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ABSTRACT OF THE DISSERTATION 

Thermal Conductivity and Kapitza Resistance of Ceramic Composites 

By 

Austin William Travis 

Doctor of Philosophy in Chemical and Biochemical Engineering 

University of California, Irvine, 2018 

Professor Martha L. Mecartney, Chair 

 

Advanced ceramic composites are actively investigated for use in various fields of the 

technology sector including nuclear fuel. Conventional uranium dioxide (UO2) nuclear fuel has 

low thermal conductivity resulting in a limited lifetime within a nuclear reactor. Novel ceramic 

composites with higher thermal conductivity can be engineered for use as nuclear fuel to increase 

efficiency and accident tolerance. In this study, the role of microstructure and composition on 

thermal conductivity of several ceramic composites will be investigated. First, the thermal 

conductivity of three-phase ceramic composites consisting of aluminum oxide (Al2O3), 

magnesium aluminum spinel (MgAl2O4), and cubic 8 mol% yttria stabilized zirconia (8YSZ) is 

measured experimentally and modeled via OOF2 and MOOSE finite element analyses for two 

distinct grain sizes. A difference between experimental and calculated results is observed at low 

temperatures and is attributed to the Kapitza resistance of interfaces and grain boundaries within 

the material. It is hypothesized that the presence of heterointerfaces, or grain boundaries between 

different materials, increases the overall Kapitza resistance of composite materials. Next, the same 

three-phase composite system is shown to validate the 3w method for thermal conductivity 

measurements of bulk ceramic samples at low temperatures when compared to values obtained via 



 xvii 

laser flash analysis. Then, several uranium containing composites are explored. The effect of 

microstructure on thermal conductivity is investigated for unique accident tolerant fuel forms 

containing various compositions of UN and U3Si2. Finally, phase field modeling of 

hyperstoichiometric UO2+x simulates the influence of oxygen nonstoichiometry on the degradation 

of thermal conductivity in UO2+x and U4O9 binary-phase composites.   



 1 

Chapter 1: Introduction 

1.1 Introduction to Ceramics and Thermal Conductivity 
 
 Ceramics are broadly defined as  “a crystalline solid with predominantly ionic and covalent 

bonding” [1]. Ceramic composites, the focus of this dissertation, are materials with multiple 

ceramic phases composing the bulk material. Ceramics have unique properties including  high 

melting points, high fracture toughness, and low electrical conductivity [1]. By combining multiple 

ceramic phases into one bulk material, some of the drawbacks of using traditional single-phase 

materials can be bypassed as well as tailoring a material to fit a specific application. Ceramic 

composites are widely used in a number of applications ranging from nuclear fuel forms [2-7], 

thermal barrier coatings [8-10], energy production [11-17], machining [18,19], biomaterials [20-

23], aerospace applications [24,25], and various other applications.  

 The ceramic composites under investigation in this study were chosen for their unique 

thermal properties, specifically, the thermal conductivity. The thermal conductivity of a material 

can be tailored by the selection of certain phases to engineer a material to behave with high thermal 

conductivity or low thermal conductivity [8]. Thermal conductivity is the material property that 

governs how well thermal energy, or heat, is transferred through a material. Fourier’s Law defines 

the relationship between heat flux, thermal conductivity, and a temperature gradient by the 

following equation: 

�⃗� = −𝑘∆𝑇                  (1-1) 

The magnitude of the heat flux is governed by the thermal gradient and the thermal conductivity 

of the material [26].  

 Thermal conductivity can be calculated by the product of the thermal diffusivity, density, 

and specific heat capacity by the following equation: 



 2 

𝑘(𝑇) = 𝛼(𝑇) ∗ 𝜌(𝑇) ∗ 𝑐.(𝑇)            (1-2) 

 Ceramics are generally insulating materials and follow the trend of decreasing thermal 

conductivity with increasing temperature above the Debye temperature. The Debye temperature is 

defined as the temperature of a crystal’s highest mode of vibration, or the highest temperature that 

can be achieved by a single normal vibration. To understand this concept, the theory of phonon 

transport must be introduced. There are two modes by which thermal energy can be transferred 

through a solid crystalline material, by phonons or by electrons. Phonons are lattice vibrations that 

propagate through a crystal structure from regions of high to low temperature. Phonons are the 

driving force of thermal transport in most ceramic materials [27,28]. Heat transfer via the 

movement of free electrons is seen in metals. The primary focus of this research will be on phonon 

transport in ceramics.  

