraction. Thus, the

coefficients k and n are modified such that

k = 1983.66 exp (−0.0125T )
β

β0
, (16)

and

n = 9.19× 10−26T 8.44 β

β0
, (17)

where β is the local burnup and β0 is the burnup at the fuel centerline. Thus, the term
β
β0

is equivalent to

the radial peaking factor for fission rate. This enables capturing the effect of varying fission rate along fuel

radius.

Furthermore, to obtain the average grain size of the restructured fuel, the new subgrain diameters were

fitted as a function of restructuring fraction (Figure 12b) such that

dm = s · α (18)

where d is the diameter of the new subgrains in µm, α is the restructured volume fraction,m and s are the
growth rate constant and power coefficients obtained from the fitting. Here, the average diameter (dnew)
of the new grains is calculated as dnew = 2

√
α(A−Abub)/π(Ngrain −N0), where A is the area of the

simulation domain, Abub is the area covered by the bubbles, α is the restructuring fraction, Ngrain is the total

number of grains, and N0 is the number of original grains. The fitting coefficients obtained for Equation 18

are provided in Table 2.
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Temperature

(K)

Growth Rate

Constant (s)
Power

Coefficient

(m)

900 0.063 3.33

1000 2.4 0.73

1050 3.63 1.184

1100 4.738 1.2

1150 4.575 1.245

Table 2. Fitting parameters for the new grain size evolution with restructured volume fraction at different

temperatures.

The fitted correlation form and s as a function of temperature are

s =
4.74

1 + exp [−0.03(T − T0)]
, (19)

and

m = 3.8× 1049 exp(−0.126T ) + 1.088. (20)

Here, T0, as obtained from the fitting, is 1002 K. As observed in Figure 12b, at higher temperatures, the new

subgrains continue to grow even after 100% restructuring has occurred. Here, we ignore this for the fitting as

the normal grain growth model should apply once the fuel is fully restructured.

This mechanistic restructuring model was implemented in BISON. For preliminary testing, we use a

temperature profile fit using a polynomial correlation to the thermal profile of HBR fuel, as was done in

Reference [28]. The corresponding burnup profile was implemented as a piecewise linear function. The

variation of the restructuring fraction along fuel radius is shown in Figure 14a. We also compare the

temperature-only model (Equation 14 and Equation 15) with the fission rate dependence model (Equation 16

and Equation 17). It is observed that the restructuring fraction reduces significantly after r/R ≈ 0.5 and
then increases again in the rim region, beyond r/R ≈ 0.8, due to accelerated burnup. However, the model

shows a gradual transition after the dark zone as compared to the sharp transition observed in experiments.

Figure 14b provides the variation in the average diameter of the newly formed subgrain along the fuel radius,

as obtained from Equation 18. The model predictions can be improved further in the future by implementing

a more mechanistic dislocation density evolution model, as discussed in Section 3.

Furthermore, we calculate the average grain size variation along fuel radius, assuming an initial grain

size of 20 µm prior to restructuring (Figure 15). The average grain diameter (davg) here is calculated as

davg = αdnew + (1− α)d0, (21)

where dnew is the average diameter of the new grains, α is the restructured volume fraction, and d0 is the
average grain diameter at the onset of restructuring. This postulates that the rate of restructuring is invariant

with respect to the initial grain size. We compare the prediction of this mechanistic model to the grain size

variation measured in NA and HBR fuels [5]. As demonstrated in Figure 15b, the model appropriately captures

the restructuring trend observed in HBu fuel. However, the actual grain size may differ from experiments

due to the assumptions of initial grain/subgrain sizes, rate of restructuring, etc. The grain size prediction

can be improved further when the restructuring model is used in combination with the mechanistic grain

growth model for UO2 such that the radial grain size variation prior to restructuring, as well as continued

grain growth of the fully restructured fuel, is taken into account.
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Figure 14. Variation of the (a) restructuring fraction and (b) restructured grain size along fuel radius. The

temperature-only model is compared with the fission rate dependence model.
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Figure 15. Variation of average grain size along fuel radius: (a) comparison of the temperature-only model

with the fission rate dependence model and (b) comparison with the experimental data.
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3. DISLOCATION DENSITY EVOLUTION

As described in Section 2, the phase-field model currently makes use of an empirical equation for

dislocation density, given in Equation 2. This equation was fit to experimental observations of dislocation

density [6]. However, the experimental data used to develop the fitted model was obtained from experiments

in a limited temperature range estimated as 630–750 ◦C and a range of linear heat generation rates ranging

from 180–370W/cm, which were not converted to equivalent fission rates. Thus, Equation 2 is only dependent

on burnup and lacks dependence on temperature or fission rate.

