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Modeling of Thermal Transport Properties in Metallic and Oxide Fuels

Weiming Chen

(ABSTRACT)

Thermal conductivity is a critical fuel performance property not only for current UO; oxide
fuel based light water reactors but also important for next-generation fast reactors that use U-Zr
based metallic fuels. In this work, the thermal transport properties of both UO, based oxide fuels

and U-Zr based metallic fuels have been studied.

At first, molecular dynamics (MD) simulations were conducted to study the effect of
dispersed Xe fission gas atoms on the UO, thermal conductivity. Numerous studies have
demonstrated that xenon (Xe) fission gas plays a major role on fuel thermal conductivity
degradation. Even a very low Xe concentration can cause significant thermal conductivity

reduction. In this work, the effect of dispersed Xe gas atoms on UO, thermal conductivity were

studied using three different interatomic potentials. It is found that although these potentials result
in significant discrepancies in the absolute thermal conductivity values, their normalized values
are very similar at a wide range of temperatures and Xe concentrations. By integrating this unified
effect into the experimentally measured thermal conductivities, a new analytical model is
developed to predict the realistic thermal conductivities of UO, at different dispersed Xe
concentrations and temperatures. Using this new model, the critical Xe concentration that offsets
the grain boundary Kapitza resistance effect on the thermal conductivity in a high burnup structure

is studied.



Next, the mechanisms on how Xe gas bubbles affect the UO, thermal conductivity have
been studied using MD. At a fixed total porosity, the effective thermal conductivity of the bubble-
containing UO; increases with Xe cluster size, then reaches a nearly saturated value at a cluster
radius of 0.6 nm, demonstrating that dispersed Xe atoms result in a lower thermal conductivity
than clustering them into bubbles. In comparison with empty voids of the same size, Xe-filled
bubbles lead to a lower thermal conductivity when the number ratio of Xe atoms to uranium
vacancies (Xe:Vy ratio) in bubbles is high. Detailed atomic-level analysis shows that the pressure-
induced distortion of atoms at bubble surface causes additional phonon scattering and thus further

reduces the thermal conductivity.

For metallic fuels, temperature gradient and irradiation induced constituent redistribution
in U-Zr based fuels cause the variation in fuel composition and the formation of different phases
that have different physical properties such as thermal conductivity. In this work, a semi-empirical
model is developed to predict the thermal conductivities of U-Zr alloys for the complete
composition range and a wide range of temperatures. The model considers the effects of (a)
scattering by defects, (b) electron-phonon scattering, and (c) electron-electron scattering. The
electronic thermal resistivity models for the two pure components are empirically determined by
fitting to the experimental data. A new mixing rule is proposed to predict the average thermal
conductivity in U-Zr alloys based on their nominal composition. The thermal conductivity
predictions by the new model show good agreement with many available experimental data. In
comparison with previous models, the new model has further improvement, in particular for high-
U alloys that are relevant to reactor fuel compositions and at the low-temperature regime for the

high-Zr alloys.



The average thermal conductivity model for the binary U-Zr fuel is also coupled with finite
element-based mesoscale modeling technique to calculate the effective thermal conductivities of
the U-Zr heterogeneous microstructures. For a U-10wt.%Zr (U-10Zr) fuel at temperatures below
the y phase transition temperature, the dominant microstructures are lamellar 8-UZr; and a-U.
Using the mesoscale modeling, the phase boundary thermal resistance R (Kapitza resistance)
between 3-UZr; and a-U has been determined at different temperatures, which shows a T+
dependence in the temperature range between 300K and 800K. Besides, the Kapitza resistance
exhibits a strong dependence on the aspect ratio of the 6-UZr; phase in the alloying system. An
analytical model is therefore developed to correlate the temperature effect and the aspect ratio
effect on the Kapitza resistance. Combining the mesoscale modeling with the newly developed
Kapitza resistance model, the effective thermal conductivities of many arbitrary 6-UZr; + a-U

heterogeneous systems can be estimated.



Modeling of Thermal Transport Properties in Metallic and Oxide Fuels

Weiming Chen

(GENERAL AUDIENCE ABSTRACT)

Thermal transport in nuclear fuels is critical for both energy conversion efficiency and
nuclear energy safety. Therefore, understanding the thermal transport properties such as thermal
conductivity of nuclear fuels is not only important for current UO; oxide fuel-based light water
reactors but also critical for next-generation fast reactors that use U-Zr based metallic fuels. The
thermal transport mechanisms in the two fuel types are fundamentally different: the predominant
heat carriers in UO; are phonons while they are electrons in U-Zr. This work studies the thermal

transport properties for both types of nuclear fuels.

At first, molecular dynamics (MD) simulations were conducted to study the effect of
dispersed xenon (Xe) fission gas atoms on the UO; thermal conductivity, because Xe is the major
fission gas product and even a small concentration of Xe can cause significant fuel thermal
conductivity reduction. In this work, three different interatomic potentials were used to study the
Xe effect. It is found that although these potentials result in significant discrepancies in the absolute
thermal conductivity values, the normalized values are very similar at a wide range of temperatures
and Xe concentrations. By integrating this unified effect into the experimentally measured thermal
conductivities, a new analytical model is developed to predict the thermal conductivities of UO»
at different Xe concentrations and temperatures. Then this new model is used to study how
dispersed Xe influences the effective thermal conductivity of heterogeneous UO> microstructures

with different grain sizes.



Next, we focused on how the presence of Xe bubbles degrades the effective UO» thermal
conductivity using MD. The effects of both Xe gas bubble size and pressure were examined. Our
results show that dispersed Xe gas atoms or small Xe clusters result in a lower thermal conductivity
than clustering them into larger bubbles if the total porosity is fixed. In comparison with empty
voids of the same sizes, a Xe-filled bubble leads to a lower thermal conductivity when the bubbles

pressure is high, because the distorted bubble surface can cause additional phonon scattering effect.

Besides the UO» based oxide fuels, U-Zr based metallic fuels are promising fuel forms for
next-generation fast reactors due to their high thermal conductivity. In this work, a semi-empirical
model with a single set of parameters is developed to predict the average thermal conductivities of
U-Zr alloys for the complete composition range and a wide range of temperatures. The thermal
conductivities predicted by the new model have good agreement with many available experimental

data, even if some experimental data are not included in the model fitting.

The above thermal conductivity model for the binary U-Zr alloy has been coupled with
finite element-based mesoscale modeling to calculate the effective thermal conductivities of U-Zr
heterogeneous microstructures containing o.-U and 8-UZr, lamellar phases. Using the mesoscale
modeling, the phase boundary thermal resistance R (Kapitza resistance) between 6-UZr; and a-U
has been determined for a wide range of temperatures as well as the aspect ratio of the lamellar d-
UZr: phase. An analytical model is therefore developed to correlate the effects of temperature and
aspect ratio on the Kapitza resistance. Combining the mesoscale modeling with the newly
developed Kapitza resistance model, the effective thermal conductivities of many U-Zr

heterogeneous systems can be accurately estimated.
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Chapter 1: Overview

Since the first nuclear reactor was built around 1950°s in USA, the nuclear energy has
become a reliable source of electrical energy, which makes up of world’s 13% electrical energy
consumption [1]. Due to the limited availability of resources like oil, natural gas and coal, there
has been a growing demand for this alternative clean and economic energy source. The current
commercial reactors are predominately light water reactors (LWRs), which are thermal reactors
and use UO; or UO; based mixed oxides as the fuels. Recently, the next-generation fast reactors
such as sodium-cooled faster reactors have received significant interest, which are proposed to use
U-Zr or U-Pu-Zr based metallic fuels. In nuclear reactors, the fuel safety and thermal energy
conversion efficiency are of major concerns, in which the fuel thermal conductivity plays a vital
role [2-4]. In reactors, radiation causes complex microstructural evolution in nuclear fuels, which
degrades the fuel thermal conductivity significantly. Therefore, understanding how radiation-
induced small defects (e.g., point defects and their clusters) and large microstructural features

affect the fuel thermal conductivity is critical for the safe use of both metallic fuels and oxide fuels.

1.1 Oxide fuels

Nowadays the widely deployed reactors are generation-II type reactors, which are light
water reactors (LWRs). The generation-III light water reactors are the emerging reactor type
during the recent two decades. The LWRs are primarily fueled with UO> or (U, Pu)O,. And there
are growing interests on alternative fuel types such as U-Si fuels for future LWRs [5, 6], since U-

Si fuels showed certain advantages over UO, fuels. However, the significant swelling of U-Si fuels



in reactor conditions could be problematic. To date, UO, based oxide fuels are still the dominant
fuel types in LWRs. In this report, the current knowledge and our work of UO: fuels will be
explained. There are several advantages of UO; fuels. Frist of all, oxide fuels have been highly
commercialized over the decades. Secondly, UO- has a very high melting point, which enables a
wide range of operating temperatures. Last but not least, UO; fuels are very stable since there is
no phase change at high temperatures and there is only minor thermal expansion and swelling

when subjected to high temperatures and irradiation.

There are also a few disadvantages of UO; fuels. As mentioned previously, its thermal
conductivity is a critical metric for fuel performance. However, one of the biggest problems is that
even in its pristine form, UO, has a very low thermal conductivity [7]. Due to the low thermal
conductivity, a large thermal gradient along the radial direction of the fuel rod can build, leading
to fuel restructuring with different grain structure [8]. Besides, under reactor environment, the
evolution of radiation/fission-induced defects and fission products leads to complex
microstructural evolution. The resulted microstructures include grain boundaries (GBs), gas
bubbles, metallic and ceramic precipitates, dislocation loops, etc. [9-12]. In turn the fuel thermal
conductivity decreases significantly with increasing burnup [3]. In addition to these large
microstructures, the fuel matrix also contains some small atomic-level defects such as interstitials
and vacancies, dispersed fission products, as well as their small clusters. Some of them can cause
significant phonon scattering effects to the fuel thermal conductivity [13], which affect the overall
fuel performance. Therefore, development of physics-based models that can predict the thermal
conductivity degradation by both large microstructures and small defects is critical for accurately

predicting the thermal transport behavior of UO; fuels in reactor conditions.



1.2 Metallic fuels

Fast reactors are another type of fission reactor. Although currently there are no
commercial fast reactors available, some experimental fast reactors had been employed in the last
few decades, including the Experimental Breeder reactor (EBR-II), Fast Flux Test Facility (FFTF)
reactor and Fermi I reactor. The fast reactors are well-recognized as the next-generation (Gen-1V)
reactors, and some of them use uranium-zirconium (U-Zr) based metallic fuels. In U-Zr based
metallic fuels, the Zr composition is typically at 10 wt.% (denoted as U-10Zr. Note all
compositions for U-Zr alloys in this report are based on weight percent unless specified differently).
Previously, U-10Zr and U-19Pu-10Zr fuels have been irradiated in the Fast Flux Test Facility

(FFTF) reactor [14] and the Experimental Breeder Reactor II (EBR-II) [15].

There has been increasing interest on the metallic fuels since they show certain benefits
over the oxide fuels [16, 17]. In comparison with oxide fuels such as UO; and (U,Pu)O,, U-Zr
based metallic fuels have higher fissile density and breeding ratio, which will allow for longer
operation before refueling. Besides, metallic fuels have good thermal conductivity to ensure
energy harvesting. Moreover, these fast reactor fuels have the potential to transmute long-lived
minor actinides such as americium (Am) in light-water reactor (LWR) spent fuels, which would

help reduce the volume of radioactive wastes in geological repositories [16].

However, metallic fuels are susceptible to fission gases (e.g., xenon, krypton) induced fuel
swelling [18]. The fuel swelling can induce a physical contact between a fuel rod (also called fuel
slug) and its cladding that is typically made of stainless steels. The contact can result in fuel-
cladding mechanical and chemical interactions (FCMI/FCCI). For instance, a recent study shows
the FCCI phenomenon between U-10Zr fuel and HT-9 cladding (a ferritic/martensitic steel

developed for fast reactor applications) [14], as is shown in Fig. 1.1. The FCCI could lead to
3



cladding failure [16, 19]. The fuel swelling is closely related to the fuel temperature and thus the
fuel thermal conductivity. Therefore, understanding the thermal transport behavior in metallic

fuels is important for predicting the fuel performance in fast reactors.

Fig. 1. 1. Back-scattered electrons (BSE) image of U-10Zr alloy with the HT-9 cladding, which

clearly shows the FCCI phenomenon at the rim region (region C) [14].



Chapter 2: Background knowledge

This chapter mainly describes certain background knowledge of UO, and U-Zr fuels. In
this chapter, we will discuss a very unique microstructure in UO; fuels, 1.e. the high burnup
structure (HBS). For metallic fuels, the constituent redistribution in U-Zr fuels will be explained
in this chapter. During such a redistribution process, the composition varies along the radial
direction of the fuel rod (or called “slug”). In this case, we will discuss the U-Zr phase diagram in

this chapter.

2.1. HBS

For irradiated UO> fuels, there are various microstructure features, including gas bubbles,
grain boundaries, metallic and ceramic precipitates. In general those microstructure features will
reduce the fuel thermal conductivity. However, one interesting microstructural feature in reactor
irradiated UO, fuels is the HBS. HBS typically forms at the rim region of a fuel pellet where the
temperature is much lower than that at the fuel pellet center [9, 20]. During HBS formation, the
average grain size decreases from about 10 um in the original unrestructured fuel to about a few
hundred nanometers in HBS through a grain subdivision process [9]. Interestingly, it has been
experimentally observed that the formation of HBS can improve the fuel thermal conductivity in
comparison with the unrestructured fuel at the same burnup [3, 9, 21], which is counterintuitive
because the increased GB density in HBS should cause more thermal conductivity reduction.
Researchers [21, 22] have argued that the high density of GBs in HBS can effectively remove point
defects from the grain interior and thus reducing the phonon scattering effect. The overall effect is

that the thermal conductivity in the HBS region can be improved after the transformation.



2.2. Constituent redistribution in U-Zr alloys

During a reactor operation, the fuel temperature is higher at the cylindrical fuel rod center
than at the rim region. Therefore, a thermal gradient can build up along the radial direction of a
fuel rod. The combined effects of the thermal gradient and radiation can drive the fuel constituents
to migrate along the fuel radial direction. It has been found in experiments that in both U-10Zr and
U-19Pu-10Zr fuels, Zr migrates to the hotter fuel center while U migrates in the opposite direction
[14, 15]. Pu, if presents in the fuel, does not migrate significantly [15]. As a result, Zr becomes
enriched at the fuel rod center and its molar fraction can exceed 50% in an irradiated U-10Zr fuel
[14]; On the other hand, U becomes enriched at the intermediate region in the radial direction. This
phenomenon is called fuel constituent redistribution, as shown in Fig. 2.1. Hofman et al. [23], Kim
et al. [15, 24] and Galloway et al. [25] have developed mechanistic models for modeling the
constituent redistribution in U-Zr and U-Pu-Zr based fuels, which are based on the thermodynamic
and diffusion properties of the metallic fuels. Due to the fuel constituent redistribution, the local
fuel compositions can be very different from the nominal composition (e.g., U-10Zr). As a result,
the thermal conductivities of those regions with composition variations also change. Therefore, a
temperature- and composition-dependent thermal conductivity model is needed to accurately

predict the fuel thermal transport properties in the irradiated fuels.
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Fig. 2. 1. Constituent redistribution in a U-10Zr fuel from experimental measured [14] (a) Back-
scattered electron (BSE) image of the U-Zr fuel along radial direction and (b) X-ray peaks from
energy dispersive X-ray spectroscopy (EDS). Zr moves towards region A, which is the cold region

and U becomes enriched at intermediate region (region B).

2.3. U-Zr phase diagram

The phase diagram of a U-Zr system [26] in Fig. 2.2 shows that variation of temperature
and alloy composition can lead to the formation of many intermetallic phases. Therefore, the
combination of the thermal gradient and constituent redistribution could cause phase
transformations along the fuel rod radial direction [14, 16]. In the early 1950s [27], it had been
experimentally determined that pure uranium exists three crystalline phases at different
temperatures: orthorhombic o phase, tetragonal 8 phase, and body-centered-cubic (BCC) y phase.
According to the U-Zr phase diagram [26], a phase is the stable phase at temperatures below 668
°C; B phase is stable between 668 °C and 776 °C; y phase is stable above 776 °C until it melts at

about 1133 °C. Both a and 3 phases have limited Zr solubilities while the y phase has a complete



solubility with the BCC B-Zr. In a U-10Zr alloy, the fuel composition before irradiation is nearly
homogenous with a lamellar structure of a-U and 6-UZr» at the room temperature. Here 0 phase
has a hexagonal crystal structure, and its composition is close to Uzr, (or U-43wt.%Zr). This phase
is stable below about 610 °C. Upon the constituent redistribution in reactors, the fuel consists of a
BCC y phase of U-Zr solid solution in the center hot region; In the intermediate region in the radial
direction, the fuel has a (y+p) two-phase coexistence; In the cold rim region, the fuel has a (d+a)

two-phase coexistence. Therefore, a, 3, 0, and y phases all present in the irradiated U-Zr fuels.
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Fig. 2. 2. U-Zr phase diagram [26].



Chapter 3: Dispersed Xe effect on UO: thermal conductivity by Molecular

Dynamics Simulations

The work presented in this chapter is reproduced from [W. Chen and X.M. Bai, “Unified
effect of dispersed Xe on thermal conductivity of UO2 predicted by three interatomic potentials”,

JOM 72, 1710-1718 (2020).], with the permission of Springer Publishing.

3.1 Motivation and current study

In addition to the large microstructure features mentioned in Chapter 2, there are extensive
small defects present in a UO, fuel after irradiation. The typical small defects in a UO, fuel include
nonstoichiometric U0, [28, 29], interstitials and vacancies as well as their clusters [30], and
dispersed fission products (Zr, La, Xe, Kr, etc.) [13]. Unlike interstitials and vacancies that can be
annihilated through defect recombination or loss to sinks and thus their concentrations can be low
at the steady state [31], fission products cannot be annihilated or recombined so that they typically
remain in the fuel (except for fission gas release). Therefore, it is important to understand how the

non-vanishing dispersed fission products affect the thermal conductivity of UO..