 An interesting phenomenon in thermal transport is the temperature mismatch seen across 

an interface between two materials, phases, or grains [28]. First seen by Kapitza in 1941 during 

studies on heat flowing from a solid to liquid helium [29], the aptly named Kapitza resistance, or 

interfacial thermal resistance, is the resistance to thermal transport at an interface. Since its 

discovery, the Kapitza resistance has been observed in ceramic materials with nanocrystalline 

grain sizes [28, 29:35]. This resistance can lower the effective thermal conductivity of the bulk by 

scattering phonons at the interface between grains in a material.  

Table 1.1 collects the Kapitza resistance values for single-phase and composite materials 

that the author could find within the literature. The key takeaway in terms of ceramics for this 

information is the dirge of oxide materials on the list. Currently, values for cubic and tetragonal 

yttria-stabilized zirconia, UO2, and SrTiO3 are the only Kapitza resistance values reported for 

oxide materials [30, 33, 36, 37]. While the phenomenon of Kapitza resistance has been known 
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since the initial research by Kapitza in 1941, the physics and phenomenon has only recently been 

applied to ceramic materials in the last few decades. Continuing to calculate and ultimately develop 

a method to directly measure the Kapitza resistance is of paramount importance for future materials 

for high and low temperature applications.  

 

Table 1.1 A survey of the Kapitza resistances of various grain boundaries and interfaces for metals 

and ceramics reported in literature. There is a lack of information related to Kapitza resistances in 

oxide materials. Also, the magnitude of the Kapitza resistance varies by many orders of magnitude 

depending on the phases on either side of the boundary.  

 
Grain Boundary / Interface Kapitza Resistance (m2K/W) 

3 mol% Y2O3 (3YTZP)  [33] 4.5 x 10-9 

8 mol% Y2O3 (8YSZ) [39] 4.5 x 10-9 

UO2 [37] 1 x 10-8 

SrTiO3 [30] 3.41 – 4.98 x 10-9 

SiC [39] 4.88 x 10-10 

SiC/Al [36] 6.85 x 10-9 

Diamond/ZnS [36] 6 x 10-8 

Diamond/Cordierite [40] 7 x 10-8 

Si 1.3 x 10-9 

Si0.8Ge0.2 1.0 x 10-7 

Bi2Te3 / Sb2Te3 1.4 x 10 -5 

FeSb2 [41] 2.17 x 10-7 
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Nuclear energy is a globally growing source of clean energy. Currently, 435 reactors are 

operating in 31 different countries and about 60 plants are currently being constructed in 13 

countries. Recent reports show nuclear reactors generated about 13% of the world’s electricity. 

Conventional nuclear fuel, UO2, suffers from low thermal conductivity and a high central 

temperature which can result in  melting or cracking [2,3]. A severe case of cracking within a 

nuclear fuel pellet is shown in Figure 1.1. 

 
 

Figure 1.1 A cross-sectional image of a UO2 fuel pellet showing cracking caused by high thermal 

stresses which limit the lifetime of the pellet in pile [3]. 
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1.2 Thermal Conductivity and Kapitza Resistance of Ceramic Composites for Inert Matrix 
Nuclear Fuel 
 

The thermal conductivity of a three-phase ceramic containing aluminum oxide (Al2O3), 

magnesium aluminum spinel (MgAl2O4), and 8 mol% yttria stabilized zirconia is experimentally 

measured and modeled. The thermal conductivity determined via finite element modeling is higher 

than the experimentally measured samples at temperatures below 673 K. This difference is 

attributed to the Kapitza resistance. While methods have been developed for calculating the 

Kapitza resistance of single phase and binary phase materials; these methods have not been 

extended for use with composites containing three or more elements. Two methods have been used 

to calculate the Kapitza resistance for this three-phase composite, a linear extraction method and 

a temperature dependent method. Both methods show higher Kapitza resistance values compared 

to literature values for the single phases present in agreement. It is hypothesized that the 

heterointerfaces in composites have higher Kapitza resistances than grain boundaries in single 

phase materials due to the mismatch between different phases with different densities and crystal 

structures. Estimates on the thermal conductivity as a function of grain size are also calculated. 