To address this issue, in this section, an existing mechanistic model of dislocation density evolution from

the literature [7] is evaluated. Our implementation is compared to the published results of the model, as well

as the experimental data of Reference [6]. The model is studied parametrically to understand the effects of its

parameters and provide guidance for future work.

3.1. Dislocation Evolution Model Formulation

In Reference [7], the time evolution of dislocation density ρN (in units of m/m3) is given by

dρN
dt

= πv1n1 −
v1(f(v)/π)

1/2

CACρ
ρ
3/2
N , (22)

and

v1 =
2Ziv

bv
Dici , (23)

where n1 is the interstitial loop density, v1 is the interstitial loop climb-controlled glide velocity, f(v) =
(1− ν/2)/(1− ν), ν is Poisson’s ratio, CA and Cρ are geometric factors with values of 3 and 1, respectively,

Ziv is the relative bias between interstitials and vacancies,Di is the interstitial diffusivity, ci is the interstitial
concentration, and bv is the Burgers vector for UO2. In Equation 22, the first term represents dislocation line

length creation due to the accumulation of interstitial loops, and the second term represents loss of line length

due to self-annihilation of edge dislocations. The interstitial loop density n1 is given by [7]

n1 =

[ √
2bv

4πZivΩ5/3
ciρN

]1/2

, (24)

where Ω is the atomic volume. Combining Equations 22–24 and solving analytically allows for ρN to be

solved as a function of time:

ρN (t) =
c1
c2

[
1− e

√
c1c2t

1 + e
√
c1c2t

]2
, (25)

where

c1 =

[
πv1

√
2

2
Dic

2
i /Ω

5/3

]1/2

, (26)

and

c2 =
v1(f(v)/π)

1/2

CACρ
, (27)

The steady-state concentration of interstitials, ci, is taken from a simple rate theory approach neglecting the

interstitial and vacancy sinks such that

ci =
1

Di

(
ΩDvK

4πriv

)1/2

, (28)
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Parameter Value Reference

D0
i 5 m2/s [30]

D0
v 75 m2/s [30]

εi 0.6 eV [30]

εv 2.4 eV [31]

riv 8.25 nm [30]

Ziv 5× 10−4 [30]

a 0.547 nm [32]

bv
√
2a/2 [32]

ḟ 2× 1019 m−3 s−1 [7]

K ḟ/1023 = 2× 10−4 dpa/s [7]

ν 0.345 [33]

Ω a3/4 [7]

Table 3. Parameters used for dislocation density evolution model as given in Reference [7].

where Dv is the vacancy diffusivity, K is the damage rate in dpa/s, and riv is the interstitial-vacancy

recombination distance. The vacancy and interstitial diffusivities are given as

Di = D0
i exp

(
−εi
kT

)
, (29)

Dv = D0
v exp

(
−εv
kT

)
, (30)

where D0
i , D

0
v are the prefactors and εi, εv are the activation energies. The baseline values of the parameters

used in the model are given in Table 3.

3.2. Dislocation Model Results

3.2.1. Evaluation of Model in Published Form

In Figure 16a, the evolution of ρN from the mechanistic model of Equations 25–27 as published in

Reference [7] is compared to the data of Reference [6] and to the model of Equation 2. The mechanistic model

under-predicts the experimental data by an order of magnitude at lower burnups, but accurately predicts ρN
the highest burnup of 83 GWd/tU.

To assess the model further, Equations 25–27 were implemented in a Python script. For verification,

our implementation for 953 K was compared to the plot provided in the paper. As shown in Figure 16b, our

implementation gives different results from what was reported in the paper. To ensure the differences were

not due to an error in our implementation, an independent author of this report implemented the model of

Equations 25–27, and the same results were obtained as the first author of this report. Thus, it is believed that

an error exists in the published data of Reference [7], in either the implementation or parameters used. Our

implementation shows that the predicted ρN saturates at approximately 3.6× 1013 m/m3, significantly lower

than the experimentally reported value of 6.0× 1014 m/m3.
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Figure 16. (a) Comparison of experimentally measured dislocation density data from Nogita [6] with current

model of Equation 2 and published results of the Rest model [7]. (b) Comparison of the Rest model output as

published in [7] with our implementation at 953 K (Rest Plot 953 K).

