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ABSTRACT

Isotopic taggants are being considered as an additive for UO, manufacturing to improve nuclear security.
Before taggants can be adopted, it must be determined whether taggants have any effect on the fuel
microstructure or performance. As part of this effort, a grand potential formulation of the phase field
method was used to model untagged, Cr-tagged, and Fe-tagged UO,. The simulations were compared to
determine whether the taggants had any effect on fuel density or grain size. The results suggest that the
taggants will not affect the density or grain size, but these findings may not be reliable because of high
uncertainty. Causes of the uncertainty were discussed, and future work is proposed to reduce the model
uncertainty.

1. INTRODUCTION

The nuclear security community is investigating the addition of isotopic taggants in nuclear fuels to aide
in and expedite the provenance assessment of nuclear materials that are found outside of regulatory
control [1, 2]. These taggants would consist of small concentrations of one or more isotopes added to the
fuel during manufacturing, similar to dopants. The taggants would be added during fuel manufacturing to
make the fuels easily identifiable to the facility they were manufactured in. As part of this effort, the
effect of taggants on fuel performance must be quantified. Dopants such as Cr can change the fuel
microstructure and affect the fission gas release (FGR) behavior of fuel during reactor operation [3-10].
Therefore, it is important to understand the effects of each candidate taggant on the fuel microstructure
and how that microstructure affects the fuel performance.

UO; fuel pellets are manufactured via a process called sintering in which the solid material is heated to
nearly melting, and the individual particles coalesce into a single porous polycrystalline mass. Sintering is
governed by diffusion and grain growth effects. The thermodynamics and kinetics of the process are
complex and governed by the interactions between point defects, grain boundaries (GBs), surfaces,
pressure, and temperature. Furthermore, sintering is highly sensitive to relatively small changes in factors
such as the O/U ratio of the fuel, the sintering atmosphere, and the presence of minor impurities (e.g.,
dopants or taggants) [11]. The porosity and grain size distribution that sintering creates affects the
performance of UO; during reactor operation, and the largest effect is on FGR. Large-grain UO,
undergoes less FGR than small-grain UO,. Furthermore, adding a dopant such as Cr will increase the
grain size of the fuel [4]. However, the mechanism by which dopants affect the grain growth is not fully
understood. A recent model proposed by Cooper et al. suggests that the dopants change the charge state of
the fuel atoms. The conservation-of-charge principle requires that additional vacancies form in the
material to offset the charge [8, 9]. This mechanism led to the development of a density functional theory
(DFT) model to calculate the U-vacancy concentration and efforts to model Cr- and Mn-doped UO-
sintering using the phase field method [9, 10]. A similar approach can now be used to evaluate the
microstructural effects of taggants on UO;.

The phase field method uses field variables to describe conserved and non-conserved variables [12]. The
method can predict microstructure evolution without the need for interface tracking, thereby reducing the
computational complexity compared to other microstructural models. At least three phase field models
have been developed for sintering: the Wang rigid body motion model in 2006 [13], the 2019 grand
potential formulation by Hotzer et al. [14], and another grand potential formulation developed by Aagesen
et al. [15] in 2018 and applied to sintering by Greenquist et al. in 2020 [16]. This work uses the Aagesen—
Greenquist formulation [10] and applies Cooper et al.—calculated vacancy concentrations to model tagged
sintering [9].



None of the phase field sintering models listed above fully capture sintering kinetics. For example, none
of the models can model sintering atmosphere composition and pressure or variations in the O/U ratio of
the fuel. In addition, limitations on the simulation size and high uncertainty in the self-diffusion
coefficient of U have contributed to high uncertainty in the sintering model to the point that full model
validation is not feasible [16]. The model can only be used to make relative comparisons between dopant
behaviors [10]. For these reasons, the predictions made by these models require experimental validation
before being used to make design decisions.

Section 2 provides a description of the phase field model used. Although some values are derived, this
description is only a summary. More complete derivations are described in the literature [15, 16]. Section
3 describes the simulations performed for this work, including descriptions of how the initial condition is
generated and how the density is calculated. Section 4 describes the simulation results. Finally, Section 5
provides a summary of the work performed, draws conclusions based on the results, and recommends
future work to improve the model’s accuracy.