MD simulations are widely used to calculate the thermal conductivity of UO; [13, 32-36].
The studied systems include pure UO; [36], and defective UO> containing various types of
dispersed fission products and point defects [13], dislocations [34], GBs [35], helium bubbles [33].
For dispersed fission products and point defects, Liu et al. have shown that dispersed Xe atoms
caused a stronger phonon scattering effect than other fission products (e.g., Zr, La and Pu) and
nonstoichiometric U0, defects [13]. Note that Xe is a major gaseous fission product in the fuel.

It can either aggregate to form intergranular and intragranular bubbles [37], or be trapped by small

9



defects to form dispersed fission gas atoms in the UO> matrix [38-40]. Therefore, it is of great
interest to understand the effect of dispersed Xe on UO, thermal conductivity. Recently Tonks et
al. [32] have conducted MD simulations using the Busker potential to study the effect of dispersed
Xe on the thermal conductivity of UO,. Based on their MD results, a Xe scattering term was added
into the Fink’s semi-empirical model [7] to predict the UO; thermal conductivity at different
dispersed Xe concentrations and temperatures. Note that the Fink’s model is a commonly accepted
thermal conductivity model for unirradiated UO, [7], which was fitted to a wide range of
experimental data. Tonks’s Fink+Xe model has been implemented [22] in the mesoscale fuel
performance software — MARMOT [41]. The model has been successfully used to predict the
effective thermal conductivities of heterogeneous microstructures that contain dispersed Xe atoms,

Xe gas bubbles, and GBs [22, 32].

Despite of the success of Tonks’s model, it was developed based on one single interatomic
potential. It is well known that the accuracy of thermal conductivity predicted by MD strongly
depends on the quality of the potential. For single crystal UO», Chernatynskiy et al. have surveyed
nearly 30 potentials and found that different potentials predict very different thermal conductivities
[36]. Liu et al. [13] have used two potentials to calculate the phonon scattering parameters for
different types of defects in UO,. Although similar scattering terms were found for some fission
products and defects (e.g., Zr, Pu, U, uranium vacancy (Vu)) between two potentials, large
discrepancies exist for some others such as La and oxygen interstitial (Io) [13]. For dispersed Xe,
only the results of one potential (Busker) were shown. Therefore, it is unclear whether large

discrepancies exist between different potentials for dispersed Xe.
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3.2 Methods

In this chapter, the non-equilibrium molecular dynamics (NEMD) method was used to
calculate the thermal conductivities of UO; containing different concentrations of dispersed Xe
atoms at different temperatures, using the LAMMPS package [42]. The primary simulation system
consisted of 6 X 6 X 50 fluorite UO> unit cells with periodic boundary conditions (PBCs)
employed in all directions. In addition, a larger 10 X 10 X 50 supercell was used for spot check
to test the system size effect. Unless specified differently, all reported results are from the smaller
(primary) system. The longest dimension of each supercell (in the z direction) was applied with
thermal gradients for thermal conductivity calculation (Fig. 3.1). Xenon atoms were randomly
introduced into the supercells as substitutional defects to replace uranium atoms but keeping the
number of Xe atoms the same on each side of the heat sink. To maintain the charge neutrality of
the entire system, two neighboring oxygen atoms of each inserted Xe atom were removed. In other
words, each Xe atom replaced a UO> pair. The Xe concentration is defined as the ratio between
the number of inserted Xe atoms to the total number of U sites in the original perfect supercell.
The Xe concentration ranges from 0.33% to 2% in the primary simulation system. The temperature

ranges from 300 K to 1500 K with an interval of 300 K.

Three interatomic potentials were tested: Busker [43], Basak [44] and Cooper-Rushton-
Grimes [45, 46] (referred as CRG potential). All potentials consist of at least a Buckingham term
and a Coulombic term. The Basak potential contains an additional Morse term. The CRG potential
includes an embedded atom method (EAM) term in addition to the other three pairwise terms to
capture the many-body effects. For U-Xe, O-Xe, and Xe-Xe interactions, Buckingham, Morse,

Lennard-Jones or combination of them are used. The Xe related potential parameters can be found

11



in Ref. [47] for Busker potential, Ref. [48] for Basak potential, Refs. [46, 49] for CRG potential.

The interatomic potentials are well described in the next context.

In most of the simulations, the thermal conductivities were calculated at 300 K. To study
the temperature effects, temperatures up to 1,500 K were also used. The time step was 2
femtoseconds (fs) in all simulations. Initially, the system was equilibrated in a NPT ensemble
(constant number of atoms, pressure, and temperature) at 300 K and zero external pressure for 40
picoseconds (ps). Next the simulation was conducted in a NVE ensemble (constant number of
atoms, volume, and energy) with heat input at the ends and heat removal at the middle of the
simulation system along the z direction, as shown in Fig. 3.1. The employment of periodic
boundary conditions meant that two nearly identical thermal gradients were established in the
system. After the system reached the steady state, the temperature profiles were averaged over

about 1.6 nanoseconds (ns). The thermal conductivity k£ was calculated based on the Fourier’s law:

ar

J=-kZ< 3.1

dz’

where /] is the heat flux imposed in the system and dT /dz is the resulting temperature gradient.
Here the heat flux for establishing one thermal gradient was 37.2 GW/m?. To calculate the
temperature gradient, a linear fitting of the temperature profile within an appropriate fitting range
was conducted for each gradient, as shown in Fig. 3.1. The dT /dz in Eq. (3.1) was the average of
the slopes of the two thermal gradients. Therefore, each reported thermal conductivity from the
primary simulation system was based on the average of eight values (four runs, two temperature
gradients each). In the larger system, one simulation was conducted at each condition to save to

computational cost.
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Fig. 3. 1. Snapshot of randomly distributed 0.5 at.% Xe atoms and the NEMD method (“direct
method”) for calculating the thermal conductivity in a UO: system containing dispersed Xe. The
small orange spheres represent uranium atoms, the large blue spheres represent Xe substitutional
atoms, red medium spheres represent oxygen vacancies (removed oxygen atoms) near the inserted

Xe atoms. Oxygen lattice atoms are not shown for clarity purpose.

3.3 Results
3.3.1. Thermal conductivity of pure UQO;

First, the thermal conductivities of pure single crystal UO, were calculated using the three
potentials from 300 K to 1500 K, as shown in Fig. 3.2. These values were used as references for
our later study of the dispersed Xe effect. It can be clearly seen that different potentials predict
very different thermal conductivities. At a given temperature, Busker potential results in the

highest value while the CRG potential gives the lowest. As expected, all potentials predict that the
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thermal conductivity decreases with temperature — a typical phonon-dominant thermal transport
behavior. Previously researchers [13, 36] have used various potentials to calculate the thermal
conductivities of single crystal UO;. The thermal conductivity at 300 K reported by Chernatynskiy
et al. [36] is 17.34 W-m™"K"! for Basak potential and 19.16 W-m™'-K"! for Busker potential,
respectively. These values are in good agreement with our results of 16.10 W-m™-K-! for Basak
potential and 18.99 W-m™!-K-! for Busker potential. Note that Chernatynskiy et al. [36] calculated
the bulk thermal conductivity through solving Boltzmann Transport Equations (BTE). Unlike MD
having finite size effect [50, 51], BTE results are not sensitive to the simulation system size [36,
52]. Therefore, the values reported in Ref. [36] can be used as references to check the accuracy of
our MD results. The thermal conductivity predicted by the GRG potential is 12.05 W-m™-K-! at
300 K in this chapter, which is much smaller than the value of 17.09 W-m™'-K™! calculated by Liu
et al. [13]. However, our value agrees well with 13.5 W-m!-K-! at 300 K reported by Maxwell et
al. [53] using the same CRG potential. The discrepancies may be due to different simulation
methodologies used in these studies. In this chapter all simulations have the same simulation setup.
In addition, only the normalized thermal conductivities are used for describing the effect of
dispersed Xe. Therefore, the effects of system size and simulation setup are expected to cancel out

in this work.
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Fig. 3. 2. Absolute thermal conductivities of single crystal UO: predicted by the three potentials

and Fink’s model for fully dense UQO: at different temperatures. Error bars represent standard

deviation and some of them are smaller than the symbol size.

3.3.2. UO2+Xe thermal conductivity model

Based on many experimental thermal conductivity data of unirradiated UO», Fink [7]
developed a semi-empirical thermal conductivity model as a function of temperature (7) for 95%

of theoretical density,

1 6400 16350
kD) = Fogmgrs + e (25, (3.2)
1000

where the first and second terms on the right-hand side represent phonon-mediated lattice thermal
conductivity and small polaron contribution, respectively; 7T is absolute temperature in Kevin. The

A, B, C values are listed in Table 3.1. Equation (3.2) can be scaled to 100% of theoretical density
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by using the same equation as in Fink’s work [7], which was recommended by Brandt and Neuer

[54],

% _ 106 _o5_T_
Z=1-(26-055,p. (3.3)

where ks is the thermal conductivity of fully dense UO-, k; is the thermal conductivity for none-
fully-dense UO> with a porosity of p. For Fink’s model (Eq. (3.2)), p = 0.05 is used. The Fink’s
model for fully dense UO; is plotted as the solid line in Fig. 3.2. Clearly, the three potentials

overpredict the thermal conductivity.

Next the thermal conductivities of UO, containing dispersed Xe were calculated using
three potentials. The Xe concentration was 0.33%, 0.67%, 1% and 2%, respectively. Same as for
pure UO2, the temperature range was from 300 K to 1500 K. Since different potentials predict very
different absolute thermal conductivities (Fig. 3.2), the normalized values are used to characterize
the effect of dispersed Xe on the thermal conductivity reduction. The normalized thermal

conductivity is defined as,

_ kxetuo0,(T) (3.4)

N kpure UOZ(T)’
where ke UOZ(T) and kye4yo,(T) are the thermal conductivities of a pure UOz and a UO>

system containing dispersed Xe at temperature 7 predicted by the same potential, respectively.
Figure 3.3(a) shows the normalized thermal conductivities at different Xe concentrations and
temperatures predicted by three potentials. At a given temperature, the normalized thermal
conductivity decreases with the increasing Xe concentration, which is expected because more Xe
atoms cause stronger phonon scattering effect and thus more thermal conductivity reduction. At a

given Xe concentration, the normalized thermal conductivity increases with temperature. This is
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because the anharmonic phonon scattering dominates at high temperatures so that the Xe-induced
phonon scattering becomes relatively weaker. The most interesting trend observed in Fig. 3.3(a) is
that all three potentials predict very similar normalized thermal conductivities at any given
temperature and Xe concentration studied in this work. To check whether the trend is sensitive to
the system size, the normalized thermal conductivities were also calculated using a larger system
(with 10 X 10 X 50 unit cells) containing 1% Xe at 300 K and 1000 K. The Xe distribution was
also different for each potential. The results are shown with smaller symbols enclosed in the two
circles in Fig. 3.3(a). The agreement among three potentials is even better than in the smaller
system. In addition, the results from the larger system align very well with the trend obtained from
the smaller system. The results from the two-sized systems clearly indicate that three potentials
predict consistent phonon scattering effect by dispersed Xe, even though they predict very different
absolute thermal conductivities. This unified effect provides a scientific basis for the later
development of a new analytical model to quantify the effect of dispersed Xe on the thermal

conductivity reduction in UO,.

To describe the effect of dispersed Xe on UO, thermal conductivity, Tonks et al. [32] added

a Xe scattering term into Fink’s model (Eq. (3.2)),

1 6400 16350
A+BT+CT2+axeCY, (L 572 €XP (= T )s (3.5)
1000

k(T) =

where ay, is the scattering parameter for dispersed Xe, Cy, is Xe concentration, d is an exponent,
and other parameters have the same meaning as in Eq. (3.2). They conducted MD simulations
using the Busker potential to calculate the thermal conductivity of UO, containing dispersed Xe.

Then they corrected the MD results to account for the phonon-spin mechanism. Based on their
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MD results, ay,., Cx., and d were determined. Using a similar approach, recently Liu et al. [13]

have determined the scattering parameters of various fission products and point defects.

Table 3. 1. The fitting parameters in Eq. (3.5) for different potentials as well as for the averaged

MD + Fink model.

Am-K-WH | B(m-W1 Cm-K1- tye (m - K d
w1 W)

Fink 7.5408 X 1072 | 17.692 x 1075 | 3.6142 x 1078 - -
Basak 1.671x 1072 | 14.285x 107% | 2.804 x 1078 10.256 0.984
EAM 3.534x 1072 | 14.448 x 1075 | 4.572x 1078 9.216 0.915
Busker 2.315x 1072 | 9.571x10~° | 0.7036 x 1078 5.825 0.888
Average | 7.5408 x 1072 | 17.692 x 107° | 3.6142 x 1078 13.422 0.902

MD + Fink

Since our MD results show that three different potentials predict similar dispersed Xe
effect, we intend to integrate our MD results into Eq. (3.5), using a different approach from Ref.
[32]. Here two steps are used. First, for pure UO; (Cx, = 0), the MD results are fitted to the first
term of Eq. (3.5) so that parameters of 4, B and C are obtained for each potential. Next ay, and d
are obtained by fitting to the MD results at different Xe concentrations, using 4, B and C values

obtained from the previous step. These parameters are given in Table 3.1 for each potential. Since
18



different potentials result in different absolute thermal conductivities, the 4, B and C values are
very different. However, the Xe related terms (ay, and d) predicted by the three potentials are

similar, suggesting that the three potentials predict similar Xe effect, although not identical.

Based on our MD results from three potentials, we use a new approach to re-parameterize Eq.
(3.5). At each Xe concentration, the average values of the normalized thermal conductivities as a

function of temperature are fitted to a second-order polynomial function,
ni = aq; + blT + CiTz, (36)

where i represents a Xe concentration, a;, b;, c; are fitting parameters. The lines in Fig. 3.3(a) are

the fitted results. The fitting parameters are given in Table 3.2.

Table 3. 2. The fitting parameters in Eq. (3.6) for different Xe concentrations.

Xe concentration ai bi (K™1) ci (K™2)
0.33% —1.039 x 1077 4,068 x 1074 0.498
0.67% —1.167 x 1077 4,788 x 107* 0.334

1% —0.963 x 1077 4,633 x 107* 0.247
2% —0.602 x 1077 3.938 x 1074 0.105

Since different potentials predict similar reduction fractions in thermal conductivity (or

normalized thermal conductivities) at a given Xe concentration and temperature, it is assumed that
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the experimental thermal conductivity (Fink’s model) can be reduced by the same fraction as in
MD. Therefore, Eq. (3.6) is combined with the fully dense Fink’s model (the first term of Eq. (3.2)

and Eq. (3.3)),
kave,i =n X kFink—lOO%(T)- (3.7)

Using Eq. (3.7), the realistic thermal conductivities at different Xe concentrations and temperatures
are estimated, which are shown as symbols in Fig. 3.3(b). To obtain a new analytical equation, the
first term of Eq. (3.5) (after converted for fully dense UQO») is fitted to these data to get new ay,
and d (the last row in Table 3.1). The 4, B, C parameters are kept the same as in the Fink’s model.
The thermal conductivities predicted by the new analytical model are plotted as lines in Fig. 3.3(b).
Our fitting gives @y gpe = 13.422 m - K- Wt and d ;. =0.902, which are different from those in
Tonks’s model (ay, = 1.5m - K- W~ and d = 0.45) [32]. The discrepancy could be caused by
different simulation setups between two studies. In addition, we did not use the phonon-spin

correction as in Tonks’s work.
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Fig. 3. 3. (a) Normalized thermal conductivities predicted by three potentials at different Xe
concentrations and temperatures. The symbols in (a) represent MD results and the lines are the
fitting curves of the average of MD data (Eq. (3.6)). The results from a larger simulation system
are shown with smaller symbols enclosed in the two dashed circles. (b) New thermal conductivity
model based on the average of three potentials and Fink’s model. The symbols are calculated from
Eq. (3.7). The lines are plotted based on Eq. (3.5). All thermal conductivities are converted for

fully dense UQO:.

Figure 3.4 illustrates the difference between two models. Note in this figure both terms in
Eq. (3.5) are included and both models are converted to fully dense UO.. When the Xe
concentration is low (0.1% and 0.5%), our model gives a higher thermal conductivity than Tonks’s
model over the entire temperature range. In particular, when the Xe concentration is very low
(0.1%), the thermal conductivity reduction in Tonks’s model is significantly larger than our model.
For example, our model predicts that the thermal conductivity decreases by 17.7% from Fink’s
model at 300 K while Tonks’s model predicts the reduction is 33.7%. On the other hand, our model
gives a lower thermal conductivity when the Xe concentration is greater than 1%. Therefore, the
two models predict qualitatively similar but quantitatively different thermal conductivities.
However, since different approaches were used in the two studies and there are no experimental
data to validate them, our model can be considered as an alternative model for describing dispersed

Xe effect on the thermal conductivity of UO,.
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Fig. 3. 4. Comparison of thermal conductivities predicted by our new model (Eq. (3.5)) and

Tonks’s model. All thermal conductivities are converted for fully dense UQ:.

3.3.3. Effective thermal conductivity of UO; (HBS VS unrestructured fuel)

Using the new model, the thermal conductivity of a UO> fuel matrix can be estimated as
long as the Xe concentration and temperature are known. If the fuel contains some other
microstructural features such as GBs and fission gas bubbles, the effective thermal conductivity of
such a composite system also can be estimated. For example, Bai et al. [22] conducted mesoscale
simulations in MARMOT to calculate the effective thermal conductivities of different
microstructures. Based on the mesoscale simulation results, an analytical “multiplier” model has
been developed to predict the effective thermal conductivity of a composite system containing

dispersed Xe, GBs, and Xe gas bubbles,
ke = ky, X l::;_mB x kbubble’ (3.8)

Xe+GB+bubble km
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where ky, and k,,, are the thermal conductivities of a UO, matrix with and without dispersed Xe,
respectively. Both of which can be calculated from Eq. (3.5) (note: Eq. (3.3) should be used to
convert the thermal conductivity for fully dense UO»); kg is the effective thermal conductivity of
a UO> containing GBs, and ke 1S the effective thermal conductivity of a UO; having bubbles.
In this multiplier model, each term can be evaluated separately [22]. For example, kp,pp1e/Km can

be evaluated by constructing a UO, matrix containing only bubbles.