3.2.2. Parametric Study of Model Performance and Fit to Match Published Model
Results

Since the model of Equations 25–27 does not match the experimental data well, potential causes of the

discrepancy were investigated. The model relies on a large number of parameters, as seen in Table 3. To

identify potential causes of the discrepancy, a parametric study was performed to find which parameters most

significantly influence the model results and to determine which parameters give a better match to the plot

presented in the paper. For this analysis, the initial dislocation density of the grains were considered to be

1× 108 m/m3.

The damage rateK was varied from its initial choice of 2× 10−4 dpa/s in Figure 17a. Decreasing values

ofK result in a lower saturation value of the dislocation density, and a higher burnup is required to reach the

saturation value. This is due to the slower buildup of dislocations since they are not created from interstitials

as rapidly due to the lower damage rate and corresponding lower interstitial concentration.

The effects of εv and εi are shown in Figures 17b and 17c, respectively, beginning from their baseline

values of 2.4 eV and 0.6 eV. Decreases in εv result in a lower value of Dv, and by Equation 28, give a higher

value for interstitial concentration, resulting in a larger saturation value of ρN with a more rapid approach to

that value. The changes to εi are more complicated to interpret physically since the interstitial diffusivity

enters into the governing equations in multiple places.

The effect of the interstitial absorption bias Ziv is shown in Figure 17d. Decreases in Ziv result in a

slower approach to steady-state defect concentration. The physical cause of this change is difficult to interpret,

since Ziv appears in both the prefactors to the generation and annihilation terms of Equation 22 through the

factor of v1, as well as through the interstitial loop density n1.
Guided by this parametric study, a set of parameters that reasonably matched the published data of the

model [7] was determined, as shown in Figure 18a. The model with Ziv = 5 × 10−6 and εi = 1.0 eV

provided the best match to the published data. Using the model with these parameters, and the remaining as

given in Table 3, the effect of temperature was considered, with the results shown in Figure 18b. At higher

temperatures, a higher saturation value of ρN is reached, with lower burnup needed to obtain that saturation
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Figure 17. Parametric study to evaluate the effect of model parameters on the dislocation evolution at 953 K.

Comparison with Rest plot for 953 K provided in [7]. Dose rate ofK = 1× 10−6 dpa was used for Figures

(b) to (d).
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Figure 18. (a) Choice of parameters to obtain a better match with the 953 K plot provided in Reference [7].

(b) Effect of temperature captured with the finalized model.

Although the lack of agreement between the model and the experimental data shown in Figure 16a

precludes its use in the current form, it can provide some qualitative explanation of trends observed in some

high burnup fuel. The temperature and local burnup, as a function of radius for the North Anna [5] and H. R.

Robinson [4] high burnup fuel samples, were calculated using the BISON fuel performance code [2], with

the results reproduced in Figure 19a. The dislocation density calculated using the model of Reference [7]

(with Ziv = 5× 10−6 and εi = 1.0 eV) for these two cases is shown in Figure 19b. The model predicts that

the higher temperature of the North Anna fuel results in a higher dislocation density for a given value of r/R.
Figure 19b also suggests that if a constant threshold dislocation density must be reached to allow the onset of

restructuring (leading to the formation of the dark zone), it would occur at a larger value of r/R for the North

Anna fuel than for the H. B. Robinson fuel. This is consistent with experiments, where it was observed that

significant restructuring (based on a significant drop in measured grain size) begins in the North Anna fuel at

r/R ≈ 0.58 [5], whereas in the H. B. Robinson fuel, restructuring begin at r/R ≈ 0.45 [4].
However, much work remains to bring the dislocation density model in quantitative agreement with

experiments. As seen in Figure 16a, the model does not agree particularly well with the data fromReference [6].

The model also does not predict a significant increase in dislocation density in the rim region, as seen in

Figure 19b. Assuming that rim region restructuring is driven by dislocation density accumulation and

subsequent polygonization, an increase in dislocation density would be needed to account for rim region

restructuring.