2. MODEL DESCRIPTION

Non-conserved field variables include N order parameters (OPs), 77 = {n4,15, ..., x }, Which represent the
individual crystal grains that make up the matrix (m) phase and one OP, ¢, that describes the void (v)
phase. The OPs are governed by the Allen Cahn equation [17]:
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where L,, and L,,, are the phase mobilities for the void and matrix phases, respectively, and Q is the grand
potential function. The grand potential function is [15] given by Eq. (2):
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v

where V' is the volume, e is the bulk energy coefficient, x is the gradient energy coefficient, f is the bulk
energy function, f; is the gradient energy function, h,, is a switching function, and w,,, and w,, are the
local potential density functions for the m and v phases, respectively. The bulk free energy has the form
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This function ensures that it is energetically preferred to have exactly one OP equal to 1 and all other OPs
equal to 0. The gradient energy has the form

N
fo = %((qu)z + Z(Vnif). @

This form applies an energy penalty to high gradients, thus ensuring the interfaces between OPs are
smooth.

The diffusivity of U atoms is much lower than the diffusivity of O atoms, making U the rate-limiting
species [16]. Furthermore, it has been shown that the effects of interstitials are negligible in U sintering
(at least in this model) [18]. Therefore, only U vacancies are considered in the model. The U vacancy
density, p, is described by the diffusion equation
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where D is the diffusion tensor. Chain rule expansion can be used to describe the time derivative of p by
the chemical potential u and the OPs according to
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Equations (5) and (6) can then be combined into a governing equation for the chemical potential
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where y = Z—Z is the susceptibility. Equations (1) and (7) are the primary governing equations of the
system.
The chemical potential is a function of the phase-specific vacancy density
o O _ O
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where p,,, and p,, are the phase-specific densities, and f,,, and f,, are the free energies of vacancies in the
m and v phases. The free energies are approximated as parabolic curves

1
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where k., and k,, are parabolic coefficients, and py and p.? are equilibrium vacancy concentrations. The
vacancy density can be defined in terms of chemical potential by combining Eqgs. (8) and (9):

u

Pm = P +E,
u

Py = Pyt +k_’ (10)
v

P = hmpm + (1 = hp)py.

The susceptibility from Eq. (7) now becomes

kyp  k, (11)

and the local potential densities from Eq. (2) become
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The Allen Cahn mobilities from Eq. (1) can be defined according to [16]
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where M. is the GB mobility and ¢ is the interface width. The GB mobility is calculated with the
Arrhenius equation

Mgg = My exp (— %), (14)

where M, is the mobility prefactor, Q is the GB mobility activation energy, kp is Boltzmann’s constant,
and T is the absolute temperature.

The energy coefficients € and « are described by the following equations:

€ = hges + (1 — hg)é€gp,
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where g and g are the interface energies for external surfaces and GBs, respectively, and hg is a
switching function that distinguishes surfaces from GBs. Both switching functions, h,,, and hg, are
derived from the same function:
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where ¢, is a constant between 0 and 1. The switching functions are h,, = 1 — H(1) and hg = H(0.3)
[16].

The diffusion coefficient is represented as a tensor to differentiate between bulk, GB, and surface
diffusion. The definition is taken from Ahmed et al. [19]:
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where Dg is the bulk diffusion magnitude, D is the GB diffusion magnitude, and Ds is the surface

diffusion magnitude. The tensor I is the identity tensor, and T?B and T are the normalized directional
tensors for the GBs and surfaces, respectively. The diffusion magnitudes follow the convention of
Greenquist et al. [16]:
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where Dy and E are the Arrhenius prefactor and migration energy, respectively, and w and wg are
weight factors applied to the GB and surfaces, respectively.

The matrix equilibrium vacancy concentration from Egs. (9), (10), and (12) is defined as follows:

P =P+ 4(.0615 —pp)(1—2)%,
A=k, (19)
i=1

where pg and pgp are the equilibrium solid-phase vacancy densities in the bulk (grain interiors) and on
GBs, respectively.

In this model, the solid vacancy densities are the only property affected by the taggants. Therefore, they
must be calculated depending on each taggant. Arrhenius functions were fit to the vacancy concentrations
plotted by Cooper et al. [9] for each curve to give the following concentration curves:
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where pg ; and pgp ; are the bulk and GB equilibrium vacancy densities for taggant j, cg ; is the vacancy
concentration, and V is the atomic volume of a vacancy. The Arrhenius constants A; and B; are fit to

individual taggants. Finally, E; is a GB defect formation energy. For untagged fuel, the Arrhenius
constants have the following values:

2.751x 1075, T < 1108.6

1.957 x 1078, T > 1108.6°

5 - {0.26, T < 1108.6 (21)
un = 13.15, T > 1108.6'

A = |

For Al-, Cr-, Fe-, Ti-, and V-tagged fuels, the values are as follows:

AAl = Auns
BAl = Buna
4 _{ Ayn, T < 1808.3
¢r 7 18.357 x 1073, T > 1808.3°
B _{ B,,, T < 1808.3
Cr = -2.46, T = 1808.3°
2 _{ Ay, T < 1896.4
Fe —13.048 x 107%, T > 1896.4°
B _{ Byn, T < 1896.4
Fe = 1-219, T > 1896.4°
A _{ Ayn, T < 1786.4
TE = 16495 x 7, T > 1786.4°