When a UO; contains some GBs, the effective thermal conductivity (k) can be calculated
based on the grain size (D) and GB thermal (Kapitza) resistance (R) [55]. So the second term on

the right-hand side of Eq. (3.8) can be calculated by

kg _ 1

= -
km 1+km5

(3.9)

For large bubbles, various models have been proposed, as summarized in Refs. [33, 56]. Same as

in Ref. [22], Nikolopoulos et al.’s model [57] is used,

kb;:bbze =(1-p)", (3.10)

where p is the porosity and # is a fitting parameter. The exponent 7 is 1.5 in Ref. [57] based on the
analysis of experimental data for spherical pores and 1.75 in Ref. [22] from mesoscale simulations.

So that Eq. (3.8) can be rewrite as

eff _ 1
K+ xetbubbie = Kxe X T+km R x (1 -p)" (3.11)
D

Equation (3.11) has been calibrated to predict the effective thermal conductivity of a UO>

system having dispersed Xe, GBs, and Xe bubbles [22]. Using a similar approach, here we use our

new dispersed Xe model to re-examine the thermal conductivities in HBS and unrestructured UO,.
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Figure 3.5 schematically illustrates the typical Xe distribution in a HBS and an unrestructured
UOz, which is taken from Ref. [22]. In HBS, the GB density is high because its grain size is small
— typically a few hundred nanometers. These GBs are effective sinks for Xe so that they can
effectively remove Xe in the grain interior of HBS. For simplicity, it is assumed that the dispersed
Xe concentration in the grain interior of HBS is zero and all Xe atoms aggregate to form GB Xe
bubbles (Fig. 3.5(a)). In the unrestructured UO,, the grain size is large — about a few microns. As
a result, the removal of Xe from its grain interior is less effective than in HBS. Therefore, it is
assumed that the unrestructured UO> has dispersed Xe in the grain interior and randomly
distributed Xe gas bubbles (Fig. 3.5(b)). As mentioned earlier, previous experimental studies [3,
9, 21] showed that the thermal conductivity of a HBS could be higher than that of an unrestructured
UQO: at the same burnup, because the surviving dispersed Xe in the unstructured fuel can offset the
GB resistance in HBS [22]. To determine the critical Xe concentration in the unstructured fuel
using our new model, the bubble porosity is assumed to be the same in HBS and unrestructured
UO:> so that the effect of gas bubbles (the third term in Eq. (3.11)) is canceled out in the two
microstructures. By equating the overall effective thermal conductivities of two microstructures,
the critical concentration of dispersed Xe in an unrestructured UO; fuel can be determined by the

following equation,

=14 (3.12)

kxe Dlarge km DHBS.

Here we assume Dygpg. = 3.162 um and Dygs = 0.577 um, which are the same as in Ref.

[22]. Then the critical concentration of dispersed Xe (Cy, ) in the unrestructured UO; is determined
as a function of GB Kapitza resistance (R) at both 300 K and 1000 K, as shown in Fig. 3.6. For

comparison, the critical Xe concentration predicted by Tonks’s model [22, 32] is also shown. Both
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models predict a nearly linear correlation between Cy, and R in the log-log plot. The physical
meaning is that as the GB Kapitza resistance increases, Cy, also increases in order to offset the
increasing thermal conductivity reduction caused by GBs in HBS. Interestingly, each model
predicts almost the same Cy, for 300 K and 1000 K (Fig. 3.6), suggesting that Cy, is not sensitive
to temperature in both models. Compared with Tonks’s model, our model predicts a larger Cy,
when R is smaller than 100 m?-K/GW. For a typical GB Kapitza resistance of 10 m>’K/GW and at
300 K, our model gives Cy, = 5.0 X 10™* in the unrestructured UO, matrix, while Tonks’s model
predicts Cy, = 3.2 X 1075, The two models predict similar results only if the Kapitza resistance

reaches to 100 m2K/GW.

GB GB

/ -
bubble bubble dispersed Xe
(a) (b)

Fig. 3. 5. Assumptions of Xe distributions in two microstructures [22]. (a) HBS. All Xe atoms form
GB bubbles. (b) Unrestructured UO: fuel. Both dispersed Xe atoms (small sphere) and Xe bubbles

(large spheres) are randomly present in the system. (Images reproduced with permission.)
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Fig. 3. 6. Critical Xe concentration (Cx,) in the unrestructured UQO; fuel as a function of GB
Kapitza resistance (R) predicted by our new model and Tonks’s model [32]. (a) T =300K. (b) T

= 1000 K.

In reality, GBs typically do not remove dispersed Xe completely from the grain interior of
HBS. Previous electron probe microanalysis (EPMA) measurement of the Xe concentration at the
HBS region [58] showed that some dispersed Xe still survived. The measurement showed that the
local Xe concentration has dropped from 1.1 wt.% (2.2 at.%) to 0.3 wt.% (0.6 at.%) upon the
formation the HBS [22, 58]. To estimate the overall effective thermal conductivities of the two
microstructures at these Xe concentrations, we use the same parameters as in Ref. [22]: R =
10 m? - K/GW, Dygrge = 3.162 um and Dypg = 0.577 pm. Assuming that there are no bubbles
in Eq. (3.11), our model gives the thermal conductivities of 1.919 W/m-K and 3.645 W/m-K for
the unrestructured fuel and the HBS at 300 K, respectively. As a comparison, Tonks’s model
predicts 2.685 W/m-K and 3.424 W/m-K, respectively. Both models are consistent with
experimental observation that HBS can improve the overall fuel thermal conductivity upon its

formation [3, 9, 21].

26



3.4. Discussions and conclusions

In this chapter, molecular dynamics simulations have been conducted to examine the effect
of dispersed Xe on the thermal conductivity reduction in UO> using three different interatomic
potentials (Busker, Basak and CRG). Although these potentials predict very different absolute
thermal conductivities, the normalized thermal conductivities predicted by the three potentials
have quantitatively similar trends for a wide range of Xe concentrations and temperatures. Based
on this unified phonon-scattering effect by dispersed Xe, a Xe scattering term is obtained from the
average results of the three potentials. This Xe scattering term is added to Fink’s experimental
thermal conductivity model to predict the realistic thermal conductivity at a given Xe concentration
and temperature. In comparison with the existing dispersed Xe model in literature that is based on
one single potential [32], the new model predicts higher thermal conductivities at low Xe
concentration (0.1 at.%) and lower values at high Xe concentration (2 at.%). Since the two studies
are based on different approaches and there are no experimental data for validation, our new model
can be considered as an alternative model to describe the effect of dispersed Xe on thermal

conductivity reduction in UO,.

The new thermal conductivity model is applied to reevaluate the effective thermal
conductivities of a HBS and an unrestructured fuel in UO,. Both our model and the literature model
can qualitatively explain the counterintuitive phenomenon that why a small-grain HBS can have a
higher thermal conductivity than an unrestructured large-grain fuel at the same burnup. As
expected, the quantitative predictions by two models have some discrepancies. Assuming that the
high density of GBs can remove all dispersed Xe in the grain interior of HBS while the large grain

unrestructured fuel still has some survived dispersed Xe atoms, the critical Xe concentration in the
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unrestructured fuel that offsets the GB effect in HBS is estimated as a function of GB Kapitza
resistance at both 300 K and 1000K. In both models, critical Xe concentration is not sensitive to
temperature. At any given GB thermal resistance less than 100 m*>K/GW, our new model predicts
a higher critical Xe concentration than the literature model. At a typical GB Kapitza resistance of
10 m?*K/GW, our model predicts the critical Xe concentration in the order of 10, which is about
one order of magnitude higher than that predicted by the literature model (10°). The model
developed in this chapter may be implemented in fuel-performance codes such as MARMOT as
an alternative model for predicting the dispersed Xe effect on the thermal conductivity reduction
in UO; fuels. The robustness and accuracy of the model may be further improved by using more

dispersed Xe concentrations and distributions, and different system sizes in the future.
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Chapter 4: Effect of Xe bubble size and pressure on the thermal conductivity
of UO: - a molecular dynamics study
The work presented in this chapter is reproduced from [W. Chen, M.W.D. Cooper, Z. Xiao,

D.A. Andersson and X.M. Bai, “Effect of Xe bubble size and pressure on the thermal conductivity

of UO2—Amolecular dynamics study”, Journal of Materials Research 34(13): 2295-2305 (2019).],

with the permission of Springer Publishing.

4.1 Introduction

As we already demonstrated in Chapter 3 that the atomistic-level modeling combined with
mesoscale modeling can well explain certain thermal transport behavior in UO> (e.g., HBS).
Besides the point defects like dispersed Xe gas atoms, it is of great importance to understand the
effects of small defect clusters and large microstructures on the thermal conductivity of UO, at

both atomistic and mesoscale.

Currently, the most widely used semi-empirical thermal conductivity model for
unirradiated UO, was developed by Fink [7], which was fitted to many experimental data and
normalized to 95% of theoretical density. The model correctly captures the phonon-dominant
thermal transport behavior at intermediate temperatures and includes the additional polaron
contribution at high temperatures. In terms of radiation effects, researchers have used computer
modeling to study the effects of point defects and microstructures on the thermal transport
properties of UO, from atomistic to mesoscale [13, 22, 32, 33, 59]. At the atomic scale, molecular
dynamics (MD) simulation method has been widely used to study the phonon scattering effects
induced by point defects, small defect clusters, and extended defects. Liu et al. [13, 32] have used
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MD simulations to quantify the phonon scattering effects on the thermal conductivity of UO»
induced by different types of point defects including dispersed xenon (Xe). The results have been
integrated into Fink’s analytical model [7] to predict the degradation of thermal conductivity at
different defect concentrations [32]. Deng et al. [34] have studied the effect of dislocations on the
thermal conductivity of UO; and found that the effect is small unless the dislocation density is
very high. Chen et al. [35] have calculated interface thermal resistance (Kapitza resistance) of
various grain boundaries in UO; and found that the Kapitza resistance correlates with the grain
boundary energy. Lee et al. [33] have studied the effect of helium bubbles on the thermal
conductivity of UO,. The results showed that helium resolution from bubbles to fuel matrix can
cause additional reduction in thermal conductivity. At the mesoscale, the effects of different
microstructures and their topology on the thermal conductivity of UO, have been studied. Millett
et al. [60] have found that the alignment of gas bubbles at grain boundaries causes more thermal
conductivity reduction than randomly distributed bubbles in UO». Recently, Bai et al. [22] have
shown that the consideration of the topology of microstructures alone in mesoscale modeling may
not be sufficient to capture some important thermal transport behavior in UO;. By including the
atomistic-level phonon scattering effects induced by dispersed Xe in the UO> matrix [32], the work
correctly explains why small-grain high burnup structures can have improved thermal conductivity
than the large-grain counterparts [22]. Mesoscale modeling can also quantitatively predict the
effective thermal conductivities of heterogeneous microstructures that contain dispersed Xe, gas
bubbles, grain boundaries, etc. [22, 32]. It has been shown that the microstructure-based thermal
conductivity model developed from mesoscale modeling can improve the engineering level fuel

performance modeling significantly [32]. Therefore, it is important to understand the effects of
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small defects/clusters and large microstructures on the thermal conductivity of UO; at both atomic

scale and mesoscale.

Fission gases (e.g., Xe, Kr) are expected to have significant effects on the degradation of
the thermal conductivity in UO» [2]. These inert fission gases are insoluble in UO; and they tend
to precipitate as intergranular and intragranular bubbles [61]. In addition, fission gas atoms can be
trapped by defects or defect clusters and become dispersed fission gas atoms in the UO, matrix.
MD calculations have shown that Xe atoms are likely to occupy the Schottky defect sites (one
uranium vacancy and two nearest oxygen vacancies) [40]. Xe may also stay at O vacancy, U
vacancy, UO divacancy, and octahedral interstitial site, depending on the stoichiometry of UO;
[39]. Those defects will diffuse across the defect sites and form into defect clusters. Cluster that
has the radius larger than 0.5nm may be considered as small bubbles, which involves surface
diffusion around the bubble interface [39]. In analytical modeling, gas bubbles are typically treated
as empty voids [62, 63]. Many theoretical models such as Loeb equation [63] and Maxwell-Eucken
equation [62] have been proposed to describe the correlation between thermal conductivity and
porosity. However, the thermal conductivity reduction in these models only depends on porosity
regardless of void size and distribution. These models may be valid for large voids whose size is
much larger than the phonon mean free path (~ a few nanometers). When void size is comparable
with the phonon mean free path, the phonon scattering effects induced by the void surface cannot
be neglected. To include the void size effect, Alvarez’s model [64] has been developed as a
function of bubble size, phonon mean free path, and total porosity. The model predicts that at a
given porosity the thermal conductivity increases with void size initially and then reaches a
staturated value beyond a critical void size. By comparing to the Maxwell-Eucken equation [62],
Tonks et al. [32] have theoratically determined that the critical void radius is about 5 nm. When
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voids are filled with gase to form bubbles, intuitively the effective thermal conductivity may
increase slightly because the gas in bubbles can contribute to the thermal conduction [22], even
though the thermal conductivity of gas is very low. In other words, the Alvarez’s model may be
applied to gas bubbles. However, Lee et al. [33] have used MD simulations to show that helium
bubbles can cause more thermal conductivity reduction than empty voids and the reduction
increases with the increasing helium density in bubbles. The reason is that some helium atoms can
diffuse from the bubbles into the surround UO; matrix. Therefore, they concluded that the helium
resolution from bubbles can cause additional phonon scattering effects. Since the atomic size of
helium is small, the gas resolution process may take place easily. However, such a gas resolution
process may not happen in Xe bubbles because the atomic size of Xe is comparable with that of
uranium. Since Xe is the primary gaseous fission products in UO, fuels and the size of
intragranular bubbles is typically about a few nanometers [65, 66], it is of great interest to
investigate whether small Xe bubbles can cause additional thermal conductivity reduction than

empty voids. To our best of knowledge, such effects have not been demonstrated to date.

In this work, we have examined the effects of Xe bubbles on the thermal conductivity of
UQO: at different Xe bubble sizes. To compare the results, empty voids of the same sizes are also
studied. In these studies, the total porosity is fixed so that the effects of bubble/void size on the
thermal conductivity can be elucidated. The results may help the development of science-based

models to better predict the thermal conductivity degradation due to the presence of Xe bubbles.
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4.2 Simulation detail

Similar to the methodologies described in Chapter 3, non-equilibrium molecular dynamics
(NEMD) method was used in LAMMPS to calculate the thermal conductivities of a UO; system
that contains voids or Xe gas bubbles[50, 67, 68]. The Basak potential [44] was used to describe
the interatomic interactions in UO». The potential parameters are described in Table 4.1. The
simulation system contains 6 X 6 X 75 UO> unit cells with the longest length along the z direction,
as shown in Fig. 4.1. Therefore, the system contains 10,800 uranium atoms and 21,600 oxygen
atoms before any voids or Xe bubbles are introduced. Periodic boundary conditions were
employed in all directions. Different from Lee et al.’s helium bubble work [33] in which only
single bubble was modeled, in our work the primary simulation system contains multiple voids or
Xe bubbles while the total porosity was fixed at p=2% (Fig. 4.1). Using this approach, the effects
of bubble or void size on the thermal conductivity reduction can be compared fairly at the same
porosity. To maintain the charge neutrality of the simulation system, the removed uranium and
oxygen atoms in each void/bubble had the ratio of U:O = 1:2. The largest void/bubble radius was
about 1 nm, in which 108 uranium and 216 oxygen atoms were removed. The smallest vacancy
cluster created in this work contains one uranium vacancy and two oxygen vacancies (1Vu+2Vo),
or one Schottky vacancy cluster. Strictly, small clusters cannot be called as voids or bubbles. Here
we call all these defect clusters as voids or bubbles simply for convenience. To describe the Xe
content in a bubble, the ratio of the number of Xe atoms in a bubble to the number of vacant
uranium sites (i.e., Xe:Vuy ratio) is used. For example, if all the uranium sites in a bubble are

occupied by Xe, Xe:Vy=1.
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Table 4. 1. Potential parameters of Basak potential [44] for pure UO:z and Geng’s potential [48]

for Xe-UQ: interactions. The charges for U and O are qu = 2.4 and qo = -1.2, respectively.

Parameters
U-U U-0 0-0 U-Xe | O-Xe | Xe-Xe
(units)
A;j(eV) | 294.63999 | 693.64877 | 1633.00515 | 4887.7
pij(A) 0.327022 | 0.327022 | 0.327022 | 0.415
c;j(eVA®) 0.0 0.0 3.948788 0.0
D;j(eV) 0.577188
Bij (A1) 1.65
GHON) 2.369
e(eV) 0.0099 | 0.017
a(h) 2.50 4.29

The MD simulation set is the same as described in Chapter 3.2. The only difference is the

input structures, which is described in Fig. 4.1.
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Fig. 4. 1. Illlustration of the NEMD method (“direct method”) for calculating the thermal
conductivity in a UO; system containing multiple Xe bubbles. The filled red circles represent the
temperatures calculated by MD along the z direction of the simulation box. The black solid lines

show the two linear fitting ranges along the temperature profile.