1.3 3w Method for Measuring Thermal Conductivity of Bulk Ceramic Samples 

 Laser flash analysis has widespread use in the ceramics community for measuring thermal 

conductivity of bulk materials [42]. Here, results from laser flash analysis and 3w (omega) are 

compared for bulk single-phase materials and composites. Results show good agreement between 

the two methods at temperatures between 25 and 150 °C thus validating the 3w Method for bulk 

ceramic materials with varying thermal properties and microstructures. The 3w methodology 

presented within allows for low temperature measurements to be made with high accuracy for 

either thermoelectrics [43:45] or as a screening tool for high temperature measurements with laser 

flash analysis. 
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1.4 Thermal Conductivity Modeling of UN/U3Si2 Composite Fuel Form  

 There is also research underway to use new fuel forms as drop-in replacements for UO2 

[4]. Prompted by the recent accident at Fukushima in Japan, accident tolerant fuels are being 

investigated for their enhanced intrinsic safety and higher thermal thresholds allowing for more 

efficient electricity production and longer fuel lifetimes [46,47]. One proposed accident tolerant 

fuel is uranium nitride (UN). UN has been investigated due to its high uranium density (when 

compared to UO2), high melt point, high thermal conductivity, and favorable irradiation behavior 

[48]. However, a significant drawback to UN is the potential onset of oxidation once exposed to 

air, steam, or water which could occur in an accident scenario within a light water reactor (LWR). 

To mitigate this potential hazard, a secondary oxidation resistant phase is introduced to encapsulate 

the UN phase. While an inert phase could be incorporated while still maintaining higher uranium 

density than UO2, uranium silicide (U3Si2) has been proposed [49]. U3Si2 has the same benefits of 

UN, but has the additional benefit of greater resistance to oxidation and subsequent pulverization 

at temperatures where UN pulverizes catastrophically [50,51]. Composites containing UN and 

U3Si2 have been investigated. The thermal conductivity of composites containing various phase 

fractions of UN and U3Si2 have been modeled and compared to experimental data. The thermal 

conductivity of all composites is higher when compared against UO2. Irradiated thermal 

conductivities are also estimated using finite element modeling. An unknown third phase is also 

present in the composites. The thermal conductivity of the unknown third phase can be estimated 

from a combination of experimental data, modeled results, and a simple rule of mixtures 

calculation. While thermal results are promising, in-pile testing would need to be conducted before 

UN/U-Si composite fuel types could be implemented in current generation light water reactors. 
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1.4 Continuum Scale Modeling of Hyperstoichiometric Uranium Dioxide 

 Currently, nuclear power plants rely on the fission of uranium dioxide (UO2) fuel pellets 

to generate electricity in both pressurized water reactors and boiling water reactors. While UO2 

has been used for decades in commercial nuclear reactors, there are still areas of active research 

underway in order to optimize efficiency and safety [52]. In an accident scenario when UO2 is 

exposed to air, steam, or water it oxidizes and incorporates additional oxygen into its fluorite 

crystal structure [53,54]. This can form a binary phase system of hyperstoichiometric UO2+x and 

the defect structure U4O9 depending on the temperature. Binary composites are difficult to study 

due to their ever-changing nature in the presence of oxygen so continuum scale phase field 

modeling has been employed to study the oxygen diffusion and resulting effective thermal 

conductivity. Inputs from experimental data and molecular dynamics simulations are used to 

investigate the effect of oxygen concentration on thermal conductivity. Phase field modeling is 

employed within the MOOSE framework to model various microstructures at different 

temperatures and oxygen concentrations [55]. Models show that increasing oxygen concentration 

leads to decreasing thermal conductivity in agreement with previous experimental studies. 
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Chapter 2: Experimental Methods  