3.2.3. Evaluation of Dislocation Evolution Model with Updated Parameters from
the Literature

Since the time that Reference [7] was published, updated values have become available for some

parameters used in the model. The parameters were updated to determine whether they resulted in improved

agreement with experiment. The parameters D0
i , D

0
v , εi, εv, riv, andK were updated as follows. Interstitial

diffusivity was assumed to be dominated by the defect complexUi2Oi, whose activation energy was calculated
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Figure 19. (a) Radial temperature and burnup variation obtained from two different experiments. (b) Radial

variation in dislocation density following Rest model corresponding to two different temperature profiles.

to be εi = 1.975 eV [34]. The prefactor D0
i was calculated using Reference [34]

D0 =
wj2djs
6

, (31)

where w is the attempt (vibrational) frequency, jd is the jump distance, and js is the number of jump sites.

Using w = 5.45 THz, jd = a/2, and js = 6 [34], D0
i = 4.08 × 10−7 m2/s. For U-site vacancies Vu,

εv = 4.233 eV [34]. The prefactor for vacancies was calculated using w = 1.42 THz, jd = a
√
2/2, and

js = 12 [34] to be D0
v = 4.25× 10−7 m2/s. The recombination distance was estimated as riv = jdZ [34],

where jd = a/2 is the jump distance for interstitials and Z ≈ 100, resulting in riv = 27.35 nm. The damage

rateK was taken to beK = 1 dpa/day [10] orK = 1.15× 10−5 dpa/s. The updated values used are given

in Table 4.

The dislocation density evolution model with this updated set of parameters was run at T = 953 K.

Comparing the predictions of this model, shown in Figure 20, with the model shown in Figure 16a, it can be

seen that the updated set of parameters causes the model to under-predict dislocation density evolution by

several orders of magnitude.

3.2.4. Fit to Match Experimental Dislocation Density Data

Given that the initial set of model parameters did not match the experimental data well, and substituting

more recently determined parameters as shown in Table 4 did not improve agreement, a fit to the data of

Reference [6] was performed using the curve_fit function from the SciPy Optimize module. To provide

a more realistic starting condition for the fit, an initial dislocation density ρ0 = 1012 m/m3 was assumed

at zero burnup, and was added to Equation 25. Some parameters that are well known, such as a, bv, and ν,
were left at the same values as shown in Table 4. D0

i and D
0
v were also left at the values used in Table 4

because they did not affect the fit results as significantly as other values and were of a typically expected

order of magnitude for diffusion prefactors. The parameters obtained in the fitting process are shown in

Table 5. Although the values obtained for εi and Ziv are physically reasonable, the vacancy activation energy

of εv = 0.8 eV obtained from the fit is very low compared to the value calculated by density functional

theory of 4.233 eV [34]. Additionally, the vacancy-interstitial recombination distance obtained from the fit
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Parameter Value Reference

D0
i 4.08× 10−7 m2/s [34]

D0
v 4.25× 10−7 m2/s [34]

εi 1.975 eV [34]

εv 4.233 eV [34]

riv 27.35 nm [34]

Ziv 5× 10−4 [30]

a 0.547 nm [32]

bv
√
2a/2 [32]

K 1.15× 10−5 dpa/s [10]

ν 0.345 [33]

Ω a3/4 [7]

Table 4. Updated parameters used for dislocation density evolution model in Figure 20, taken from more

recent values from the literature.
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Figure 20. Dislocation density evolution at 953 K using the model of Reference [7], updated with parameters

shown in Table 4 (taken from more recent literature values).
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Parameter Value Reference

D0
i 4.08× 10−7 m2/s [34]

D0
v 4.25× 10−7 m2/s [34]

εi 0.6 eV fit

εv 0.8 eV fit

riv 9.3 mm fit

Ziv 5.6× 10−3 fit

a 0.547 nm [32]

bv
√
2a/2 [32]

K 1.15× 10−5 dpa/s [10]

ν 0.345 [33]

Ω a3/4 [7]

Table 5. Parameters obtained by fitting dislocation density evolution model to data of Reference [6].

of riv = 9.5 mm is many orders of magnitude greater than expected; riv would typically be expected to be in
the range of nm to tens of nm.

The results of the fit at 953 K are shown together with the experimental data on which the fit was based

(also at 953 K) in Figure 21, along with results at lower temperatures of 800 K and 700 K. Consistent with the

results obtained in the parametric study earlier in this section, ρN increases more slowly at lower temperatures.