4.3 Results

4.3.1 Validation of the Alvarez’s model

First the thermal conductivity reduction due to empty voids at 300 K was calculated. The
results were used as references for later studies of the effect of Xe-filled bubbles on the thermal
conductivity reduction. For single crystal UO,, the thermal conductivity predicted by the Basak
potential i1s 18.02 W/m-K at 300 K in this work, which is in good agreement with the value of
17.34 W/m-K obtained by Chernatynskiy et al. [36] using the same potential. The small

discrepancy may be caused by different simulation dimensions used in the two studies. Since
35



different potentials predict different thermal conductivities for UO; [36], in this work all thermal
conductivities of void/bubble-containing systems are normalized with respect to the single crystal
value to highlight the effect of void/bubble on the thermal conductivity reduction. Two cases were
studied for empty voids: single void of different radii (thus different porosities) and multiple voids
with a fixed porosity of p = 2%. The results are shown in Figs. 4.2(a) and 4.2(b) respectively. The

simulation results are compared with Alvarez’s model [64],

1.257 -1
Kawarez _ { ks 42 (L)Z (1+ % DY [1 +(0.864 + 0.29e‘Ts)l/r]} ; (4.1)

ks KLoeb

where ks is the thermal conductivity of a perfect single crystal, p is porosity (void volume fraction),
[ is phonon mean free path, and 7 is the void radius. The kz.e» term is a simple model to describe

the thermal conductivity in a porous media and has the form [63],
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Fig. 4. 2. Comparison between the thermal conductivities calculated from MD simulations (filled
circles) and Alvarez’s theoretical model [64] (lines). All MD-calculated thermal conductivities
are normalized with respect to the single crystal value at 300 K. (a) Single void. Different porosity
corresponds to different void radii. The phonon mean free path of | = 9.8 nm is used in Alvarez’s
model. (b) Multiple voids with a fixed porosity of p = 2%. The solid line is Alvarez’s model with |
= 9.8 nm. The dashed line is the perfect fit of Alvarez’s model to the simulation data, which yields

[=11.7 nm.

The advantage of Alvarez’s model over Loeb’s model is that the former includes the
phonon scattering effects when the phonon mean free path [ is comparable or larger than the
bubble radius 7. When [ < r, the phonon scattering effect is negligible and Alvarez’s model is the
same as Loeb’s model (Eq. (4.2)). The comparison between Alvarez’s model and the MD results
for single voids is shown in Fig. 4.2(a). The best fit gives the phonon mean free path of /= 9.8 nm
at 300 K. Previously, Lee et al. [33] obtained the phonon mean free path of /= 3.6 nm at 800 K in
a UO; system with 10 X 10 X 40 unit cells. This discrepancy may be mainly due to the
temperature effect because a higher temperature yields a shorter phonon mean free path. In
addition, the phonon mean free path may depend on the simulation system size [69, 70].
Nevertheless, both studies show that Alvarez’s model can well describe the non-linear decrease of
thermal conductivity with increasing porosity for single voids. The comparison between Alvarez’s
model and the MD results of multiple voids with a fixed porosity of 2% is shown in Fig. 4.2(b). In
this case, the number of voids (vacancy clusters) varies with the void radius, ranging from 2 to 108
Schottky-vacancy clusters. The MD results show that initially the thermal conductivity increases

nearly linearly with void radius then reaches a saturated value of about 0.5 at about r = 0.6 nm (27
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Schottky-vacancy clusters). This critical radius indicates that the phonon scattering mechanism
may change from point-defect-dominant scattering to interface-dominant scattering. It also
indicates that at a given porosity, many dispersed small vacancy clusters can cause more thermal
conductivity reduction than if they aggregate to a few large voids. Therefore, defect clustering can
improve the thermal conductivity. Using the same phonon mean free path as for the single void
case (/ = 9.8 nm), Alvarez’s model slightly underpredicts the thermal conductivity in the linear
regime. The best fit gives a slightly larger value, / = 11.7 nm. The thermal conductivity predicted
by Alvarez’s model keeps increasing with the void radius and eventually will saturate at the value
of 0.98 as predicted by Leob’s model. Tonks et al. [32] compared the Maxwell-Eucken equation
with Alvarez’s model and determined that the threshold void radius for the transition is about 5
nm for a tolerance of 5% between two models. Therefore, the discrepancy in the critical radius
between MD and the theoretical analysis is about one order of magnitude. In addition, the thermal
conductivity reduction in the saturated regime obtained from MD simulations is significantly
larger than that predict by the theoretical models. Similar large discrepancy was also obtained in
Lee et al.’s MD work [33]. The discrepancy may be caused by the finite system size and non-
random distribution of voids in MD simulations. For example, the cross-section area in our MD
simulations is relatively small (6x6 unit cells). Due to the periodic boundary conditions, voids may
align with their periodic images so that the assumption of random void distribution in Alvarez’s
model breaks down. On the other hands, the theoretical models that are purely based on the
porosity (e.g., Leob’s model) were found to disagree with experimental data [57] so that many
different models have been proposed [33]. Therefore, more research is needed to clarify the
underlying reasons for the discrepancies between MD simulations and theoretical models

regarding the critical radius and the thermal conductivity reduction ratio.
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4.3.2 Degradation of Xe bubbles on the UO; thermal conductivity

To study the effect of Xe bubbles on the thermal conductivity, the empty voids studied
above were filled with Xe. Two Xe:Vy ratios were used: 0.5 (half filled) and 1.0 (full filled). The
total porosity in each Xe-containing system is still 2%. Since the system dimensions and pore
configurations are the same for voids and bubbles, the differences in thermal conductivity
reduction between them are simply due to the Xe content in bubbles. The comparison of the
thermal conductivity between three cases (empty voids, half-filled bubbles, and full-filled bubbles)
are shown in Fig. 4.3(a). Similar to the voids, there are two distinct regimes for Xe bubbles: point
defect scattering dominant regime and surface scattering dominant regime. The critical bubble
sizes for the transition are also similar as in the void-containing system, about 0.6 nm. When the
defect cluster size is small, the thermal conductivities in the three cases are similar, although a full-
filled Xe cluster has a slightly lower thermal conductivity than those in the other two cases at the
same cluster size. When the defect cluster size is greater than the critical size, the half-filled
bubbles result in nearly identical thermal conductivities as the empty voids. However, the full-
filled bubbles lead to lower thermal conductivities than the empty voids. In addition, the thermal
conductivity reduction induced by the full-filled Xe bubbles becomes more pronounced as the
bubble size increases. Similar to helium bubbles studied by Lee et al. [33], our results are surprising
because Xe gas can be a heat conducting medium and the Xe addition in a void should lead to a

higher thermal conductivity. However, our MD results show an opposite trend.
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Fig. 4. 3. Effect of pore size and Xe bubble pressure on the thermal conductivity in a system
contains multiple pores. The porosity is 2% in all thermal conductivity simulations. The pore size
is represented by the number of removed UQO: pairs in the pore. (a) Normalized thermal
conductivity as a function of pore size. Three types of pores are studied: empty voids, half-filled
bubbles (Xe:Vy = 0.5), and full-filled bubbles (Xe:Vy = 1.0). (b) Xe bubble pressure as a function

of bubble size.
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4.3.3 Xe bubble pressure effect on the UO; thermal conductivity

It is well known that bubble pressure increases with the Xe density or Xe:Vy ratio in a
bubble. To investigate how the bubble pressure changes when the Xe:Vy ratio varies from 0.5 to
1.0, bubble pressures were calculated based on the virial stresses of Xe atoms for the two Xe:Vuy
ratios at different bubble sizes, as shown in Fig. 4.3(b). Generally speaking, the bubble pressure in
a full-filled bubble is about 4 times higher than that in a half-filled bubble at a given bubble size.
Since small bubbles are over-pressurized [71], bubble pressure decreases with increasing bubble
size. For the full-filled bubbles, bubble pressure is in the range of 16 — 23 GPa, which agrees well
with Liu et al.’s MD results of 15 —25 GPa [71] using a different interatomic potential. From Figs.
4.3(a) and 4.3(b), it seems that there exists a critical pressure or Xe:Vy ratio, below which a Xe
bubble behaves like a void and above which a Xe bubble causes extra thermal conductivity

reduction.

To determine the critical bubble pressure or Xe:Vy ratio for the extra thermal conductivity
reduction, a single bubble with a radius of 1 nm is created. Different Xe:Vy ratios ranging from 0
to 1.0 are used to fill the bubble with Xe. The normalized thermal conductivity as a function of
bubble pressure at 300 K is shown in Fig. 4.4(a). When bubble pressure is low, the thermal
conductivity is close to that of the empty void (i.e., the value at 0 GPa). When bubble pressure is
about 7 GPa, which corresponds to Xe:Vu = 0.75, the thermal conductivity has a clear drop. As
pressure increases further, thermal conductivity decreases almost linearly with pressure. Although

the Xe density in bubbles has a significant effect on thermal conductivity at 300 K, we found that
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this effect becomes weaker at high temperatures. Figure 4.4(b) shows the thermal conductivity as
a function of Xe:Vy ratio at 300 K, 500 K, 1300 K and 1500 K. The results show that the critical
Xe:Vy ratio increases with temperature. For example, the critical ratio is at 0.75 at 300 K, while it
shifts to 0.83 at 500 K. At elevated temperatures (1300 K and 1500 K), the effect of Xe density on
thermal conductivity seems to disappear, suggesting that temperature effects may dominate the
thermal transport at high temperatures. It may also be that the large thermal noises at high

temperatures, some are artificial due to the finite system size, make the effect less discernible.
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Fig. 4. 4. Effect of bubble pressure (or Xe:Vy ratio) and temperature on the thermal conductivity
in a system containing a single pore with r = I nm. All thermal conductivities are normalized to
the single crystal value at the respective temperature. (a) Normalized thermal conductivity as a
function of bubble pressure at 300 K. (b) Normalized thermal conductivity as a function of Xe:Vy

ratio at four different temperatures (300, 500, 1300 and 1500 K).

The thermal conductivity reduction at high Xe:Vy ratios is similar as in the previous helium

bubble work by Lee et al. [33]. In that work, they found that helium atoms can diffuse away from
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a helium bubble into the UO> matrix. The formation of such a diffuse interface was also confirmed
by Liu et al.’s MD simulations [71]. As a result, thermal conductivity is further reduced with
respect to an empty void due to the formation of this diffuse interface. However, such a helium
gas resolution mechanism may not be applicable for Xe because Xe has a much larger atomic size.
To understand the underlying mechanism for the additional thermal conductivity reduction caused
by Xe bubbles, the final positions of atoms near a void/bubble are visualized in Fig. 4.5. The
vectors indicate the displacements of atoms with respect to their initial positions, with arrow tails
showing the initial atom positions. Figures 4.5(a — ¢) show the atom positions around a 1 nm
void/bubble with three Xe:Vy ratios: 0, 0.5, and 1.0, respectively. For the empty void (Fig. 4.5(a)),
only a few oxygen atoms have discerned displacements. For the half-filled bubble (Fig. 4.5(b)),
again only a few oxygen atoms have large displacements, but uranium atoms remain at their
original positions. The Xe atoms have significant displacements, but they never leave the bubble.
When the bubble is fully filled (Fig. 4.5(c)), many oxygen and uranium atoms have distinguishable
displacements. The vector directions indicate that most atoms displace away from the bubble. This
is because the full-filled bubble has a very high pressure, as shown in Fig. 4.3(b). Therefore, the
bubble tends to release its pressure through displacing the surrounding atoms. Interestingly, atoms
above the bubble have more displacements than those below the bubble. This is because the
temperature above the bubble is higher than that below the bubble due to the thermal gradient.
Since a crystal lattice at a higher temperature is softer than that at a lower temperature, these atoms
in the hotter region can be displaced more. It should be noted that Xe atoms do not have noticeable
displacements in Fig. 4.5(c), and they do not diffuse into the matrix either. Therefore, Xe behaves
like a solid when the bubble is fully filled. This observation is consistent with the work by Liu et

al. [71] in which they found that uranium atoms around a Xe bubble were displaced to release the
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bubble pressure for Xe:Vy = 1.0. The interface distortion around an over-pressurized bubble can
cause additional phonon scattering. A similar bubble surface distortion effect on thermal
conductivity reduction was also observed in tungsten with over-pressurized helium bubbles [72].
As aresult, the thermal conductivity is reduced further with respect to an empty void or half-filled
bubble. Therefore, although the phenomenon of additional thermal conductivity reduction in UO>
is observed for both over-pressurized He bubbles [33] and Xe bubbles, the underlying mechanisms
are different. In the former, helium resolution creates a diffuse interface that causes additional
phonon scattering. In the latter, the distorted bubble surface in an over-pressurized bubble induces
the additional phonon scattering. It seems that temperature does not affect the different behaviors
of gas atoms in UO». For example, in the work by Liu et al. [71], both helium and Xe bubbles were
annealed at 1000 K. Helium diffused to the UO; matrix while Xe remained inside the bubble,

which is consistent with our Xe results at 300 K.
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Fig. 4. 5. Visualization of the final atom positions near a bubble or void, with red spheres being U
atoms, blue spheres being oxygen atoms, and green spheres being Xe atoms. The atomic
displacements are indicated by black vectors with the tails representing the initial atom positions.

The vector length is proportional to the actual atom displacement. (a) An empty void with r = 1
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nm. (b) A half-filled bubble (Xe:Vy = 0.5) with r = 1 nm. (c) A full-filled bubble (Xe:Vy = 1.0)

with r = 1 nm. (d) A full-filled bubble (Xe:Vy = 1.0) with r = 0.6 nm.

The above results show that bubble pressure or Xe:Vy ratio is an important factor for
causing the interface distortion. Currently there is no consensus on the pressure or Xe:Vy ratio in
Xe bubbles in UO,. Garcia et al. [73] estimated that the typical Xe gas bubble pressure in UO» is
in the range of 2 — 5 GPa based on their experimental measurements using X-ray absorption
spectroscopy. If this is always true, bubbles may be only half-filled and they may behave similarly
as voids. Based on the experimental measurements and Ronchi’s model [74], Nogita et al. [75]
estimated that Xe bubble pressure was in the range 1.5-15 GPa for a bubble radius between 4 — 10
nm. Based on MD simulations, Liu et al. [71] concluded that the Xe:Vy ratio is likely to be 1.0 in
pre-existing voids if Xe diffusion kinetics allows. The calculated bubble pressure is about 15 GPa
for a 1 — 2 nm bubble. If this happens in reality, bubbles may be fully-filled and they may cause

more thermal conductivity reduction than voids.

It should be noted that bubble surface distortion depends on not only bubble pressure but
also bubble size because smaller bubbles can accommodate higher pressures [71]. To demonstrate
the effect of bubble size, Figure 4.5(d) shows the distortion of surface atoms around a full-filled
bubble with a radius of 0.6 nm (27 Schottky vacancy clusters). Compared with the larger bubble
(Fig. 4.5(c)), the surface atoms around the smaller bubble have much smaller displacements (Fig.
5(d)). As a result, the thermal conductivity of this full-filled bubble is only slightly lower than the

empty void, as shown in Fig. 4.3(a).
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4.3.4 Special Xe clusters

As mentioned earlier, there exists a critical void/bubble size below which point defect
scattering dominates (Fig. 4.3(a)). In this regime, our MD results show that incorporation of Xe
into the small vacancy clusters still leads to the extra reduction of thermal conductivity, even
though the atoms near the clusters do not have much distortion (e.g., Fig. 4.5(d)). To verify this,
we study the effect of Xe incorporation into a special vacancy cluster - octahedron cluster on the
thermal conductivity of UO;. An octahedron cluster consists of six uranium vacancies and eight
oxygen vacancies (6Vu : 8Vo). Previous DFT calculations [39] showed that this cluster is
surprisingly stable so that it may be important for Xe bubble nucleation. In addition, to further
validate that our results are not specific to the interatomic potential, here we use the recently
developed embedded atom method (EAM) potential [45, 46] to study the effect of Xe incorporation
into octahedron clusters. In this potential, an additional EAM component is added to Eq. (4.1) to
include the many-body effects in the UO». The Xe-U and Xe-O are described by the Buckingham
potential, and the Xe-Xe interaction was originally developed the Tang et al. [49]. Note these

potential parameters can be downloaded online [76].

Here the simulation system contained 5 X 5 X 50 UO; unit cells initially. Then 5
octahedron clusters per 1280 uranium atoms were created so that the total porosity in this system
is 2.34% with respect to the uranium sites. In each octahedron cluster, up to 8 Xe atoms were
incorporated. The calculated thermal conductivities were used to fit to a semi-empirical model
[13]:

k = LI (4.6)

T A+BT4CX’
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where 4 and B are parameters for the non-defective lattice, C is a scattering parameter for one type
of defects or clusters, 7 is temperature, and x is the lattice concentration of defects or clusters. The
parameters 4 and B are listed in Table 4.2, which were previously determined by fitting to the spin
scattering adjusted MD data [13]. Therefore, in this work we only need use MD results to
determine the scattering parameters (C) for different number of Xe atoms occupying the
octahedron cluster (nXe : 6Vu : 8Vo). These determined parameters are listed in Table 4.2. Note
a smaller scattering parameter means a higher thermal conductivity at a given temperature. It can
be seen that the scattering parameter has a non-linear relationship with the Xe:Vy ratio. The general
trend 1s that the scattering parameter increases with the increasing Xe:Vy ratio. In other words, the
more Xe atoms incorporated into octahedron clusters, the lower the thermal conductivity. This
trend is consistent with the above results obtained from the Basak potential (Fig. 4.3(a)), indicating
that the conclusions in this work are not specific to the interatomic potentials used. Table 4.2 also
shows that when the Xe:Vuy = 4:6 = 0.667, the scattering parameter increases significantly,
suggesting that a critical Xe:Vy ratio may exist. Figure 4.6 shows the thermal conductivity as a
function of the Xe:Vy ratio in the octahedron cluster at 300 K, which is calculated based on Eq.
(4.6) and the parameters are listed in Table 4.2. Clearly, the thermal conductivity decreases with
the increasing number of Xe atoms in octahedron clusters. Overall, both Basak potential and EAM
potential predict that incorporation of Xe into vacancy clusters or small voids causes additional
decrease in thermal conductivity, which is counter-intuitive and such effect should be included in

mesoscale or analytical modeling.