(22)

(23)

(24)

(25)



Bun, T < 1786.4

Bri = {—0.93, T > 17864
{ A, T < 1896.4
AV =

8.959 x 10%, T = 1896.4°
Byn, T < 17184 (26)

By = {—4.58, T > 17184

The untagged and tagged bulk U-vacancy concentrations produced by Egs. (20)—(26) are shown in Figure
1. Because all taggants increase the U-vacancy concentration, the taggants are expected to increase the
sintering rate, thus increasing the density and average grain size.
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Figure 1. Equilibrium bulk U-vacancy concentrations as a function of temperature for untagged, Cr-, Fe-,
Ti-, and V-tagged UO,.These values do not match the values used in the previous doped sintering study
[10]. The 2020 paper used an updated potential for the vibrational entropy in the DFT formulation, but
only Cr and Mn were considered in that study. Therefore, the concentrations from the 2018 paper were
used for this work [9]. The 2020 concentrations are approximately 100 times higher than the 2018
concentrations.

The remaining constant values used in the model are provided in Table 1 along with units and references.
The number of OPs, N; the interface thickness, #; and the temperature, T, are set in Section 3 because
they are simulation-specific parameters.

Table 1. Constant values used in the grand potential sintering model

Name Value Units Ref.
Py’ 1/V, nm-® —
OF 19.7 eV nm2 [20]
Ocn 9.86 eV nm2 [21]
D, 8.33 x 10° nm2 st [16]

E 3.608 eV [16]
Egs 15 eV [10]
kg 26.8 eV nm3 [18]
k, 26.8 eV nm3 [18]
M, 14759 x 10°  nm*eVist  [27]
Q 2.77 eV [22]
v, 0.04092 nm3 [23]
W 10° — [16]
Weg 108 — [16]




3. SIMULATION SETUP

The simulation was performed using the phase field code MARMOT [24], developed and maintained by
Idaho National Laboratory (INL). All the necessary tools and models for grand potential sintering
simulations are included in MARMOT. The simulations were performed on INL’s Sawtooth cluster
computer [25].

The first step to designing the simulation is to determine the number of particles and the particle size
distribution. A uniform particle size was selected because it facilitates a relatively high interface width,
which in turn allows for a coarser mesh and lower computational cost. This decision should not
significantly affect the sintering results because the initial particle size distribution only negligibly affects
the sintering behavior [11]. The particles were sized at 700 nm in diameter to match the average diameter
of particles sintered in the experimental portion of this project. The particle sizes were estimated by
measuring distances on images taken of the unsintered powder, such as the one shown in Figure 2.
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Figure 2. Example image of unsintered UO, powder used to estimate the average particle size.

To limit the mesh size, a cubic mesh with cubic elements was used. The mesh was 10,000 nm per side,
and elements were 100 nm per side. This element size/particle size ratio required that the interface width,
£, be set to 300 nm. To maintain an external face to act as a vacancy sink and prevent contact with the
mesh sides, particles were limited to a 7,200 nm region in the center of the domain. Trial and error
determined that approximately 600 particles fit within this region, so 600 particles were used. A custom
Python script based on elastic collision dynamics was used to randomly arrange the particles in a single
compact. The compact is shown in Figure 3. The Python script also used the Greedy coloring algorithm to
assign the particles among 26 OPs such that no two adjacent particles were assigned to the same OP.
MARMOT’s built-in GrainTracker algorithm was used to reassign OPs and prevent grains from
coalescing during the simulations [26].
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Figure 3. The initial powder compact containing 600 particles was generated by a Python script.

Three cases were simulated: untagged, Cr-tagged, and Fe-tagged. These cases were chosen to match
experimentally tested materials. The sintering temperature was set to match the experimental conditions
of 1,700°C. The particles began at room temperature (27°C) and were heated at a rate of 7°C min~*and
reached their peak temperature at 4 h. They stayed at that temperature until the particles coalesced into a

single crystal grain.

The sintered density was measured using the Monte Carlo (MC) technique applied in previous studies
[16]. A convex hull was constructed around the particle/grain centers, the particles were assumed to be
perfect spheres, and MC integration calculated the relative density using a set of random MC points. An
example of this technique is shown in Figure 4. Because of the stochastic nature of this technique, some

noise is expected in the density measurements.



Figure 4. 2D example of the density measurement technique. The convex hull (red) and MC points (red and blue)
are superimposed over an image of the phase field (A = 0 is white, and A = 1 is black). Points that are within the
particles are red and points that are over a void are blue. The relative density is the ratio of the number of red points
to total points.