2.1 Ceramic Processing Techniques 

 Traditional ceramic processing techniques were utilized for several of the composites under 

investigation [56]. The materials selected for each composite were chosen based on their unique 

thermal properties. More detail about the inert matrix fuel and composite fuel forms will be 

discussed in the relevant chapters. Initial single-phase ceramic powders were massed according to 

the ratios prescribed by the desired phase composition. Powders were attrition milled in a Union 

Process mill with yttria-stabilized zirconia milling media and isopropyl alcohol as a milling 

dispersant to form a slurry. The initial mass of the powders was kept constant at 40 grams per 

batch. Typically, milling was performed overnight for approximately 12 hours. The resulting slurry 

was then dried using a rotary evaporator and the dried powder was ground using an agate mortar 

and pestle. Next, powders were sieved to a standard particle size of < 80 µm. 

Then, the fine powders were pressed into green bodies by a cold isostatic press (CIP). 

Within the CIP, powders were held at 55kpsi for 5 minutes in a cylindrical mold. The post-CIP 

geometric density was measured for comparison to post-sintering density.  The green bodies were 

then sintered in air to high density using a high temperature furnace (CM Furnaces). Green bodies 

were packed in alumina crucibles with a sintering bed of the material being sintered (i.e. Al2O3 

sintering bed for Al2O3 samples, Al2O3 – MgAl2O4 – 8YSZ composite sintering bed for Al2O3 – 

MgAl2O4 – 8YSZ composite samples, etc.).  Specific sintering profiles will be outlined in the 

corresponding sections to achieve different microstructures. Samples were sintered to a final 

density of 90 – 99% theoretical density measured via geometric and Archimedes density 

measurements. Dense samples were then cut into specific geometries using a diamond bladed saw 
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and polished for characterization. More detailed processing relevant to the research will be 

discussed in the following chapters. 

2.1.1 Electron Beam Evaporation 

 Electron beam evaporation is a thin-film technique used for depositing patterned heater 

lines and pads for eventual 3w measurement. In electron beam evaporation, a beam of electrons 

causes atoms in a target material to sublimate into the gaseous phase. These gaseous atoms then 

precipitate onto a sample within line of sight [57]. A shadow mask was used to obtain the specific 

pattern for depositing a 100 nm layer of gold on top of a 10 nm layer of chromium for an adhesion 

layer. The bulk ceramic sample with patterned heater line is then ready for subsequent 3w 

measurements. 
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2.2 Characterization techniques  

2.2.1 X-Ray Diffraction 

 X-ray diffraction (XRD) was used for determining the phases present within a material 

based on the principles of Bragg’s Law [56]. Every crystalline material has a unique diffraction 

pattern that can solved via XRD. Every crystal has long range order of repeating unit cells of 

atoms. The d-spacing, which is the distance between repeating layers of crystals, can be measured 

by changing the diffraction angle of the incident x-rays. XRD is used to determine the phase purity 

of ceramic composites while also provided an estimate of the phase fraction found in each 

composite.  

2.2.2 Scanning Electron Microscopy 

 Scanning electron microscopy (SEM) was used to characterize the microstructures of 

ceramics under an electron beam. SEM is used rather than optical microscopy for materials with 

features that are smaller than the wavelength of light. The incident electron beam interacts with 

the ceramic material and either the secondary electrons (electrons ejected from the electron shell 

around atoms) or backscatter electrons (incident electrons that rebound back out of the material) 

are detected and quantified [56]. SEM was used to generate micrographs of composites for grain 

size analysis and computational modeling. Energy dispersive X-ray spectroscopy (EDS) is a 

feature of the SEM that quantifiably measures the amount of each atom within the sample. This 

technique is useful for phase fraction analysis and for determining the location of atoms within the 

grains of the microstructure.  

  



 11 

2.2.3 Thermal Conductivity Measurements 

2.3 Computational Models 

 Finite element modeling is a technique for assigning material properties to specific points 

on a mesh and then calculating bulk material properties. Two finite element frameworks are 

considered OOF2 (object-oriented finite element analysis v2) and MOOSE (Multiphysics object-

oriented simulation environment). Both frameworks will be outlined below with deeper discussion 

in subsequent chapters. 