Table 4. 2. Parameters obtained from MD simulations for predicting the thermal conductivity of

Xe-filled octahedron clusters using Eq. (4.6).
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UO; single crystal parameters

A 3.11 x 1072 mKW 1 [13]

B 2.08 x 107 mW 1 [13]

Octahedron cluster scattering parameters

Crovyavo) 21.83 mKW 1
Cixe:6vy:8v,) 21.87 mKW1
Craxe:6vy:8vo) 23.99 mKW 1
Ciaxe:6vy:8vo) 23.99 mKW 1
Claxe:6vy:8vo) 26.08 MKW 1
Cisxe:6vy:8vo) 30.31 mKwW~1
Cloxe:6vy:8Vo) 29.08 mKW 1
Crxe:6vy:8vo) 31.32 mKwW =1
Ciaxe:6vy:8vo) 39.85 mKW ™1
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Fig. 4. 6. Thermal conductivity of the system containing Xe-filled octahedron clusters as a function
of Xe:Vuy ratio at 300K. The results were calculated based on the EAM potential. (courtesy to

M.W.D. Cooper and D.A. Andersson at Los Alamos National Lab )

4.4 Conclusion and discussion

In this work, MD simulations are conducted to study the size and pressure effects of small
Xe bubbles on the thermal transport properties in UO;. The results are compared with empty voids
of the same sizes to elucidate the role of Xe addition on the thermal conductivity. The results show
that for both voids and Xe bubbles, at a fixed porosity the thermal conductivity initially increases
with pore size then reaches a saturated value, suggesting that there is a transition from point defect
dominant phonon scattering to surface dominant phonon scattering. This transition also
demonstrates that dispersed Xe atoms or vacancies typically result in a lower thermal conductivity
than clustering them into bubbles or voids. The critical radius for the transition is about 0.6 nm,

which is much smaller than the theoretical prediction of 5 nm [32]. In terms of the effect of Xe
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addition, it 1s found that half-filled Xe bubbles (Xe:Vu = 0.5) give nearly the same thermal
conductivity as empty voids, while full-filled bubbles (Xe:Vuy = 1.0) lead to additional reduction
in thermal conductivity with respect to empty voids. Further analysis shows that this effect
becomes important when the Xe:Vy ratio is greater than 0.75. In addition, this effect is found to
exist even when the Xe cluster size is small, although it is not as significant as in the relatively
large bubbles. The results are surprising because it is usually assumed that Xe can serve as a heat
conducting medium [22] so that Xe bubbles can improve the thermal conductivity in comparison
with empty voids. Through visualization of the displacements of bubble surface atoms, it is found
that bubble surface atoms are displaced to release the bubble pressure. In addition, Xe atoms are
found to stay within bubbles because their atomic size is large. The bubble-pressure-induced
surface distortion causes additional phonon scattering and therefore further reduces the thermal
conductivity. This mechanism is different from the helium resolution mechanism in helium
bubbles [33], because helium has a small atomic size and can diffuse into the UO; matrix to form
a diffuse interface. This work suggests that the surface distortion of over-pressurized Xe bubbles
is an important surface scattering mechanism, in particular when bubble size is small such as
intragranular bubbles. Therefore, this mechanism should be incorporated in mesoscale modeling

of thermal conductivity degradation due to small Xe bubbles in the future.
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Chapter 5: Temperature and composition-dependent U-Zr thermal

conductivity model

The work presented in this chapter is reproduced from [W. Chen and X.M. Bai,
“Temperature and Composition Dependent Thermal Conductivity Model for U-Zr Alloys",

Journal of Nuclear Materials 507, 360-370 (2018)], with the permission of Elsevier Publishing.

5.1. Current study on U-Zr thermal conductivity

As suggested by the U-Zr phase diagram, a, 3, 8, and y phases all present in the irradiated
U-Zr fuels. These phases have different Zr compositions and thermal conductivities. In turn, the
phase transformations induced by the constituent redistribution can alter the fuel temperature
profile and affect the fuel performance properties. Therefore, understanding the correlation
between the thermal conductivity and alloy composition as well as temperature is important for
predicting the fuel microstructural evolution and change of fuel physical properties.

There have been extensive studies on the thermal conductivity of U-Zr experimentally and
analytically. The composition- and temperature-dependent thermal conductivities of some U-Zr
alloys have been measured experimentally [77-81]. Most of those data are summarized by Janney
et al. in a new Metallic Fuels Handbook [82]. These results show that the thermal conductivities
of U-Zr alloys increase with increasing temperature, indicating that the thermal transport in U-Zr
alloys is mainly mediated by free electrons rather than phonons. In general, the thermal
conductivity also decreases with the increasing Zr concentration due to the alloying effects of Zr.
Several thermal conductivity models for U-Zr based alloys have been developed by fitting to some
of these experimental data. The early models developed by Ogata [83] and Hofman et al. [84] have

shown reasonable agreement with experimental data. However, these models have limited
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extrapolation ranges in composition and temperature. As Kim et al. [85] pointed out, these models
either predict negative thermal conductivities at room temperature or significantly underpredict
the thermal conductivity at high Zr compositions. Therefore, these models may result in incorrect
predictions of thermal conductivity at the fuel rod center where Zr becomes enriched due to
constituent redistribution. Kim et al. [85] developed a semi-empirical model that has significant
improvement to those early models. This model can predict very reasonable thermal conductivities
of U-Zr alloys as well as other U based alloys for a wide range of temperatures and Zr compositions.
Recently, an improved model based on Kim’s model has been developed and implemented in the
Bison fuel performance code by scientists at Los Alamos National Laboratory (termed as “LANL”
in Bison’s manual) [86]. However, the accuracy of these models is still not very satisfactory for
some composition and temperature ranges. For example, at low Zr (high U) concentrations such
as U-1.5Zr and U-5Zr which are relevant to the reactor fuel compositions, the model overpredicts
the thermal conductivity; At high Zr concentrations such as U-70Zr and U-77Zr (Note according
to our conversion, the U-77wt.%Zr mentioned in Kim’s paper should be U-79.4wt.%Zr for U-
91at.%Zr), the model predicts that the thermal conductivity has a minimum at the low temperature
regime, which is similar to pure Zr. However, the experimental data [78] do not show such a
minimum at these compositions. Instead, the thermal conductivities at these compositions increase
almost linearly with temperature. Such discrepancies may limit the model to be applied to the

regimes outside of the fitting ranges.

5.2. Model development and description
In this Chapter, we have developed a new semi-empirical model that can predict the

thermal conductivities of U-Zr alloys for the full composition range and a wide range of
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temperatures. The model is based on the assumption that lattice (phonon) thermal conductivity is
negligible at temperatures above the Debye temperature. The Widemann-Franz law is applied to
correlate the thermal resistivity with the electrical resistivity. For pure U and Zr metals, the
temperature-dependent thermal resistivities are empirically fitted to the theoretical model that
considers different electron scattering effects [87]. For U-Zr alloys, a semi-empirical mixing rule
is applied to interpolate the thermal conductivities at different Zr concentrations. Compared with
previous models, our model has improvement for predicting the thermal conductivities of U-Zr
alloys, especially for high U (low Zr) alloys and at the low-temperature regime for some high Zr
alloys. As a validation test, the model is used to compare with some independent experimental
results that are not included in the model fitting. Reasonable agreement is obtained for most

compositions and temperatures.

5.2.1 Electronic thermal conductivity
In general the thermal conductivity of a metal is contributed by two major parts: electronic
thermal conductivity (k.) and lattice (phonon) thermal conductivity (k) [87]:

tot e P

Though this rule is valid for most metals, it is difficult to separate these two individual
contributions. In pure metals, it has been argued that the lattice thermal conductivity only
contributes to a very small fraction of the total thermal conductivity [88]. For U-Zr alloys,
experimental measurements show that their thermal conductivities increase almost linearly with
the increasing temperature at temperatures above 300 K [77-79], which is a clear indication that
free electrons are the main carriers for heat conduction in these alloys. If phonons were the main
heat carriers, the thermal conductivities would decrease with temperature. Therefore, in this work,
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the lattice thermal conductivity is assumed to be zero for both pure metals and U-Zr alloys. For
free-electron-mediated thermal transport, the correlation between the electronic thermal
conductivity (k) and the electrical conductivity () can be described by the Wiedemann-Franz law

[87],
; (5:2)

where L is Lorenz number and T is temperature. Note that the Lorenz number is both material and
temperature dependent [87]. Its ideal value (Sommerfeld value) is 2.44x10" V2K-2. Sometimes a
Seebeck coefficient can be included in Eq. (5.2) to capture the thermoelectric effects. However,
the Seebeck coefficient is typically much smaller than the Lorenz number for metals [87] and
therefore it is neglected in this work. The Wiedemann-Franz law shows that the electronic thermal
conductivity can be estimated if the electrical conductivity is known.

According to the Drude theory, the electrical conductivity is proportional to the relaxation
time (7) of electrons during scattering processes, i.e., ¢ « 7. In term of electrical resistivity (p =
1/0), it is proportional to the reciprocal of the relaxation time, p o 771, In metals, electrons are
scattered by three main processes [87, 88]: (a) electron scattering by static imperfections such as
point defects and dislocations, (b) electron scattering by lattice vibrations (electron-phonon
scattering), and (c) electron scattering by other electrons (electron-electron scattering). These
scattering processes increase the electrical resistivity and therefore reduce the thermal conductivity.
According to the Matthiessen’s rule, these scattering processes are assumed to be independent to
each other [87]. Therefore, the total relaxation time can be calculated from the reciprocal addition
of each individual relaxation time. As a result, the total electrical resistivity is simply the sum of
the individual resistivity induced by each scattering process,

P = Pres t Pe—p T Pe-es (5.3)
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where p,..s is residual electrical resistivity due to the scattering process (a), p.—p, and p,_. are
resistivities induced by electron-phonon and electron-electron scattering, respectively. The sum of
Pe-p and p._, 1s called intrinsic resistivity [88]. Sometimes an additional term is added to Eq. (5.3)
to consider the deviation from the Matthiessen’s rule [89].

The electrical resistivity resulted from the electron-phonon scattering process can be

described by the Bloch-Gruneisen theory [87],

T 0,
p,.,(T)= A(_) Js (7)

Oy (5.4)

where 0j is the Debye temperature of the metal, coefficient 4 is a material-specific coefficient,
and the function J,, is defined as,

6 ol x'et
J, (?D)= f dx

o (o) . (5.5)

It has been shown that Eq. (5.4) gives very different temperature dependence on the e-p electrical

resistivity at high temperatures (above Debye temperature) and at very low temperatures:

AT
pA(1)
A0 ) for T=6p (5.6)

5
pe—p(T) = 124.44 (%) for T < 6. (5.7)

For metallic fuels the thermal transport behavior at high temperatures is more relevant to their
applications. Therefore, the e-p electrical resistivity should have a linear dependence on
temperature according to Eq. (5.6) at high temperatures.

For the electron-electron scattering process, the electrical resistivity can be described as
[90]:

Po_o(T) =B -T2, (5.8)
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where B is a material-related coefficient. Equation (5.8) shows that the electrical resistivity induced
by the e-e scattering has a 7> dependence, indicating that the e-e scattering may dominate at high

temperatures.

Using the Wiedemann-Franz law (Eq. (5.2)), the thermal resistivity (i.e., W, = ki = %}

can be related to electrical resistivities due to different electron scattering,

W, = Pres 4 Pe-p | Pe-e (5.9)
LT LT LT

Combining Egs. (5.6), (5.8), (5.9), one can get the temperature dependence of electronic thermal

resistivity of metals at high temperatures,

W, ="24 A, + A4, T, (5.10)

where Ares, Acp, Ace are coefficients to be determined. The electronic thermal conductivity is
simply the inverse of Eq. (5.10). Equation (5.10) is a simplified model for describing the
temperature dependence of electronic thermal resistivity (or conductivity) for metals. It is derived
from quantum mechanics theories with many approximations and assumptions. It may be used to
describe the temperature dependence of thermal resistivity/conductivity for some simple
monovalent alkali metals or noble metals that have nearly spherical Fermi surfaces [87]. In this
work, the temperature-dependent thermal resistivities of pure U and Zr will be fitted to Eq. (5.10)
to determine whether this simple model can be used to describe the thermal transport behavior of

the two metals that have complex electronic structures.

5.2.2 Mixing rule for thermal conductivity of binary alloys
In a binary alloy, one type of alloying element can be considered as an impurity, which

induces additional electron scattering effects on the thermal transport. Assuming aa and ag are the
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respective weight fractions of A and B components in a binary alloy, the relation aa + ag = 1 holds.
The overall thermal resistivity can be described by the model [91],
Wbinary = auWe 4+ agW,p + po/LT , (5.11)
where p, is the residual electrical resistivity induced by the alloying element. The physical
meaning of Eq. (5.11) is that the total thermal resistivity of an alloy has a concentration-dependent
contribution from each alloy component and an additional resistivity from the alloying effects. The
shape of residual resistivity curve may be assumed as a symmetric function of concentration such
as the Nordheim’s rule [92],
po = Cayagp (5.12)

where C 1s a material-dependent coefficient. Although this simple rule works well for Au-Ag
system [93], it is not consistent with many binary systems such as Co-Pd [94]. Tsiovkin et al. [95,
96] have derived a more general formulation to describe the mixing effects on thermal resistivity
in binary alloys. Zhang et al. [97] have adopted such an approach and developed a simplified

equation for the U-Si binary system:

Po =aAaB(CA+CB(a125‘_af2x)). (5.13)

Here we use this simplified equation to describe the U-Zr system and rewrite Eq. (5.11) as,
Whinary = @aWea + agW,p + agap (CA + CB(“J% - aﬁ))/LT. (5.14)
In addition, the material related parameters of L, and L are defined as,
L =C,/LT
Ly=Cp/LT (5.15)

Therefore, the thermal resistivity of a binary alloy can be derived from a simple interpolation

between the thermal resistivities of two pure metal components using the following equation,
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W,

2 2
binary = aAvVe,A + aBVVe,B 0,05 (LA + LB (aB - O‘A))

(5.16)
Equation (5.16) shows that the richer component dominates the total thermal conductivities and

the alloying element reduces the thermal conductivity.

5.3. Results

5.3.1. Thermal resistivity of pure U, Zr

For pure U, the experimentally measured thermal conductivity data at different
temperatures are those summarized by Touloukian et al. [77] and measured by Takahashi et al.
[78]. The thermal resistivities are therefore obtained by taking the inverse of these thermal
conductivity data. In this work, Eq. (5.10) is used to fit to these experimental resistivities and the

parameters are determined by least square fitting. The fitting yields,

Wy = =222+ 0.0358 — 1.454 X 1075T, (5.17)

where Wy, is the thermal resistivity of uranium and 7'is in the unit of Kevin. Given the availability
of experimental data, the valid temperature range is 293 < T < 1173 K. The fitted curve and the
experimental data are shown in Fig. 5.1(a). The fitted resistivity decreases almost linearly with
temperature. The fitted equation (Eq. (5.17)) agrees well with both Touloukian’s [77] and
Takahashi’s [78] data sets. The melting temperature of pure U is about 1406 K (1133 °C).
Therefore, extrapolation to higher temperatures is possible if this nearly linear temperature
dependence holds. Previously, Kim et al. [85] used a 2" order polynomial function to fit to the
same set of thermal conductivity data,
ky_kim = 21.73 + 1.591 X 1072T + 5.907 x 107°T2, (5.18)

The Bison-LANL model [86] adjusts the coefficients in Kim’s model slightly,
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ky_gison = 21.76 + 1.665 X 1072T + 5.167 X 107°T2, (5.19)
The inverse curves of Egs. (5.18) and (5.19) are also shown in Fig. 5.1(a) for comparison. They
give nearly identical resistivities as our model. Fig. 5.1(b) shows the thermal conductivity
comparison between predictions of the inverse of Eq. (5.17) of this report and previous models of

Egs. (5.18) and (5.19).
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Fig. 5. 1. Fitted (a) thermal resistivities curve and (b) thermal conductivity of pure uranium and
pure zirconium as a function of temperature. Previous fitted models [85, 86, 98] for pure U and

pure Zr are also shown.

For pure Zr, the thermal conductivities at temperatures between 298 K to 2000 K have been
measured by many researchers previously. However, the data are very scattered, as summarized
by Fink and Leibowitz [98]. Based on a statistical analysis, Fink and Leibowitz [98] developed a
polynomial function to describe the temperature dependence of Zr thermal conductivity,

kzr = 8.853 + 7.082 x 1073T + 2.533 x 107 6T2 + 2.992 x 103T~1.  (5.20)
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The equation contains a 1/T temperature dependence term, which captures the temperature
dependence of the electron-electron scattering effects (for thermal resistivity, the temperature
dependence is thus W,_, « T, as shown in Eq. (5.10)). It has been shown that Eq. (5.20) can be
used to describe most of the Zr thermal conductivity data with an uncertainty of one standard
deviation. In both Kim’s [85] and Bison’s model [86], Equation (5.20) is used to describe the
temperature dependence of thermal conductivity of pure Zr.

In this work, Eq. (5.10) is used to fit to the inverse of Eq. (5.20) to obtain the temperature
dependence of the thermal resistivity of pure Zr (Wz:) in the temperature range of 293 < T <

1400K. The least square fitting yields,

70125

W, = +0.0785-2.461x107°T

Zr

(5.21)
Equation (5.21) is plotted in Fig. 5.1. For comparison, Fink’s model (inverse of Eq. (5.20)) is also
shown in Fig. 5.1. The two fitting equations give nearly identical results. The thermal resistivity
of pure Zr increases with temperature initially until it reaches a maximum value at about 400 K.
Then the thermal resistivity decreases almost linearly with temperature. Fink et al. [98] argued that
the maximum thermal resistance (or minimum thermal conductivity) is an outcome of the strong
e-e scattering in Zr at the low temperature regime.