4. RESULTS

The Cr-tagged simulation ran to completion, reaching a single grain after 5.13 h. The untagged and Fe-
tagged simulations crashed at 4.54 and 4.19 h, respectively. The cause of the crashes is unclear. However,
because all three simulations reached the peak sintering temperature, it was determined the results could
be analyzed. The progression of the Cr-tagged simulation is shown in Figure 5. The density (calculated
using 8,000 MC points per time step) and average grain size of all three cases are shown in Figure 6.



5.12

1.0

Figure 5. Simulation progress of the Cr-tagged case. Only the portions of the mesh where ¢p < 0.5 are shown.
One-eighth of the mesh has been cut out to facilitate visualization of the interior structure. The color represents A.
The time in hours is shown next to each image.
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Figure 6. Density (top) and average grain size (bottom) of three sintering simulations. The simulation
temperature is shown in red for reference along with the times at which both taggants vacancy densities diverged
from the untagged vacancy density according to Egs. (21)—(26).

The density increased so fast that the simulations all reached 100% density before reaching the peak
temperature. This behavior is consistent with previous results [10, 16]. As mentioned in Section 1, two
significant sources of uncertainty exist in the model that may affect this behavior. First, the self-diffusion
coefficient of U in UO; is subject to an abnormally high uncertainty [16]. Even relatively small variations
in this value can significantly change the sintering rate. Second, sintering is a size-dependent process. The
relatively small number of particles that can be simulated results in faster sintering rates than would occur
in experiment-sized simulations.

For both the Cr- and Fe-tagged cases, the densification rate was compared against the undoped case in the
time frame between the vacancy concentrations diverging and one simulation crashing. During this time,
the Cr-tagged grains grew at a rate of 22.7 nm min™* compared with 22.5 nm min* for the untagged case
over the same time. The Fe-tagged grains grew at a rate of 24.2 nm min™* compared with 25.7 nm min™?
for the untagged case over the same time. This behavior contradicts the previous application of the
Aagesen—-Greenguist formulation to tagged sintering [10], which showed Cr-taggants accelerating
densification by 0.74% and grain growth by 230%. It also contradicts experimental measurements which
show the density increasing by 1-2% and grain growth accelerating by up to 700% [27]. This discrepancy
is likely due to the vacancy density curves used in this work, as discussed Section 2.
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5. CONCLUSIONS

A series of phase field simulations using a grand potential formulation was designed to predict the effects
of two taggants on the microstructure of sintered UO,. The formulation was described and established; the
simulation parameters were described. The methods of generating the initial conditions and measuring the
density were described. The simulation was set up with 600 initial particles—significantly more than the
113 and 100 particles used in previous works [10,16]. This increase was accomplished by optimizing the
initial condition to limit the mesh size, optimizing the GrainTracker algorithm to reduce the number of
variables [26], optimizing the PETSc solver options used by MARMOT to solve the governing equations
[28,29], and by pre-splitting the mesh to run on the cluster more efficiently [30]. Simulations were
performed with two taggants and untagged fuel. The results show that the taggants have no effect on the
densification and grain growth rates. This result is promising for the present taggant study. However, the
result is questionable for several reasons. First, it contradicts experimental studies and previous
simulations using the same methodology [10]. Second, the model is subject to several sources of
significant uncertainty that have already been discussed. Third, uncertainty in the equilibrium vacancy
concentrations has carried over to these predictions. Therefore, the most reasonable conclusion that can be
drawn is that the uncertainty of the grand potential sintering model is too high to yield meaningful
predictions.

However, the presence of any of the taggants listed in Egs. (21)—(26) is unlikely to result in smaller grains
or reduced density. The Cooper et al. DFT model predicts that all the taggants would either have no effect
or would increase the sintering rate. Furthermore, the work of Cooper et al. assumed an ideal dopant
concentration in order to maximize the effects of the dopants [9], but this work suggests that a smaller
dopant effect—one that could potentially be achieved by a smaller concentration—would have a reduced
effect or possibly no effect. Unfortunately, nothing in this work can determine what such a concentration
would be or whether it would be a sufficiently detectable amount for use as a taggant.

Future work should include updating the DFT models of all the taggants being considered to reduce the
uncertainty of those input values. This study should, if possible, also consider multiple concentrations of
the taggants. Furthermore, work is needed to reduce the uncertainty of the U self-diffusion coefficient and
to make the phase field simulation tools more efficient (so that more particles can be simulated) and to
prevent simulations from crashing. Once those tasks are complete, these simulations can be repeated and
used to make updated predictions.
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