2.3.1 Object-oriented Finite Element Analysis (OOF2) 

 OOF2 is freeware distributed through NIST (National Institute of Standards and 

Technology) and has been used to study thermal, electrical, and mechanical properties of materials. 

The strength of OOF2 originates in its robust meshing of real microstructures obtained through 

SEM. By utilizing real microstructures, actual grain shapes and compositions can be accounted for 

as opposed to using theoretical hexagonal microstructures where every grain is the same shape, 

size, etc.  

2.3.2 Multiphysics Object-Oriented Simulation Environment (MOOSE) 

 MOOSE is distributed though INL (Idaho National Laboratory) and is a flexible finite 

element framework with many additional physics modules including thermal transport, phase field 

modeling, and mechanical properties among other things. While many of the MOOSE applications 

are for nuclear applications, the physics and modeling could be used by any materials engineer. 

Specifically, the phase field and thermal modules were used for various models and calculations. 

Again, a more in-depth discussion of the various models will be introduced in later chapters. 
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Chapter 3: Thermal Conductivity and Kapitza Resistance of Three-Phase Ceramic 
Composites Through Experimental Measurements and Computations Models 
 
3.1 Abstract 

The thermal conductivity of three-phase ceramic composites consisting of aluminum oxide 

(Al2O3), magnesium aluminum spinel (MgAl2O4), and cubic 8 mol% yttria stabilized zirconia 

(8YSZ) is measured experimentally using laser flash analysis, dilatometry, and differential 

scanning calorimetry over a range of temperatures from 25 °C to 800 °C and modeled via OOF2 

and MOOSE finite element analyses for two distinct grain sizes. The difference between 

experimental and calculated results is attributed to the Kapitza resistance of interfaces and grain 

boundaries within the material. A procedure for calculating the Kapitza resistance of a three-phase 

ceramic is outlined. The average Kapitza resistance of this three-phase composite is calculated to 

be 8.4x10-9 - 9.8x10-9 m2K/W, depending on the grain size and thermal history. The results show 

that the grain boundaries between different phases (heterointerfaces) may have higher Kapitza 

resistance than grain boundaries in single-phase materials. One consequence of this is that Kapitza 

resistance in multi-phase materials will exhibit degradation of the thermal conductivity at larger 

grain sizes than typically observed in single-phase polycrystalline materials.  
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3.2 Introduction 

Multiphase ceramics have been proposed to enhance the thermal conductivity of ceramics 

used in various materials applications, including nuclear fuels. Nuclear energy contributes to 

approximately 20% of the country’s electricity and is an efficient way to provide baseline power. 

One of the drawbacks of conventional uranium dioxide (UO2) nuclear fuel is the low thermal 

conductivity both at room temperatures and elevated temperatures found in reactor environments 

[3,4]. Over the lifetime of a fuel pellet, the low thermal conductivity can lead to macroscopic 

changes in the mechanical properties of the fuel, chiefly cracking which could result in the failure 

of the fuel and cladding material [58]. 

Inert matrix nuclear fuels have been proposed as a novel approach that incorporates fissile 

phases into an inert or non-fissile host matrix to enhance thermal conductivity, improve radiation 

damage tolerance, and/or achieve superior mechanical properties compared to single phase UO2 

[59, 60, 61]. Previous research has successfully demonstrated a two-phase concept with minority 

nuclear fuel surrogate particles dispersed through an inert matrix [2]. Recently, MgO has been 

proposed as an inert matrix due to its high thermal conductivity with A2B2O7 pyrochlores such as 

actinide zirconates used to accommodate actinides [62]. Rock-like oxide fuels (ROX) are also 

candidates and contain spinel and fluorite oxide inert matrix phases and show increased thermal 

conductivity compared to UO2 [63]. 

 Thermal conductivity as a function of temperature, k(𝑇), is the material property that 

governs thermal transport and can be calculated as follows, 

k(𝑇) = 𝛼(𝑇)𝐶.(𝑇)𝜌(𝑇)       (3-1) 

where 𝛼(𝑇) is the thermal diffusivity, 𝐶.(𝑇) is the specific heat capacity, and 𝜌(𝑇) is the density. 