It can be seen that the thermal resistivities of both pure U and pure Zr can be well fitted to
the simple analytical electronic thermal resistivity model (Eq. (5.10)). However, one also can
notice that some coefficients in our fitted models (Egs. (5.17) and (5.21)) have negative values,
indicating that these fitting are more empirical rather than physical. This is not surprising because
the simple electronic thermal resistivity model (Eq. (5.10)) is derived based on many assumptions
such as that metals have a spherical Fermi surface, as mentioned earlier. U and Zr, however, have

complex electronic structures. It has been argued [87] that thermal transport in metals is a very
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complex many-body quantum statistical problem so that such simple theories cannot describe the
complex thermal transport behaviors in all metals. Therefore, it is a challenge to use such a simple
model to determine the accurate contribution of each electronic scattering mechanism to the
thermal conductivities of pure U and pure Zr. Nevertheless, our semi-empirical fitting gives good
agreement with experimental results. Therefore, these fitted models will be used to interpolate the

thermal conductivities of binary U-Zr alloys.

5.3.2. Thermal conductivity model for binary U-Zr alloys

The main temperature-dependent and composition-dependent thermal conductivity data of
U-Zr binary alloys are those reported by Touloukian et al. [77] and Takahashi et al. [78]. These
data sets have been frequently used to fit the thermal conductivity models for U-Zr alloys [85].
Touloukian et al. [77] collected the thermal conductivity data of both U-rich and Zr-rich U-Zr
alloys as a function of temperature and Zr composition that were measured in 1950s. Unfortunately,
there is no information about the sample porosities and uncertainties of the measurements. In 1988,
Takahashi et al. [78] used the laser flash method to measure the thermal conductivities of a few U-
Zr alloys of different compositions as a function of temperature. The porosities of the samples
were not specified either. The uncertainties in thermal diffusivities were about 10% as indicated
in the figure for the U-72at.%Zr. The compositions reported in Takahashi et al.’s work is in atomic
percent, but they are converted to weight percent in our paper. In our model development, the
experimental data collected by Touloukian et al. [77] (U-5Zr, U-20Zr, U-40Zr, U-70Zr, U-86Zr)
and the data reported by Takahashi et al. [78] (U-5.87Zr, U-17Zr, U-49.6Zr, U-79.4Zr) are used
to fit to our temperature- and composition-dependent thermal resistivity model (Eq. (5.16)), all in

weight percent. In the fitting, no bias or weighting scheme is used for any temperature and
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composition ranges. In other words, all data are weighted equally. For very high content (nearly
pure) U-rich and Zr-rich alloys such as U-1.5Zr and U-97Zr by Touloukian [77], the data are not
included in the fitting procedure because their thermal conductivities deviate substantially from
the pure metals, in particular the U-97Zr. However, their experimental values are compared with
our model prediction in this report. The temperature range is 293 < T < 1273K for the data by
Touloukian et al. [77] and 300 < T < 800K for the data by Takahashi et al. [78].

In addition to the data reported by Touloukian et al. [77] and Takahashi et al. [78], there
are some other experimental thermal conductivity data of U-Zr alloys available in literature.
Janney et al. collected some of these additional data in the recently published Metallic Fuels
Handbook [82]. Scientists at Argonne National Laboratory (ANL) [80] measured the thermal
conductivity of a U-11.4Zr between 600 K and 1200 K. A polynomial function was obtained by
fitting to the data. The systematic errors were not apparent in this study and no sample porosity
information was provided. Matsui et al. [79] estimated the temperature-dependent thermal
conductivities of a U-9Zr (U-20at.%Zr) at different temperatures based on the experimentally
measured heat capacities and thermal diffusitivies. Recently, Kaity et al. [8§1] measured the thermal
conductivities of a U-6Zr alloy between 303.7 K and 920.6 K. In both work by Matsui et al. and
Kaity et al., no information about the sample porosity and measurement uncertainties were
provided. These additional experimental data [79-81] are not included in our fitting procedure,
rather they are used as independent data to validate our model. Therefore, all the available data
reported in literature (to our best knowledge) are compared in this paper. In our fitting, the first
step is to take the inverse of the experimental thermal conductivities and convert them to thermal

resistivities. Next an exponential decay function is used to describe the two parameters in Eq.
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(5.16), Ly and L4,.. Note this exponential decay function was used to fit the thermal conductivities

of pure U and Si previously [97]. The exponential decay function has the form,

-7

L=b, +blexp(—T;T°)+bzexp(—T

! L ) (5.22)

where bo, b1, bz, To, T1, and T> are parameters to be determined for Ly and Ly,., respectively.

Through a least square fitting procedure, these coefficients are obtained, as shown in Table 5.1.

Table 5. 1. Fitted parameters for Ly and Ly,.

bo b b2 To T T>
Lu -0.04622 | 7.647 x 1075 | 0.4018 349.738 677.422 412.642
Lz -0.07028 | -1.518 x 10~* | 0.1609 184.487 646.095 985.206

By replacing the Ly and Ly, in Eq. (5.16) using Eq. (5.22) and Table 5.1, together with the
thermal resistivities of pure U (Eq. (5.17)) and pure Zr (Eq. (5.21)), the thermal resistivity model
for U-Zr alloys is developed. The model can predict the temperature-dependent thermal
resistivities in the full composition range. The predicted thermal resistivities of U-rich alloys as a
function of temperature are plotted as lines in Fig. 5.2(a) and those of Zr-rich alloys are shown in
Fig. 5.2(b). The experimental data are also shown as symbols for comparison. For U-rich alloys
(Fig. 5.2(a)), the model prediction has very good agreement with the experimental data, although
minor discrepancies can be seen at low temperatures for the U-17Zr and U-20Zr alloys. For the
Zr-rich alloys (Fig. 5.2(b)), the agreement is also reasonable although the discrepancies are larger.

Since thermal resistivity is the inverse of thermal conductivity, the discrepancies are magnified in
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this plot. As shown in Fig. 5.3, our model predicts reasonable thermal conductivities for Zr-rich

alloys.
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Fig. 5. 2. Temperature-dependent thermal resistivities of different U-Zr alloys. The lines are model

predictions and the symbols are experimental data. The experimental data are taken from

Touloukian et al. [77] and Takahashi et al. [78]. (a) U-rich alloys. (b) Zr-rich alloys.

The predicted thermal resistivities shown in Fig. 5.2(a) and Fig. 5.2(b) are converted to the
temperature-dependent thermal conductivities, as shown in Fig. 5.3(a) and Fig. 5.3(b). It can be
clearly seen that for U-rich alloy (Fig. 5.3(a)), the thermal conductivity increases monotonically
with the increasing temperature for each composition. The temperature dependence behavior is
similar to that of pure U shown in Fig. 5.1(b), indicating that U dominates the thermal transport
behavior. For Zr-rich alloys (Fig. 5.3(b)), the thermal conductivity also increases monotonically
with temperature for each composition. The temperature dependence in Zr-rich alloys is different

from the pure Zr in which a minimum thermal conductivity value can be found at about 400 K.
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The results suggest that even if Zr concentration is high, U still plays a dominant role in affecting
the temperature dependence behavior of the thermal conductivity.

As for the composition dependence, in U-rich alloys (Fig. 5.3(a)) the thermal conductivity
decreases with the increasing Zr concentration at any given temperature because pure U has a
higher thermal conductivity than pure Zr (Fig. 5.1. (b)). However, in Zr-rich alloys (Fig. 5.3(b)),
the trend is a little complex. The thermal conductivity typically increases with the increasing Zr
weight fraction at the low temperature regime but decreases with the increasing Zr weight fraction
at the high temperature regime. The crossover temperature is at about 850 K. We think that this
may be a result of formation of 6-UZr> phase at low temperatures in Zr-rich alloys. For example,
the atomic fractions of Zr is 72 at.% in the U-49.6Zr alloy. According to the U-Zr phase diagram
[26], the U-49.6Zr (U-72 at.%Zr) alloy should form the 6-UZr> phase below 873 K. In other Zr-
rich alloys, the d+a-Zr phase should form at low temperatures. Therefore, it is expected that the 6
phase has a lower thermal conductivity than other phases. Similar argument was also made by
Takahashi et al. [78]. Above 873 K, the 6-UZr; phase transforms to a BCC y U-Zr solid solution.
Therefore, the Zr composition dependence of thermal conductivity is expected to follow the
normal trend, i.e., thermal conductivity decreases with the increasing Zr concentration. Our model
indeed predicts a crossover temperature around 850 K and above which the thermal conductivity

of U-49.6Zr is higher than other alloys, as can be seen in Fig. 5.3(b).
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Fig. 5. 3. Temperature-dependent thermal conductivities of different U-Zr alloys. The lines are
our model predictions and the symbols are experimental data. The experimental data are taken

from Touloukian et al. [77] and Takahashi et al. [78]. (a) U-rich alloys. (b) Zr-rich alloys.

5.3.3. Model predictions and comparison with previous models

As mentioned earlier, several thermal conductivity models for U-Zr alloys have been
developed previously [83-86]. Kim et al. [85] compared some previous models with their newly
developed model and demonstrated that their model gives much better predictions in thermal
conductivity for a wide range of temperatures and compositions. Recently, scientists at Los
Alamos National Laboratory have adjusted the parameters in Kim’s model and the improved
model [86] has been implemented in Bison (termed as Bison’s model in this paper). In both Kim
et al. and Bison’s model [85, 86], polynomial functions were used to describe thermal
conductivities of pure metals. For alloys, an empirical mixing rule is used and the factor that
accounts for the alloying effects was determined by another polynomial fitting. Here comparisons

between Kim’s model, Bison’s model, and our model are shown as follows.
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Regarding Touloukian’s experimental data [77] (U-5Zr, U-20Zr, U-40Zr and U-70Zr), the
comparison of the three models is shown in Fig. 5.4. It can be seen that Kim’s model and Bison’s
model predict very similar values. For the U-5Zr alloy shown in Fig. 5.4(a), our model predicts
almost identical thermal conductivities as Touloukian’s recommended values, while Kim’s model
and Bison’s model overpredict the thermal conductivities below 1000 K. For U-20Zr alloy (Fig.
5.4(b)), our model predicts similar results as the other two models, although our model has slightly
larger discrepancies. For U-40Zr (Fig. 5.4(c)), our model predicts very good results over all
temperatures, while the other two models result in slightly larger discrepancies. For the U-70Zr
alloy (Fig. 5.4(d)), Kim’s model and Bison’s model have better agreement with experimental data
than our model. However, at low temperatures, the other two models yield Zr-like temperature
dependence behavior, i.e., a minimum value in thermal conductivity appears. In contrast, our
model predicts that the thermal conductivity decreases monotonically with the decreasing
temperature, which is consistent with the experimental trend in this alloy and other Zr-rich alloys

(shown below).
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Fig. 5. 4. Comparison of the model predictions with the experimental data by Touloukian [77].

Kim’s model (dashed black line), Bison’s model (dashed red line) and our model (solid blue line)

are shown in all figures. The experimental data are represented by symbols. (a) U-5Zr. (b) U-20Zr.

(c) U-40Zr. (d) U-70Zr.

Regarding Takahashi’s [78] data (U-6Zr, U-17Zr, U-49.6Zr and U-79.4Zr), the comparison

of three models is shown in Fig. 5.5. For the U-5.87Zr (Fig. 5.5(a)), the other two models predict

better results than our model, while our model gives better temperature-dependence (slope) for the

thermal conductivity. For the U-17Zr (Fig. 5.5(b)), the other two models are slightly better than

our model at low temperatures. However, all models underpredict the results. For the U-49.6Zr
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(Fig. 5.5(c)), the other two models have very good agreement with Takahashi’s experimental data,
while our model overpredicts the thermal conductivity slightly. For the U-79.4Zr alloy (Fig. 5.5(d)),
the other two models have larger deviations from the experimental values than our model at low
temperatures because they predict Zr-like minimum thermal conductivities. As compared to the
results in the U-70Zr alloy (Fig. 5.4(d)) and U-79.4Zr alloy (Fig. 5.5(d)), it is clear that this Zr-
like temperature dependence behavior becomes more pronounced as Zr concentration increases in

Kim’s and Bison’s models. However, this Zr-like behavior does not appear in the available

experimental data, even if Zr has a very high content such as U-79.4Zr (Fig. 5.5(d)).
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Fig. 5. 5. Comparison of the model predictions with the experimental data by Takahashi [78].

Kim’s model (dashed black line), Bison’s model (dashed red line) and our model (solid blue line)
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are shown in all figures. The experimental data are represented by symbols. (a) U-5.87Zr. (b) U-

17Zr. (c) U-49.6Zr. (d) U-79.4Zr.

For U-Zr alloys with very high (nearly pure) Zr content, the comparisons of the three
models are shown in Fig. 5.6. Our model agrees well with the experimental data for the U-86Zr
(U-94at.%Zr) alloy (Fig. 5.6(a)), and there is still no minimum value for this composition. Kim’s
and Bison’s models also have good agreement with the experimental data although a minimum
value appears. However, we admit that the limited number of experimental data points may not be
sufficient to validate our model for this composition. For the U-97Zr (U-98.83at.%Zr) alloy (Fig.
5.6(b)) which is not included in our model fitting, our model predicts that the thermal
conductivities are in the middle between the experimental data of U-97Zr by Touloukian [77] and
pure Zr data by Fink [98]. On the other hand, Kim’s and Bison’s models have better agreement
because this composition is included in their modeling fitting. The discrepancies between our
model and experimental data indicate that our model may need further improvement. It is also
possible that the impurity or porosity induced uncertainty in experiments is large for such a high-
Zr alloy because the thermal conductivities of U-97Zr decrease substantially from that of the pure

Zr. Unfortunately, no such information is available for this data set.
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Fig. 5. 6. Comparison of model predictions with experimental data for two U-Zr alloys with nearly
pure Zr content. Kim’s model (dashed black line), Bison’s model (dashed red line) and our model
(solid blue line) are shown in all figures. The experimental data for the two alloys are shown as
symbols. (a) U-86Zr (U-94at.%Zr). (b) U-97Zr (U-98.83at.%Zr). The thermal conductivity curve
of pure Zr (blue dashed line) is also shown. Note that the U-97Zr data were included as fitting

data in Kim’s model but not in our model.

Next the model predictions are compared with the data that are not included in the model
fitting. The comparison with such independent data may be considered as a way of model
validation. In addition to the U-97Zr discussed above (Fig. 5.6(b)), the thermal conductivity data
for the U-1.5Zr alloy by Touloukian [77] are not used in our model fitting. As can be seen in Fig.
5.7(a), although our model prediction deviates slightly from the experimental data, overall our
model has slightly better predictions than Kim’s and Bison’s models, although this data set was
included in Kim’s model fitting.

Recently, Kaity et al. [81] measured the temperature-dependent thermal conductivity for a
U-6Zr alloy and the data is not included in our model fitting. The comparison between model
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predictions and this data set is shown in Fig. 5.7(b). The U-5.87Zr (can be approximated as U-6Zr)
data by Takahashi [78] is also shown for comparison. Clearly, Kaity’s results (solid green line) are
higher than Takahashi’s data at temperatures below 600 K. The large discrepancies between two
experimental data sets indicate that the uncertainties in experiments can be large as well. Our
model underpredicts the thermal conductivities for both data sets while Kim’s and Bison’s models
have better agreement.

Matsui et al. [79] measured the temperature-dependent thermal conductivities for a U-9Zr
(or U-20at.%Zr) alloy and ANL [80] measured the thermal conductivities for a U-11.4Zr alloy.
These data sets are not included in our model fitting. The comparison between the model
predictions and these data is made, as shown in Fig. 5.7(c). Our model has good agreement with
Matsui’s U-9Zr data at the full temperature range, while the other two models overpredict the
results. For ANL’s U-11.4Zr data (extracted from the fitted polynomial function in Ref. [80]), our
model overpredicts the results at high temperatures, while Kim’s model agrees well with this data
set [82]. It should be noted that two experimental data sets measured by two different groups
overlap, even though they have different compositions. Moreover, the U-11.4Zr thermal
conductivities are even slightly higher than the U-9Zr data, which is opposite to the correct
composition dependence behavior.

The comparison between the model predictions and the data of U-29Zr by Takahashi [78]
is shown in Fig. 5.7(d). Neither our model nor Kim’s model includes this data set for model fitting.
Clearly, all models overpredict the results. Our model predicts similar results as the other two
models. Overall, our model and the other two models can predict reasonable thermal conductivities

for the compositions not included in the fitting.
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Fig. 5. 7. Model predictions for the data sets that are not included in our model fitting. Kim’s

model (dashed black line), Bison’s model (dashed red line), our model (solid blue line), and

experimental data (symbols) are shown in each figure. (a) U-1.5Zr by Touloukian [77]. (b) U-6Zr

by Kaity (solid green line) [81]. The U-5.87Zr data by Takahashi [78] are also shown for

comparison. (c) U-9Zr by Matsui [79] and U-11.4Zr by ANL [80]. (d) U-29Zr by Takahashi [78].

A comprehensive comparison between our new model and Bison’s model can be found in

Fig. 5.8, which shows how the model predictions deviate from the experimental data (the solid

line). Since Bison’s model is an improved version of Kim’s model, here only Bison’s model is

compared. The U-97Zr data by Touloukian [77] and the U-6Zr by Kaity [81] are not included in
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this figure because their possible large experimental uncertainties. All other experimental data
discussed in this work are included in this figure. Overall, both models result in very good
agreement with the experimental data. Bison’s model has slightly more scattered data points than
our model. The root mean square errors (RMSE) between the model predictions and experimental
data are also calculated for all the experimental data sets (except for U-97Zr). Three scenarios are
considered: (a) If only the data by Touloukian [77] and Takahashi [78] are used, which are widely
used for model fitting, the RMSE is 1.31 W /(m - K) for our model and 1.42 W /(m - K) for
Bison’s model; (b) If the data by Matsui [79] and ANL [80] are further included in addition to (a),
the RMSE is 1.37 and 1.55 W /(m - K) for our model and Bison’s model, respectively; (c) If the
data by Kaity [81] are included in addition to (b), the RMSE is 1.61 and 1.55 W /(m - K) for our
model and Bison’s model, respectively. Overall our model gives slightly better predictions for
most of the data sets. Since the errors or uncertainty information was not provided for most of the
experimental data, we simply assume that the experimental error is +1 W /(m - K) for all the
experimental data. In Fig. 5.8, the two dashed lines indicate this assumed uncertainty. It can be
seen that most of our model predictions are within this uncertainly range. Some deviated data

points can be seen at the intermediate thermal conductivity range, but the magnitudes are small.
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Fig. 5. 8. A comprehensive comparison of model predictions against the experimental data. The
model predictions by our model and Bison’s model are both shown. The solid line indicates the

perfect fit. The two dashed lines indicate =1 W /(m - K) uncertainty.