The effect of increasing fission rate by a factor of 3 from its initial value Ḟ0 for 700 K is also shown

in Figure 21 as Ḟ/Ḟ0 = 3. This is representative of conditions typically found in the rim of UO2 fuel in

LWRs. In this case, ρN increases more slowly with respect to burnup than the case with Ḟ0. This is because

K ∝ Ḟ in Equation 28, meaning that there are more interstitials created from which loops can be formed as

Ḟ increases. However, since ci ∝
√
K in Equation 28, but burnup is linearly proportional to Ḟ , ci increases

more slowly with increasing Ḟ than burnup, so ρN increases more slowly with increased burnup for the case

Ḟ/Ḟ0 = 3. This behavior is contrary to what would be expected based on experimental observations of the

rim (assuming rim region restructuring is driven by dislocation accumulation and subsequent polygonization).

Since the rim experiences restructuring earlier and to a great extent than the “dark zone” of high burnup

pellets, it should be expected that dislocation density for the 700 K, Ḟ/Ḟ0 = 3 case should increase above
the higher-temperature cases somewhere prior to 100 GWd/tU.

3.2.5. Evaluation of Defect Sink Impact on Model Performance

Given the failure of the model of Reference [7] to reproduce experimental observations, the assumptions

that led to derivation of the model need to be assessed. One assumption in the model is that interstitial and

vacancy sinks can be neglected in determining the interstitial concentration by Equation 28. Here, we consider

the effect of including sinks on the predicted interstitial concentration to determine whether the neglect of

sinks is a valid assumption, with particular focus on lower temperatures such as experienced in the rim region

of commercial LWR fuel pellets. When interstitial and vacancy sinks are included, Equation 28 needs to be

replaced by the expression [35]

cssi =
−ksDiDv +

√
(ksDiDv)2 + 4kivKDiDv

2kivDi
, (32)

where ks is the sink strength (assumed to be the same for interstitials and vacancies) and kiv = 4πriv(Di+Dv)
Ω .

The interstitial concentrations obtained by Equations 28 (no sinks) and 32 (with sinks) are compared

in Figure 22a, using the baseline parameters of the model given in Table 3. A value of ks = 1.75 × 1013

25



0 20 40 60 80 100

Burnup (GWd/tU)

1012

1013

1014

1015

ρ
(m

/m
3
)

953 K

800 K

700 K

700 K, Ḟ /Ḟ0 = 3

Nogita data, 953 K

Figure 21. Dislocation density evolution at 953 K using the model of Reference [7], updated with parameters

shown in Table 5 based on fit to data of Reference [6].

m/m3 was chosen for the sink strength assuming that dislocations are the dominant sinks for vacancies and

interstitials, and that sink strength is of the same order of magnitude as the dislocation density [35]. The

choice of ks = 1.75 × 1013 m/m3 thus represents early stage conditions based on dislocation densities in

Figure 16a. Very little deviation is observed between the no-sinks and with-sinks cases, particularly at low

temperatures. The inclusion of sinks is therefore not likely to be an important factor at very low burnups.

The case of higher burnups is considered in Figure 22b, where ks = 1.75× 1014 m/m3 is assumed due

to the higher dislocation density at higher burnup. In this case, a more significant deviation between the

no-sinks and with-sinks behavior is seen at higher temperatures. However, the behavior at T = 700 K is

unchanged, meaning that the behavior of dislocation accumulation in the rim, where the model behavior is

most problematic, is not affected by the inclusion of dislocation sinks.

As shown in Table 4, more recent estimates put the damage rateK lower, withK = 1.15× 10−5 dpa/s

rather than K = 2 × 10−4 dpa/s as used in Reference [7], Figure 22a, and Figure 22b. The steady-state

interstitial concentrations without and with sinks are shown using K = 1.15 × 10−5 dpa/s in Figure 22c.

Here, the interstitial concentration is lower everywhere, and there is greater deviation between the no-sinks

and with-sinks cases than in Figure 22b at higher temperatures. However, the interstitial concentration at

700 K is unaffected by the presence of sinks. Thus, the inclusion of dislocation sinks is not seen to be a

potential explanation for the failure of the model at conditions representative of the rim of LWR UO2 fuel.