There are two means by which heat transfers through a crystalline material. Phonons (lattice 
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vibrations) are the primary mechanism for heat transfer for the ceramic oxides evaluated here. 

Collective lattice vibrations result in the propagation of phonons through the lattice until they are 

scattered at point defects, grain boundaries, or other lattice imperfections [28]. Electrons are also 

thermal carriers, but provide a minor contribution in electrical insulators. Phonon driven thermal 

conductivity shows decreased thermal conductivity at reactor temperatures when compared to 

room temperature and follows the trend 𝜆(𝑇) = 1/𝑇 above the Debye temperature. This change 

in thermal conductivity as a function of temperature for the materials used in this study is shown 

in Fig. 1 and compared to compared to UO2. 

 

 
Figure 3.1 Thermal conductivity as a function of temperature for UO2 compared to the components 

of the multiphase composite: Al2O3, MgAl2O4, and 8YSZ [64-67]. 

 

35

30

25

20

15

10

5

0

Th
er

m
al

 C
on

du
ct

iv
ity

 (
W

/m
K)

10008006004002000
Temperature (ºC)

Al2O3
MgAl2O4
8YSZ
UO2



 15 

This research fabricates and evaluates fine and large grain three-phase composites 

containing aluminum oxide (Al2O3), magnesium aluminum spinel (MgAl2O4), and 8 mol% yttria-

stabilized zirconia (8YSZ) as a potential inert matrix fuel. 8YSZ is used as a surrogate for UO2 in 

the composite since 8YSZ and UO2 are structurally similar and are thermodynamically comparable 

in terms of general stability. While the thermal conductivity of YSZ is lower than unirradiated 

UO2 as plotted in Fig.1, it better matches that of irradiated UO2 [64, 65, 68]. YSZ was selected 

over CeO2, another proposed surrogate, which is susceptible to reductions and reactions [68]. Both 

Al2O3 and MgAl2O4 introduced as components in the inert matrix as they have increased thermal 

conductivities and are therefore expected to significantly increase the thermal conductivity of the 

surrogate fuel [66, 67]. 

It is known that a temperature discontinuity exits at the interfaces between two phases or 

two crystallographic orientations [28], termed Kapitza resistance after Kapitza who first studied 

the interfacial thermal resistance using the interface between helium and a metal substrate in 1941 

[29]. This Kapitza or interfacial resistance can influence the thermal conductivity of multiphase 

inert matrix nuclear fuel.  While Kapitza resistance has been calculated from experiments for single 

phase materials including Y-TZP and SrTiO3 [28, 30], as well as several other types of two-phase 

composites, the Kapitza resistance of a three-phase composite has not been experimentally 

determined.  We seek to determine the Kapitza resistance of grain boundary interfaces as a function 

of temperature for three-phase Al2O3, MgAl2O4, and 8YSZ composites with a range of grain sizes 

utilizing a combination of experimental measurements and finite element analysis (FEA) modeling 

using the MOOSE framework. 
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3.2 Experimental Procedures 

 Initially, powders of alumina (TM-DAR, Taimicron, Japan), spinel (S30CR, Baikowski, 

Charlotte, NC), and cubic 8YSZ (TZ-8YS, Tosoh USA, Grove City, OH) are attrition milled (HD-

01, Union Process, Akron, OH) in equal volume fractions for 8 hours. The resulting slurry is dried 

overnight at 100 °C and subsequently ground with a mortar and pestle. The powder is then pressed 

into cylindrical samples using a cold isostatic press for 5 minutes at 55 kpsi. The green bodies had 

a theoretical density of 55%. Two different sintering profiles are utilized to produce different grain 

sizes while maintaining a similar composition. For a large grained material, the green bodies are 

sintered in air at 1550 °C for 10 hours to 97% density, measured via the Archimedes displacement 

method. For a finer grained material, the green bodies are sintered using a two-step sintering route. 