5.4. Discussions and conclusions

In this chapter, a new semi-empirical model is developed to predict the thermal
conductivities of U-Zr alloys for the whole composition range and a wide range of temperatures.
A new mixing rule is proposed to interpolate the thermal resistivities (and thus conductivities)
between pure U and pure Zr to get the effective resistivities for U-Zr alloys of different
compositions. The model is based on the assumption that free electrons are the main carriers for
the thermal transport in both pure metals and alloys. Different from previous models that use
polynomial functions to describe the thermal conductivities of pure U and Zr metals, our model
attempts to use electrical resistivities to calculate thermal resistivities. The model considers three

independent electron scattering effects on electrical resistivity: electron-defect scattering, electron-
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phonon scattering, and electron-electron scattering. The Wiedemann-Franz law is used to correlate
the electrical resistivities to thermal resistivities. Although the thermal resistivity model is science-
based (but very simplified), the obtained parameters are rather empirical, indicating that such a
simple science-based model is not sufficient to capture the complex effects in pure metals and U-
Zr alloys. To predict the thermal conductivities of U-Zr alloys, the alloying effects on the thermal
resistivity are described by an exponential decay function in the new mixing rule model. Some of
the experimental thermal conductivity data collected by Touloukian et al. [77] and measured by
Takahashi et al. [78] are used to parameterize the model. The calibrated model is compared with
a wide range of experimental data reported by different groups. To our best knowledge, all the
available experimental data of U-Zr alloys are assessed in our work. The assessment shows that
the thermal conductivities predicted by our model are in good agreement with most of
experimental data. In comparison with the previous Kim’s and Bison’s models [85, 86], our model
shows further improvement for some compositions, especially for low-Zr (e.g., U-1.5Zr, U-5Zr,
U-9Zr) and high-Zr (e.g., U-79.4Zr) alloys. The ability of predicting good results for low-Zr alloys
is important because it is relevant to the realistic fuel compositions (e.g., U-9Zr). For alloys with
high Zr compositions, our model shows that the temperature dependence behavior is still
dominated by U rather than Zr. This prediction is consistent with the experimental data that no
minimum thermal conductivity is observed in high-Zr alloys.

The current model is based on the implicit assumption that U-Zr alloys form solid solutions.
In reality, the alloys contain many phases and complex microstructures. To model the thermal
conductivities in such heterogeneous systems, a microstructure-based approach may be used,
which has been applied to model the effective thermal conductivities in a UO; system containing

various microstructures [22]. The thermal conductivity model developed in this work can be used
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as input for the thermal conductivities of individual phases of different compositions. The model
may also be coupled with constitute redistribution models and gas swelling models to conduct the
fuel performance modeling. The model developed in this work is for unirradiated U-Zr alloys. In
reactors, the thermal conductivity of U-Zr fuels can be further affected by radiation but such effects
are not well understood for metallic fuels. Therefore, more theoretical and experimental work is

needed in the future to understand the radiation effects on the thermal transport in metallic fuels.

78



Chapter 6: Mesoscale modeling of microstructure-dependent thermal

conductivities of unirradiated U-Zr fuels

The work present in this chapter is planned to submit to a peer-review journal.

6.1 Introduction

In our previous work, we have successfully developed a composition- and temperature-
dependent thermal conductivity model for U-Zr alloys [99], which is calibrated using some
experimentally measured thermal conductivity data [77, 78]. This model can accurately predict the
average thermal conductivity of an unirradiated fuel if the nominal composition and the
temperature are known. However, this model neglects the microstructural information. In this
chapter, the main focus is the U-rich U-Zr system, in which the predominant microstructure is a-
U + 8-UZr, laminar structure when the temperature is below the y-phase transition temperature.
There are experimental measurements for thermal conductivities of pure o-U [77, 78]. And the
temperature-dependent thermal conductivity for pure a-U also has been well-predicted by our
recently developed thermal conductivity model [99] as well as in Chapter 5. For 8-UZr>, however,
there are only limited experimental data exist until very recently in 2020 and 2021. Ding et al. have
measured the thermal conductivity of UZr; at temperature from 1.8 to 300K [100]. Hua et al. have
measured the thermal conductivity for U-50wt.%Zr at 300K [101]. Both experimental data at 300K
for the UZr> composition are only slightly lower than our model prediction [99]. This is reasonable
since 0-UZr> has a wide compositional or stoichiometric range so that there are uncertainties in
determining its composition. According to the U-Zr phase diagram (Fig. 2.2), the weight
percentage of Zr in 6-UZr; varies significantly [102], roughly ranges from 40% to 60% (in weight

percentage). Due to the lack of experimental data for 6-UZr; at temperatures above 300K, we use
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our thermal conductivity model [99] to predict its thermal conductivity at full temperature range
for 6-UZr, (Note that all the 6-UZr; in the following context has the ideal composition at U-43.4Zr).
In addition, there are other analytical models to estimate the average U-Zr thermal conductivity
[85, 86]. Among those models [85, 86, 99], our U-Zr thermal conductivity model gives the
relatively smaller errors when compared to experiment measurements. Therefore, we use our U-

Zr thermal conductivity model [99] as references in this work.

If the temperature-dependent thermal conductivities of a-U and 6-UZr, are known, as well
as if the volume fraction of each individual phase can be estimated from the phase diagram, one
can estimate the effective thermal conductivity of a U-Zr system with a heterogeneous
microstructure such as a-U + 6-UZr> laminar structure. There have been early models developed
to estimate the effective thermal conductivities of heterogeneous systems containing
heterogeneous microstructures [103, 104]. In 1980s, Hasselman and Johnson [105] pointed out
that the thermal conductivity of composites should have nonzero interfacial thermal resistance
(Kapitza resistance [106]), and they derived a new analytical model based on the original Maxwell
model [103]. An interface between two phases or grains can act as a heat conduction barrier and
has a strong phonon scattering effect to reduce the overall thermal conductivity. For polycrystals,
microstructures with different grain sizes may result in different thermal conductivities even
though they have the same composition. Therefore, in order to accurately estimate the effective
thermal conductivity of a U-Zr heterogeneous microstructure, understanding the Kapitza resistance

for a particular system is of great interest.

Our focus in this chapter is to quantify the interphase Kapitza resistance as well as to predict
the effective thermal conductivity of U-rich U-Zr heterogeneous microstructures. Previously, C.W.

Nan [107, 108] has developed an effective thermal conductivity model for polycrystals, which
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utilizes effective medium approach combining the factor of Kapitza resistance R to calculate
effective thermal conductivities. Nan’s model accounts for Kapitza resistance, grain size, grain
shape and geometry effects. His model has been used and validated by B. He et al. [109] in
calculating the effective thermal conductivity for two-phase polymer-matrix material. In addition
to Nan’s model, F. Badry and K. Ahmed [110] have estimated the interface thickness effect on
Kapitza resistance. By adding the interface thickness effect, the overall error for the predicted
effective thermal conductivity has been significantly reduced. However, as suggested [106], the
Kapitza resistance is also showing strong temperature dependence. Current models [107, 108, 110]
did not directly quantify the temperature effect as well as the geometry effect on the Kapitza
resistance. Instead, they were only used to calculate the reduction of the effective thermal
conductivities as functions of those factors to indirectly show how those factors affect the Kapitza
resistance. Therefore, it is imperative to develop a comprehensive Kapitza resistance model that
directly quantifies the temperature effect as well as the geometry effect (e.g., aspect ratio). If
successful, such a model can be applied to predict the effective thermal conductivities more

accurately.

For estimating the Kapitza resistance, the mesoscale phase field module in the MOOSE
(Multiphysics Object-Oriented Simulation Environment) framework [111] is used, which is an
open-source partial differential equation solver based on the finite element method (FEM).
MOGOSE is also capable of generating the desired microstructures for this work. In the phase field
modeling, we treated the phase boundary as an additional ‘phase’ with a finite width. The detailed
calculation approach is discussed in Chapter 6.2 and Chapter 6.3. Using MOOSE, we have
calculated the Kapitza resistances at different temperatures and different spatial variations between

the two phases. The calculated values are used to develop an analytical model to capture the effects
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of both the temperature and the spatial variation on the Kapitza resistance. The new Kapitza
resistance model is able to overcome the shortcomings of the previous effective thermal
conductivity models mentioned above. Coupling this Kapitza resistance model with the mesoscale
modeling in the MOOSE framework, we accurately predicted the effective thermal conductivities

of many different microstructures at a wide range of temperatures in a heterogeneous U-Zr system.

6.2 Simulation methods

6.2.1 MOOSE framework and AEH method

The mesoscale phase field module in the MOOSE framework [111] coupled with the heat
conduction module is used to calculate the effective thermal conductivity of different
heterogeneous microstructures consisting of a-U and 6-UZr> phases. The phase field method is
used to relax the continuous interface between a-U and 8-UZr, phases. The heat conduction
module is used to impose a thermal gradient to the heterogeneous system so that the effective
thermal conductivity can be calculated through Fourier's law. This is a direct method for
calculating the effective thermal conductivity. However, practically this direct method may induce
some artifacts in the mesoscale modeling. For example, as is pointed out by JD. Hales et al. [112],
if some microstructural features are located at the boundary of the simulation box, the effective
thermal conductivity calculated by MOOSE using the direct method may not be accurate. On the
other hand, the asymptotic expansion homogenization (AEH) method [113, 114] can be used to
solve such problems. The AEH method is capable of calculating the nonlinear properties through
coupling the microscopic properties at different length scales and passing them to a homogenized

property over a periodic domain. In this work, the AEH method is used to calculate the effective
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thermal conductivities of heterogeneous microstructures in the U-Zr system. The overall effective
thermal conductivity is obtained by averaging the thermal conductivities in both x and y directions

in our 2-D simulation domains.

Typically, in phase field simulations, a finer mesh may give a more accurate result.
However, as is suggested by J.D. Hales et al. [112], the AEH method does not necessarily require
a very fine mesh, which could improve the computational efficiency. In this work, we constructed
a1l X 1 pm 2-D simulation domain with 100 meshes in each direction in MOOSE. We constructed
ordered lamellar 6-UZr; in an o-U matrix with varying Zr weight fractions. A representative
microstructure model is shown in Fig. 6.1. The Zr weight fraction varies from 5.63~13.44 wt.%
(corresponding to 20~45% volume fraction of 6-UZrz). The lamellar 6-UZr; structures are
constructed with aspect ratio ranging from 5.4 to 12.15. The width of the interphase boundary is
set to be 2.5 nm for a-U/3-UZr; interface. The simulation temperature ranges between 300K to

800K, which is below the phase transition temperature of 6-UZr> to y.
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Fig. 6. 1. Constructed microstructure in MOOSE with lamellar 6-UZr> phase structure embedded

in an o-U matrix. Red: 6-UZrz; Blue: o-U. White: 5-UZr>/ a-U interface

6.2.2 3D-2D thermal conductivity conversion

All the experimental data and some thermal conductivity models [85, 99] for metallic fuels
are in 3D representation. However, in this work, the phase field simulations in MOOSE were
performed in 2D. Therefore, the 2D thermal conductivity results calculated from MOOSE should
be converted to 3D to compare with the experimental data. K. Bakker [115] has developed an
analytical solution for the 2D to 3D thermal conductivity conversion for irradiated UO; based on
finite element modeling. Recently, M.C. Teague et al. [116] using the phase field approach to
calculate the 2D and 3D thermal conductivities of MOX fuels. They validated the 2D-3D
conversion algorithm by comparing converted 2D-3D results through the analytical model with

the 3D phase field modeling results. The analytical equation is expressed as follows:
(1 - —ka/km)®q — f2p) =7(1 = (1 —ka/km)Pq — f3p)  (ka < ki), (6.1)

1
r=093+ Ka/km $1.03 (kg < kp), (6.2)

where k,; and k,,, are the thermal conductivities for the second phase and the matrix, respectively;
@4 is the volume fraction of the second phase; f,, and f5, are the fractions of the thermal
conductivity with the precipitate divided by the thermal conductivity of the material without the
second phase for the 2D and 3D systems, respectively. Note that Eq. (6.1) and Eq. (6.2) are valid

only if k,, > ky.
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6.2.3 Kapitza resistance and effective thermal conductivity calculation

The calculation in MOOSE includes 3 steps. At first, we did not assign the Kapitza
resistance in the calculation, only with the thermal conductivities of a-U and 6-UZr: being the
input parameters. And we compared the effective thermal conductivities calculated by MOOSE
with Maxwell model [103], Bruggeman model [104] and Hasselman-Johnson model [105]. These

models are briefly discussed as follows. The Maxwell model can be described as

KME =1+t — (6.3)

kd+2km 9
(kd—km )"Q)d

where k,, and k; are the thermal conductivity for the o-U matrix and 6-UZr> phase

respectively, ¢4 is the volume fraction for 8-UZr,. The Bruggeman model is described as follows
1
KETE = {A+ (A + 8kyka)2}, (6.4)

A= Bdm — Dkm + Bdg — Dky, (6.5)

where ¢, 1s the volume fraction for the matrix and all the other parameters have the same meaning
as Eq. (6.3).
These above models are widely used for simple composites and porous materials. However, these

models neglect the interphase Kapitza resistance. Therefore, the Hasselman-Johnson (H-J) model

has been developed to calculate the effective thermal conductivity by considering the effect of

interphase thickness (a) and phase boundary thermal conductivity k;,;, which can be expressed as:

k) = al . (6.6)
eff kg 2k k
(1_ﬁ+akiit)¢ +ﬁ

Next, we used the a-U and 6-UZr; thermal conductivities as the input parameters, and the
local phase boundary thermal conductivity as a fitting parameter in the MOOSE simulation. The

interphase Kapitza resistance R can be calculated from phase boundary thermal conductivity as:
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R = d/kint, (6.7)
where d is the interface thickness, k;,; is local thermal conductivity of the interphase boundary.
The overall effective thermal conductivities calculated from MOOSE were fitted to the values
predicted by our U-Zr thermal conductivity model [99] based on the nominal composition.
Therefore, the Kapitza resistance for a-U/6-UZr> phase boundary can be estimated. The fitting

procedure is described as follows:

We revisited the general expression for Kapitza resistance at all temperatures derived by A. Khater

and J. Szeftel [117], which has the form:

s _ Bvsp™)” 1
RT® = 2eCd 20} +T0,30/IT’ (6.8)

where R is the Kapitza resistance, [ is a statistical term, ¢ is the flatness of the interface, d is the
atomic layer thickness, 0}, is the Debye temperature, C is a material related parameter and 00, /0T
is the variation of Debye temperature as a function of temperature. It has been calculated that
below the Debye temperature, 00, /0T is zero and the Kapitza resistance has a clear 7°-
dependence [106, 117-120]. For temperatures above Debye temperature, 00, /9T is nonzero and
the value of RT3 is typically lower. However, for the U-Zr system, the 30, /9T for o-U has been
calculated by Ren et al. [121] at temperatures between 0-900K using the Quasi-harmonic Debye
model [122] to be negligible. Therefore, for the heterogeneous U-Zr system in this work, we

assumed that 00, /dT is zero and Eq. (6.8) can be re-written as:

3 _Bi+8p) " 1
RiT* = 2ecd 202’ (6.9)
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In this case, the Kapitza resistance has a 7°-dependence at all temperatures in this work. Since all
terms on the right-hand side of Eq. (6.9) is constant, while § is a fitting parameter, we further

simplified Eq. (6.9) to as follows:
RT3 =B, (6.10)

where B is also a fitting parameter. And we fitted the Kapitza resistance data estimated by MOOSE

to Eq. (6.10).

At last, the Kapitza resistance model was applied in the MOOSE framework to predict
effective thermal conductivities for other U-Zr heterogeneous systems with any given temperatures

and microstructures, such results were compared to our U-Zr thermal conductivity model [99].

6.3 Results
6.3.1 MOOSE prediction without Kapitza resistance

At first, we used the analytical equation developed by K. Bakker [115] to transform the 3D
thermal conductivities of U-Zr alloys predict by our U-Zr thermal conductivity model [99] to 2D.
The comparison between the converted-2D and 3D thermal conductivity at different temperatures
for U-10Zr alloy is shown in Fig. 6.2(a). Overall, the 2D thermal conductivities are slightly higher
than the 3D thermal conductivities. We also compared the errors between converted-2D and 3D
thermal conductivity for U-Zr alloys with 6-UZr; volume fraction ranging from 10% to 40% in

Fig. 6.2(b). And the error is defined in Eq. (6.11):

E,pr = Ksp—Kzp (6.11)

b
K3p
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where K3, is the 3D thermal conductivity predicted by our model [99], K, 1s the 2D converted
thermal conductivity and E,,., is the fractional difference between 2D and 3D thermal conductivity.
The error gradually increases with increasing 6-UZr> volume fraction, which is in consistent with
the result from Badry et al. [123]. The error calculated in this work is similar to Teague’s results
[116]. There are discrepancies in the error between our results and Badry’s [123] results, which
may be caused by the different morphology and distribution of the second phase. Nevertheless, we

used the converted 3D-2D thermal conductivity of U-Zr alloys for further comparison and

calculation.
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Fig. 6. 2. (a). Comparison between 3D and converted 3D-2D U-10Zr thermal conductivities as a
function of temperature with a fixed o-UZr> aspect ratio at 8.1 (b). The error between 3D and

converted 3D-2D thermal conductivity at 300K as a function of 0-UZr> volume fraction.