3.2.6. Summary and Future Work

The dislocation density evolution model of Reference [7] was thoroughly investigated. Two independent

implementations of the model in its published form gave predicted dislocation densities that did not agree

with the published model results but were consistent with each other. The most likely explanation is an error

in the implementation of the model or the model parameters provided in the original published paper. Use of

updated parameters for the model based on more recent values from the literature did not improve agreement

with experimental data. A fit of the model parameters that enabled the model to match experimental data [6]

resulted in unphysical values of some model parameters. The model in its current form also cannot explain
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Figure 22. Interstitial concentrations as a function of temperature as predicted for the case with no sinks

(Equation 28) and for the case with sinks (Equation 32). The inclusion of sinks does not affect the model

behavior at the lower temperatures (700 K) where the model performance is most problematic.
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the increased dislocation density and resulting early restructuring in the rim region.

To understand why the model does not match experimental data, efforts were made to understand the

impact of the model’s assumptions. The impact of the model’s neglect of defect sinks was evaluated by

calculating interstitial concentration with defect sinks and comparing it to the values obtained without them.

The presence of defect sinks may affect the model’s behavior at higher temperatures but does not account for

the failure to predict rim-region behavior. The testing performed assumed that the sink strength coefficient ks
was the same for vacancies and interstitials; this assumption should be relaxed in future work. The impact of

the form of the dislocation creation and annihilation terms (first and second terms on the right-hand side of

Equation 22, respectively) should also be assessed in future work. The creation term is proportional to ρ
1/2
N

through Equation 24. However, proportionality to ρN [36] has also been proposed, as well as more detailed

approaches to creation [37, 38]. The annihilation term in Equation 22 is proportional to ρ3/2. However,
dependence on ρ2 [37] and ρ [38] has also been proposed in the literature. In future work, dependencies

should be determined that allow a dislocation evolution model that better matches experimental data for UO2.
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4. FRAGMENTATION IN THE DARK ZONE

4.1. Phase-field Fracture Model

The phase-field fracture model is formulated based on the mechanics minimization problem that is

regularized and approximated using the phase-field variable c, given by

{u, c} = argmin
u,c

Ψ(u,∇u, c,∇c), (33a)

subject to u = g, ∀x ∈ ∂ΩD, (33b)

ċ > 0, ∀x ∈ Ω, (33c)

where u is the displacement vector. Equation (33c) represents the irreversibility condition equivalent to the

“no healing” condition on the permanent crack set. The objective function Ψ(u,∇u, c,∇c) is defined as

Ψ(u,∇u, c,∇c) =Ψelastic(∇u, g(c)) + Ψl
fracture(c,∇c)−Ψdissipation(c)

−Ψtraction
external(u)− Ψ̃

pressure
external (u, c,∇c),

(34a)

Ψelastic(∇u, g(c)) =

∫
Ω

g(c)ψ
〈A〉
elastic(∇u) dV +

∫
Ω

ψ
〈I〉
elastic(∇u) dV, (34b)

Ψl
fracture(c,∇c) =

∫
Ω

Gcγl(c,∇c) dV, (34c)

Ψ̇dissipation(ċ) =

∫
Ω

1

2
ηċ2 dV, (34d)

Ψtraction
external(u) =

∫
∂ΩN

τ · u dA, (34e)

Ψ̃
pressure
external (u, c,∇c) = −

∫
Ω

p∇c · uI ′(c) dV. (34f)

It considers the energy contribution due to deformation (Ψelastic), fracture (Ψ
l
fracture, internal dissipation

(Ψdissipation), and external pressure (Ψ
traction
external, Ψ̃

pressure
external ). Let us define the trial spaces, as follows

U =
{
u|u ∈ H1(Ω)d,u = g, ∀x ∈ ∂Ω

}
, C =

{
c|c ∈ H1(Ω), ċ > 0, ∀x ∈ Ω

}
, (35)

along with their corresponding weighting spaces,

V =
{
δu|δu ∈ H1(Ω)d,u = 0,∀x ∈ ∂Ω

}
, Q =

{
δc|δc ∈ H1(Ω), δc > 0,∀x ∈ Ω

}
. (36)

The optimality conditions for u follow from the functional derivative of the objective function Ψ, given by∫
Ω

∇ · ∂ψelastic(∇u, g(c))

∂∇u
dV −

∫
∂ΩN

∂ψelastic(∇u, g(c))

∂∇u
n dA

+

∫
∂ΩN

∂ψtraction
external(u)

∂u
dA+

∫
Ω

∂ψ̃
pressure
external (u, c,∇c)

∂u
dV = 0, ∀Ω′ ⊆ Ω, ∀∂Ω′

N ⊆ ∂ΩN .