First, the samples are brought to 1450 °C with no dwell time before being lowered to 1325 °C for 

5 hours to achieve 96% density, again measured via the Archimedes displacement method. 

Sintered bodies are used to prepare samples for thermal measurements and characterization. 

Scanning electron microscopy (SEM) (FEI Magellan XHR SEM, Hillsboro, OR) is used to 

characterize the microstructure. 

 Experiments to determine thermal diffusivity (a(T)), specific heat capacity (cp(T)), and 

density (r(T)) are conducted to calculate the thermal conductivity via Equation 1. The values are 

individually measured as a function of temperature from 25 °C to 800 °C in 100 °C intervals 

starting at 100 °C. Thermal diffusivity was measured with a laser flash apparatus (Netzsch 457 

LFA, Germany). Heat capacity as a function of temperature was measured with differential 

scanning calorimetry (Netzsch 404 F1 DSC, Germany). Density was measured with a horizontal 

push-rod dilatometer (Netzsch 402 CD, Germany). Further details of these methods are provided 

in a previous publication [6]. 
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A combination of object-oriented finite element analysis version 2 (OOF2) and 

multiphysics object-oriented simulation environment (MOOSE) were employed to model the 

thermal conductivity of the composite [55, 69, 70]. Both OOF2 and MOOSE are open source, 

finite element software distributed by National Institute of Standards and Technology (NIST) and 

Idaho National Laboratory (INL), respectively. SEM micrographs of the different microstructures 

were meshed in OOF2 following a process of successive refining of triangular elements to a high 

level of homogeneity. The homogeneity index is defined as the ratio of elements that completely 

exist in one phase. Meshes in this study were refined to above 99% homogeneity. In a study by 

Teague et al. [71], it was determined that refining to a minimum of 97% homogeneity resulted in 

less than 5% deviation of thermal conductivity values. This approach has been previously 

implemented to model the thermal conductivity of ceramic composite [6, 7, 72]. 

 The resulting meshes were imported into MOOSE to model the effective thermal 

conductivity as a function of temperature from 25 °C to 800 °C in the same increments as the laser 

flash analysis experiments. OOF2 also offers this capability, however, MOOSE has additional 

physics modules for analysis of different materials properties on the same microstructure meshes. 

One side of the mesh was held at a constant temperature and the parallel side was assigned a flux 

value to simulate a 10 °C temperature gradient across the microstructure. The two other parallel 

sides were kept adiabatic. Each unique phase was assigned a thermal conductivity value taken 

from literature and the effective thermal conductivity of the composite was determined. Five 

micrographs were used for the model before deviations in thermal conductivity between 

micrographs were unchanging. The effective thermal conductivity was calculated with the 

following relationship: 

𝜅566(𝑇) = 	−
8

9:;9<
<

     (3-2) 
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where keff(T) is the effective thermal conductivity, q is the heat flux, Tr and Tl are the temperatures 

on the right and left boundaries, and l is the side length of microstructure [70]. 

A limitation of finite element analysis is the inability to capture solid state physics at the 

atomistic level which therefore limits the MOOSE model to length scale regimes where continuum 

behavior dominates. In most ceramic materials, atomistic treatment of certain phenomena such as 

phonon mean free path are necessary around 100 nm [27, 73]. Therefore, it would be necessary to 

use another model such as molecular dynamics for materials with grain sizes below 100 nm.  

 

3.4 Results and Discussion 

3.4.1 Degradation of thermal conductivity as a function of grain size 

 A typical microstructure of the three-phase composite is shown in Figure 3.2, with 

backscattered electron imaging showing clearly the different phases dependent on Z-contrast.  

Prior XRD studies confirmed that no new phases form in this materials with a nominal grain size 

of 1.2 µm [74]. The corresponding volume phase fractions from backscattered SEM images is 

calculated to be 0.29 MgAl2O4, 0.35 Al2O3, and 0.35 8YSZ. The grain size of the two-step sintered 

samples is 450 nm with corresponding volume phase fractions equal to 0.30 MgAl2O4, 0.36 Al2O3, 

and 0.33 8YSZ. The differences in composition between the phase fractions all fall within one 

standard deviation when calculating the phase fractions. The phase fractions are quantified by 

counting the pixels of each phase of the microstructure within the OOF2 framework. 