For the first step of effective thermal conductivity calculation, the interphase Kapitza
resistance was not assigned. And the aspect ratio was fixed at 8.1 for the lamellar 8-UZr,. The

thermal conductivities of both o-U and 6-UZr, were extrapolated from our U-Zr thermal
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conductivity model [99] based on their respective compositions. The effective thermal
conductivities predicted by MOOSE were compared with our U-Zr thermal conductivity model
[99] and other thermal conductivity models [103-105] mentioned above in Section 6.2.3. The
results are shown in Fig. 6.3. Note that the phase boundary thermal conductivity k;,; is set at
1.5W/K-m for Eq. (6.7). In Fig. 6.3, both the Maxwell model [103] and Bruggeman model [104]
give similar thermal conductivities at the full temperature range. The MOOSE simulation, the
Maxwell model [103] and the Bruggeman model [ 104] all overpredict thermal conductivities when
compared to our U-Zr thermal conductivity model [99]. Clearly, all of these models do not
accurately predict the effective thermal conductivity values. However, the Hasselman-Johnson
model, which considers a fixed Kapitza resistance, shows smaller discrepancies with the U-Zr
thermal conductivity model at certain temperatures, suggesting that the o-U/6-UZr; interphase
Kapitza resistance should be accounted for the effective thermal conductivity calculation. It also
suggests that the Kapitza resistance may be temperature-dependent, because Hasselman-Johnson

model cannot predict the accurate thermal conductivities if a fixed resistance value is used.
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Fig. 6. 3. Thermal conductivity of U-10Zr predicted by different models. The MOOSE and our U-
Zr model are denoted as black and red solid lines. The Maxwell [103], Bruggeman [104] and
Hasselman-Johnson [105] effective conductivity model are denoted as blue, green, magenta and

yellow dashed lines, respectively.

6.3.2 Kapitza resistance model

As indicated in Section 6.2.2, for the estimation of the Kapitza resistance, the a-U/6-UZr>
interphase thermal conductivity is treated as a fitting parameter in the MOOSE calculation, and
the thermal conductivities for a-U and 6-UZr; are the input parameters. The effective thermal
conductivities were fitted to the U-Zr thermal conductivity model [99]. Based on the fitted value
of the a-U/6-UZr; interphase thermal conductivity, we calculated the Kapitza resistance for U-
5.27Zr, U-8.3Zr and U-11.6Zr (with 6-UZr2 volume fraction at 20%, 30% and 40% respectively)
with a fixed 6-UZr; aspect ratio at 8.1 for temperatures between 300-800K, which is shown in Fig.
6.4. In Fig. 6.4(a), the fitted interphase thermal conductivity increases with the increasing
temperature. We also noticed a slight increase in interphase thermal conductivity as 6-UZr; volume
fraction increases at high temperatures. As we converted the fitted interphase thermal conductivity
into Kapitza resistance in Fig. 6.4(b), the Kapitza resistance decreases with the temperature. In Fig.
6.4(b), the difference in Kapitza resistance is more pronounced at lower temperatures, which is
due to the inverse mathematical conversion between Kapitza resistance and interphase thermal
conductivity. As shown in Fig. 6.4(b), when the aspect ratio for 6-UZr; is fixed, we did not see a
clear dependence of the Kapitza resistance on the volume fraction of 8-UZr,. Overall, the Kapitza
resistance is within a reasonable range between 0.1~5 m?K/GW and it decreases with the

increasing temperature.
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Fig. 6. 4. (a). Fitted a-U/6-UZr;> interphase thermal conductivity for U-Zr systems with 0-UZr>
volume fraction at 20%, 30% and 40% (Representing U-5.2Zr, U-8.3Zr and U-11.6Zr respectively)
as a function of temperature with a fixed 0-UZr: aspect ratio at 8.1. (b) Calculated Kapitza

resistance from the fitted a-U/o-UZr> interphase thermal conductivity results.

In the next step, we examined the effect of 6-UZr> aspect ratio on the Kapitza resistance.
We fixed the number of 6-UZr> in the a-U matrix but changing the aspect ratio of 8-UZr> so that
the volume fraction of 6-UZr; changes. And we used the same fitting procedure as discussed above.
As shown in open literature [106, 117-120], the Kapitza resistance has a 7-3-dependence. Therefore,
we calculated R77 as a function of temperature and aspect ratio in Fig. 6.5. The temperature ranges
from 300K to 800K. The aspect ratio ranges between 5.4 to 12.15, representing the 6-UZr, volume
fraction from 20% to 45%. In Fig. 6.5(a), for the aspect ratios of 8-UZr; above 8.1, RT? remains
almost constant at the full temperature range. For smaller aspect ratios, initially R7® increases
slightly then decreases with the increasing temperature. According to Eq. (6.8), above the Debye

temperature, even though the value for 00, /dT is small, it may still impact the overall value of
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RT3, Therefore, we do expect a slight decrease in RT? at higher temperatures. Overall, the Kapitza
resistance does not change much with temperature. And R7° as a function of aspect ratio at
different temperatures has been calculated and shown in Fig. 6.5(b). The slope for RT? as a function
of aspect ratio is similar at temperatures between 300~600K, while the slope decreases for
temperatures at 700K and 800K. This is in consistence with the conclusion that the phonon-
mediated thermal transport in the metallic system becomes negligible at high temperatures, which

may cause a slight decrease Kapitza resistance.
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Fig. 6. 5. (a) Calculated RT? as a function of temperature for a-U + 6-UZr> laminar structure with
fixed number of 5-UZr> phase but different 5-UZr> aspect ratios ranging from 5.4~12.5. (b). RT*

as a function of aspect ratio at different temperatures.

Based on the assumption that the Kapitza resistance has a 7° dependence, we took the

average of RT° values at the full temperature range for each 8-UZr; aspect ratio. The averaged RT?
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as a function of aspect ratio is shown in Fig. 6.6, which decreases with the increasing aspect ratio,
and reaches a plateau when the aspect ratio becomes large enough. Therefore, we fit the averaged
RT? to an exponential decay function, by including the aspect ratio into Eq. (6.10). The equation

is re-written as follows:
RT3 =ax ARP, (6.12)

where AR is the aspect ratio of the second phase; a and b are fitting parameters, which are
determined as 1.5463 and -1.267, respectively. Eq. (6.12) is compared against the averaged RT°
values in Fig. 6.6. Clearly, Eq. (6.12) has a good agreement with the averaged RT3 values within

the fitting range.

| * Average RT
0.25 —--Eq. (12)

4 6 8 10 12 14 16
Aspect ratio

Fig. 6. 6. Comparison between the averaged RT’ over the full temperature range and the fitted

Kapitza resistance model (Eq. (6.12)) as a function of 6-UZr> aspect ratio.
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6.3.3 Effective thermal conductivity prediction

At last, we implemented Eq. (6.12) into MOOSE (denoted as R-MOOSE model) to predict
the effective thermal conductivities of heterogeneous U-Zr systems within and outside the fitting
range to validate the accuracy of our developed temperature- and aspect-ratio-dependent Kapitza
resistance model. In the mesoscale modeling in MOOSE, the Kapitza resistance is predicted by
Eq. (6.12), and thermal conductivities for a-U and 8-UZr; are the input parameters. The R-MOOSE
model is compared against our U-Zr thermal conductivity model [99] in Fig. 6.7 for different U-
Zr microstructures. For U-Zr microstructure within the fitting range, the effective thermal
conductivity for U-7.3Zr with 8-UZr> aspect ratio of 9 is calculated by the R-MOOSE model and
compared with the U-Zr thermal conductivity model [99] in Fig. 6.7(a), and the R-MOOSE model
accurately predict the thermal conductivity values at the full temperature range. Fig. 6.7(b), Fig.
6.7(c) and Fig. 6.7(d) show the comparison for U-Zr configurations outside the fitting range. In
Fig. 6.7(b) and Fig. 6.7(c), only one parameter for the U-Zr microstructure lies outside the fitting
range, i.e. 0-UZr; aspect ratio and Zr weight fraction, respectively. Here the fitting range for Zr
weight fraction is 5.63%-13.44%, and that for the aspect ratio is 5.4-12.15. The two
microstructures are U-9Zr with 6-UZr; aspect ratio at 15 and U-3.4Zr with 6-UZr; aspect ratio at
12. The R-MOOSE model also accurately predicts the effective thermal conductivity for both
microstructures. The effective thermal conductivity for U-15.4Zr with 6-UZr; aspect ratio at 12.9
predicted by R-MOOSE is plotted in Fig. 6.7(d). Both 6-UZr; aspect ratio and Zr weight fraction
are outside the fitting range. Our R-MOOSE model still gives accurate results. Overall, regardless
of U-Zr microstructures within or outside the fitting range, our R-MOOSE model consistently

predicts accurate effective thermal conductivity results.
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Figure 6.7. Comparison between the R-MOOSE model and our U-Zr thermal conductivity model
[99] at different aspect ratios and Zr weight fractions. (a) Within the fitting range, with 0-UZr>
aspect ratio at 9 and Zr weight fraction at 7.3%. (b) Zr weight fraction within the fitting range at
9% and 0-UZr> aspect ratio outside the fitting range at 15. (c) Zr weight fraction outside the fitting
range at 3.4% and 5-UZr> aspect ratio within the fitting range at 12. (d) Both Zr weight fraction

and aspect ratio outside the fitting range at 15.4% and 12.9, respectively.
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6.4 Conclusions and discussion

In summary, mesoscale phase field modeling coupled with the AEH method in the MOOSE
framework has been used to calculate the effective thermal conductivities of U-Zr heterogeneous
microstructures. Specifically, microstructures with lamellar 8-UZr, phases embedded in an a-U
matrix are created with two varying parameters: Zr weight fraction and 6-UZr, aspect ratio.
Effective thermal conductivities calculated by MOOSE are compared with various analytical
models for composite systems [103-105], as well as with our newly developed U-Zr thermal
conductivity model [99]. However, the discrepancies are large. Therefore, our results show that
the interphase boundary thermal resistance (Kapitza resistance) should be included in the effective

thermal conductivity calculation.

There are a number of effective thermal conductivity models that consider the Kapitza
resistance [107, 108, 110]. However, those models do not quantitatively determine the dependence
of Kapitza resistance on temperatures and the morphology of the second phase. As for certain
specific systems such as the U-Zr heterogeneous microstructure in this work, the Kapitza
resistance determined by those models may not work. Therefore, we have examined the
temperature effect as well as the effect of the morphology of the second phase on the Kapitza
resistance in this work. We used MOOSE to create different U-Zr heterogeneous microstructures
with varying 8-UZr> volume fractions, 6-UZr; aspect ratios and Zr weight fractions. In MOOSE
effective thermal conductivity calculation, the interphase thermal conductivity is treated as the
only fitting parameter, and the calculation result is fitted to our U-Zr thermal conductivity model
[99]. We obtained the Kapitza resistance as a function of temperature, 6-UZr, volume fraction as
well as the aspect ratio of 6-UZr,. The Kapitza resistance does not change much with the 6-UZr»

volume fraction if the aspect ratio is fixed. We found that the Kapitza resistance is showing a T°-
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dependence, which is consistent with literature results [106, 117-120]. In addition, RT® decreases
with increasing aspect ratio of 8-UZr;. Using the mesoscale modeling results for calibration, we
have developed an analytical Kapitza resistance model to capture the effects of both temperature

and aspect ratio of the second phase (5-UZr»).

Aftr the temperature- and aspect-ratio-dependent Kapitza resistance model is developed,
we implemented it in the MOOSE (R-MOOSE) for calculating the effective thermal conductivities
of heterogeneous U-Zr microstructures within and outside the fitting range to validate our Kapitza
resistance model. The R-MOOSE model accurately predicts the effective thermal conductivities
of several U-Zr microstructures at a wide range of temperatures. Unlike previous effective thermal
conductivity models, our Kapitza resistance model is more comprehensive and directly includes

the effects of temperature and second-phase geometry.

Although this R-MOOSE model is developed for U-Zr systems, the approach to determine
the Kapitza resistance can be extended to other systems, as long as the thermal conductivities based
on their nominal composition are known. This model is based on the assumption that the value of
RT3 does not change significantly at temperatures above Debye temperature. Therefore, this model
could be applied to other metallic fuel systems such as U-Si and U-Mo. Using this R-MOOSE
model, one can determine the local effective thermal conductivity of a given heterogeneous a-U +
0-UZr; laminar microstructure if the temperature, aspect ratio, and thermal conductivities of
individual phases are known. Therefore, this R-MOOSE model could be coupled with other
models such as the gas swelling model, grain growth model, and constituent redistribution model

for the fuel performance calculation [41, 86].
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Chapter 7: Summary

In Chapter 1, we have introduced different types of nuclear reactors and nuclear fuels. The
oxide fuels are the widely used fuel type in current light water reactors, and metallic fuels are the
promising fuel type for the next-generation fast reactors. Therefore, we have introduced two
research topics covering both metallic fuels and oxide fuels in this report. In Chapter 2, we
introduce some background knowledge of U-Zr fuels and UO, fuels. Such background knowledge
is critical for understanding the importance of thermal transport in both metallic and oxide fuels.
And we have also summarized the previous literature work that has been done regarding the
thermal conductivity calculation and prediction for U-Zr and UQO; systems. Such information

provides motivation for the new research efforts described in this work.

In Chapter 3, we conducted MD simulations to examine the dispersed Xe effect on the UO;
thermal conductivity using three different interatomic potentials (Basak, Busker, CRG). At first,
we calculated the thermal conductivities of single crystal UO; with the three potentials. The results
are in good agreement with a previous study in which different interatomic potentials predict
different thermal conductivities. Next, we calculated the thermal conductivity of UO>+Xe system
with the three potentials. We noticed that as the thermal conductivities are converted to normalized
values, they are quantitatively similar between the three potentials for a wide range of Xe
concentrations and temperatures. Based on this unified effect, we have developed a model that
combines the Xe scattering term and the Fink’s empirical model using the average results from the
three potentials. Finally, we use this new UO>+Xe thermal conductivity model to evaluate the
effective thermal conductivities of UO; consisting of multiple microstructure features (grain
boundaries, Xe bubble, dispersed Xe atoms, etc), i.e. the small-grain HBS and the large-grain

unrestructured fuel. Our results show that the HBS will have a higher thermal conductivity than
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the unrestructured fuel in UO,, which is consistent with experimental observations. The critical
Xe concentration that can offset the GB thermal resistance effect on UO; thermal conductivity in
the HBS has also been examined and compared with the model currently implemented in

MARMOT. A different Xe concentration is determined in this work.

Not only the dispersed Xe can significantly degrade the UO; thermal conductivity, Xe
bubbles can also affect the UO, thermal conductivity. In Chapter 4, we have studied the Xe bubble
effect on the UO» thermal conductivity. We found out that, at a fixed porosity, the UO, thermal
conductivity increases with the void size, suggesting that the smaller voids cause more thermal
conductivity reduction than clustering them into large defect clusters. And it will reach a saturated
value at a void radius of 0.6 nm. Next, we have examined the bubble pressure effect on the UO>
thermal conductivity. It is found that at a low Xe:Vy ratio within bubbles, there is no further
reduction in UO; thermal conductivity if some Xe atoms are added into the bubble. However,
when the Xe concentration is high in the bubble, the UO; thermal conductivity decreases with
increasing Xe:Vy ratio (or Xe bubble pressure). The critical Xe:Vy ratio is determined at 0.75.
Detailed atomistic visualization shows that the bubble surface atoms are displaced to release the
increased bubble pressure, which causes additional phonon scattering at the bubble interface. This
mechanism is different from helium atoms in helium bubble that helium atoms can diffuse to the

surrounding UO; lattice to reduce the thermal conductivity.

In Chapter 5, we have developed a new semi-empirical thermal conductivity model for the
whole composition range and a wide range of temperatures for U-Zr fuels. We use the thermal
resistivity approach and consider only the electron contributions to the overall resistivity. At first,
we determine the electrical resistivities of pure U and pure Zr from fitting the three scattering terms

(electron-defect scattering, electron-phonon scattering, and electron-electron scattering) to the
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available experimental data. Then we use the Wiedemann-Franz law to calculate the thermal
resistivity from the electrical resistivity. Next, we developed a new mixing rule for the binary
alloys and used the experimental data to parameterize our model. The new model prediction shows
good agreement with most of the experimental data. Compared with other models, our new model

also has some improvements at certain temperature and composition ranges.

We have used mesoscale phase field modeling coupled with the AEH method in the
MOOSE framework to predict the effective thermal conductivities of heterogamous
microstructures in U-Zr fuels, which is described in Chapter 6. Heterogeneous a-U + 6-UZr»
lamellar microstructures were constructed in MOOSE. The thermal conductivities for individual
a-U and 0-UZr> phases predicted by our U-Zr thermal conductivity model (described in Chapter
5) are input parameters in the MOOSE calculation. At first, the interphase Kapitza resistance was
not assigned in the MOOSE calculation. The MOOSE results overpredict thermal conductivities
when compared to the U-Zr thermal conductivity model, suggesting that the interphase Kapitza
resistance should be considered. In the next step, the a-U/0-UZr; interface Kapitza resistance is
treated as a fitting parameter, and the effective thermal conductivities predicted by MOOSE are
fitted to the U-Zr thermal conductivity model. Different U-Zr microstructures were created. The
simulation results indicate that the Kapitza resistance has a strong dependence on both temperature
and the aspect ratio of the second phase. However, it is found that the Kapitza resistance does not
depend on the volume fraction of the second phase if the aspect ratio of the second phase is fixed.
Then, based on the fitted results, we developed an empirical model to quantify the effects of
temperature and the aspect ratio of the second phase on the Kapitza resistance. At last, we

implemented the Kapitza resistance model in the MOOSE framework as a R+MOOSE model. The
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new R+MOOSE model accurately predicts the effective thermal conductivities of a number of U-

Zr microstructures at a wide rang of temperatures, even at conditions outside the fitting range.
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