(37)
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Substituting (34) yields

∇ · σ − pI ′(c)∇c = 0, ∀x ∈ Ω, (38a)

σn = τ , ∀x ∈ ΩN , (38b)

where σ =
∂ψelastic

∂∇u
is the stress-strain constitutive relation. The optimality conditions for c that are subject

to the irreversibility constraint (33c) also follow from the functional derivative (with respect to the rate of the

objective function) and recover the Karush–Kuhn–Tucker conditions, such that∫
Ω

∂ψelastic(∇u, g(c))

∂c
ċ dV −

∫
Ω

∇ ·
∂ψl

fracture(c,∇c)

∂∇c
ċ dV +

∫
∂Ω

∂ψl
fracture(c,∇c)

∂∇c
· nċ dA

+

∫
Ω

∂ψl
fracture(c,∇c)

∂c
ċ dV +

∫
Ω

∇ ·
∂ψ̃

pressure
external (c,∇c)

∂∇c
ċ dV −

∫
∂Ω

∂ψ̃
pressure
external (c,∇c)

∂∇c
· nċ dA

+

∫
Ω

∂ψ̃
pressure
external (c,∇c)

∂c
ċ dV +

∫
Ω

∂ψ̇dissipation(ċ)

∂ċ
ċ dV = 0, ∀Ω′ ⊆ Ω, ∀∂Ω′

N ⊆ ∂ΩN .

(39)

Again, substituting (34) yields

φf > 0, ċ > 0, φf ċ = 0,

with φf =

ηċ−∇ · ξ +
Gc

c0l
α′(c)− Y, ∀x ∈ Ω,

ξ · n+ pI ′(c)u · n, ∀x ∈ ∂Ω
,

(40)

where ξ =
∂ψl

fracture

∂∇c
=

2Gcl

c0
∇c is the thermodynamic conjugate to∇c, and Y is the generalized fracture

driving force consisting of contributions from the active elastic energy density as well as work done by

pressure

Y = −g′(c)ψ〈A〉
elastic + pI ′(c)∇ · u. (41)

With a view toward the solution strategy, using a variational inequality solver (e.g., a primal-dual active

set algorithm) to enforce the irreversibility constraint requires discretization of the fracture envelope φf only

on the inactive sets ċ > 0 and φf = 0. Hence, only the weak form in the case of φf = 0 is outlined below.
Given g, τ , and c0, find u ∈ U and c ∈ C, such that ∀δu ∈ V and ∀δc ∈ Q,∫

Ω

σ : ∇δu dV +

∫
Ω

pI ′(c)∇c · δu dV −
∫

∂ΩN

τ · δu dA = 0, (42a)

∫
Ω

ηċδc dV +

∫
Ω

ξ ·∇δc dV +

∫
Ω

Gc

c0l
α′(c)δc dV −

∫
Ω

Y δc dV +

∫
∂Ω

pI ′(c)u · nδc dA = 0. (42b)

Furthermore, the macro-scale pulverization behavior is approximated by using periodic boundary conditions

(PBC). PBCs are useful for avoiding the boundary effects caused by finite size and for making the system

deform like an infinite one. In Multiphysics Object-Oriented Simulation Environment (MOOSE), the global

strain system was implemented to enforce thePBC [39]. The global strain system can capture the deformation

with applied loads while still maintaining the periodic strains.
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4.2. Mesoscale Fragmentation Results

In FY 2025, the phase-field fracture model for quasi-brittle fracture with pressurized bubbles has been

extended to the dark zone. To simulate the fragmentation behavior in the dark zone, we start by initializing

the microstructure from the mesoscale simulations presented in Section 2. The model is updated to use the

MD-informed fracture stress and energy release rate for grain boundaries [40]. Furthermore, the temperature

effect is included in the simulations. A typical LOCA test usually ramps the temperature at a rate of 5 K/sec.

In this case to reduce the computational cost, we use a linear temperature ramp rate of 10 K/sec. This speeds

up the simulations without affecting the critical stress at which the fracture occurs. The critical fracture stress

of the material decreases with increasing temperatures [41, 42].

Figure 23a shows the crack propagation captured using the phase-field fracture simulations performed on

two dark-zone-specific initial conditions. Two grain morphologies with different restructuring stages and

grain sizes have been selected in this case. In both cases, crack propagation initiates from the larger bubble

and similar crack growth patterns are observed. Formation of new GBs due to grain subdivision weakens the

material and creates a GB network that facilitates crack propagation leading to fragmentation. The critical

bubble pressure and temperature at which pulverization occurs are similar for both the cases presented here.

This indicates that the fragmentation is primarily governed by the operating conditions and bubble pressure,

rather than restructuring fraction and grain sizes. Here, the fragmentation criteria is defined by the crack

initiation, rather than a crack propagation criteria. Table 6 lists the critical stress and temperature at which

fragmentation begins under LOCA conditions for different external pressure. It is observed that critical bubble

pressure at which fragmentation occurs increases with increasing external pressure. The critical pressure

inputs will be provided to BISON for further fuel performance assessments.

(a) (b)

Figure 23. Fracture behavior in the dark zone with no eternal pressure.
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Simulation External

Pressure

(MPa)

Temperature

(K)

Critical

Fracture Stress

(MPa)

Critical

Bubble

Pressure

(MPa)

Case I 0 1260 296.77 160.0

30 1300 255.66 171.43

60 1340 217.46 182.86

Case II 0 1250 307.5 157.14

30 1290 265.67 168.57

60 1330 226.74 180.0

Table 6. Fragmentation criteria from the phase-field fracture simulations using dark zone microstructures.

32



5. CONCLUSION

In conclusion, we present a novel phase-field model for predicting the restructuring observed in high

burnup UO2 fuel. We demonstrated how different parameters such as burnup rate and temperature influence

the subgrain formation rate and restructuring predicted at the mesoscale. The key characteristics demonstrated

by the model are as follows:

• Subgrain formation begins around existing fission gas bubbles, then proceeds toward triple junctions, grain

boundaries, and grain interiors.

• A restructuring bias is observed within the microstructure, due to variation in dislocation density among

different grains.

• The rate of restructuring increases with an increase in initial dislocation density, rate of dislocation

accumulation, and subgrain formation rate.

• The rate of restructuring and the average grain diameter decrease with decreasing fuel temperature.

• The restructuring occurs faster with higher burnup rates, resulting in smaller grain sizes.

The model presented in this work can be used to simulate the restructuring observed in different radial

locations of the fuel (dark zone vs. rim regions) by choosing appropriate initial microstructural characteristics,

temperatures, and burnup rates (Figure 24).

Figure 24. Restructuring along fuel radius demonstrated with simulated microstructures representing

morphologies observed in different radial zones.

Based on the mesoscale simulations, a mechanistic model for restructuring and grain size evolution was

implemented in BISON. Thus, this work provides a first-of-its-kind restructuring model for different regions

of high burnup fuel to BISON. It was shown that the model predicts similar microstructural characteristics

and grain size evolution along fuel radius as those observed in experiments. This model enables BISON to

appropriately assess the effect of restructuring on the transient fission gas release (tFGR). However, there are

some limitations of the current work that should be addressed in future work. The model currently assumes

that the restructuring begins with the formation of subgrains, and does not distinguish between subgrains

with LAGBs and those with HAGBs (as observed in different regions of the fuel). Additionally, the subgrain

formation criteria rely on a predefined subgrain size and geometric factors derived from experimental

observations. It is noteworthy that despite these limitations, the model realistically captures the grain

morphologies and average grain sizes, as evidenced by comparison with experimental results. The generated

microstructures can be used to assess the properties and performance of the restructured fuel [28, 43].
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The mesoscale restructuring model currently uses an isotropic empirical correlation for burnup-dependent

dislocation evolution, which fails to account for the effects of grain orientation, fission rate, and temperature.

To address these limitations, a more mechanistic multiscale approach is necessary. A mechanistic model for

dislocation density from the literature [7] was evaluated; however, the model failed to match experimental data.

Based on this, future work will consider different physical forms for dislocation creation and annihilation, as

has been proposed in other work for materials other than UO2.

Finally, phase-field fracture simulations with dark-zone-specific microstructures were presented to provide

the fragmentation criteria for the dark zone. This provides a critical link from microstructure to performance

that is especially relevant for stakeholders concerned about fuel fragmentation, relocation, and dispersal.

However, future work is needed to implement this dark zone fracture criteria in BISON and validate it using

integral fuel irradiation. The current modeling approach also assumes that the fracture properties calculated

using atomistic methods for rim-region high-angle grain boundaries are also applicable for the lower grain

boundary angles typically found in the dark zone. This assumption should be tested through additional future

atomistic calculations.
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