 
 
 
 
 
 

(b) 
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Figure 3.2 Backscattered SEM of equal volume three-phase composite showing only 8YSZ 

(white), alumina (grey), and spinel (black) grains after sintering, polishing and thermal etching. 

(a) Large grain size, (b) Fine grain size. 

 
In Figure 3, the experimentally determined thermal conductivity as a function of 

temperature for the large and fine grain materials is compared. There is an approximate 10% 

reduction in thermal conductivity at room temperature from the 1.2 µm grain size to the 450 nm 

grain size. The standard error assumed for calculation of thermal conductivity when calculated 

using the product of thermal diffusivity, specific heat capacity, and density is 5% [75], and as such 

this reduction is statistically significant. The specific heat capacity is assumed to be independent 

of grain size and the density values of each composite are measured via dilatometry. The 

magnitude of degradation diminishes at higher temperatures, from 10% reduction at room 

temperature to less than 2% at 800°C. This degradation is attributed to the Kapitza resistance 

associated with the reduction in grain size since compositionally the samples are identical within 

2%. To understand this thermal conductivity degradation in greater detail, the Kapitza resistance 

for each composite is calculated in Chapter 3.4.3. Several models to calculate the thermal 

conductivity of the composite will be investigated for their accuracy to the experimental 

measurements. 

(a) 
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Figure 3.3 Experimental measurements using laser flash analysis shows reduction of thermal 

conductivity as a function of grain size from 25°C to 800°C. The magnitude of degradation is 

highest at low temperature. 
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1.2 W/m 

3.4.2 Comparison of experimental and modeled thermal conductivity 
 

A representation of the OOF2 meshing process and resulting heat flux map is shown in 

Figure 4. In the heat flux map, brighter regions represent areas of high heat flux and the dark 

regions are areas of low heat flux, corresponding to phases with high thermal conductivity 

(alumina, spinel) and low thermal conductivity (8YSZ) respectively.    

 
 
Figure 3.4 OOF2 meshing process and heat flux map. (a) Backscattered SEM image showing the 

three distinct phases. (b) Colors assigned to each phase for easier thresholding while applying 

material properties within OOF2. (c) Meshing with triangular elements with a high density of 

nodes at interfaces between phases. (d) A temperature gradient of 10 K is applied across the 

microstructure, so a heat flux map can be visualized within OOF2. 
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The experimentally measured values in Figure 3 are compared in Figure 5 to various 

models used predict the thermal conductivity including MOOSE, Bruggeman model [76], Rule of 

Mixtures, and the Geometric Mean. The models use thermal conductivity values from Figure 3.1, 

as well as the phase fractions calculated from microstructure analysis. The three-phase Bruggeman 

model is given below in Equation 3-3, 

                                        𝑉> ?
@AB@CDD
@AEF@CDD

G + 𝑉F ?
@IB@CDD
@IEF@CDD

G + 𝑉J ?
@KB@CDD
@KEF@CDD

G = 0      (3-3) 

where Vi is the phase fraction of the ith phase, ki is the thermal conductivity of the ith phase, and 

keff is the effective thermal conductivity of a random dispersion of three phases. The commonly 

used upper bound of the Rule of Mixtures is given by Equation 3-4,    

    

𝑘566 = 𝑉>𝑘> × 𝑉F𝑘F × 𝑉J𝑘J           (3-4) 

where the variables have the same values as the Bruggeman model in Equation 3-3. Finally, 

Equation 3-5 represents the Geometric Mean.   

𝑘566 = 𝑘>
NA𝑘F

NI𝑘J
NK          (3-5) 

Across the entire temperature range, the Rule of Mixtures calculations yields significantly 

higher thermal conductivity values compared to the experimental results, which has been observed 

in previous studies for ceramic composites [72]. The Bruggeman model is also higher than 

experimental results. The Geometric Mean and MOOSE models offer the closest approximations, 

but still with some significant deviations from the experimental data.   
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Figure 3.5 Thermal conductivity as a function of temperature for the 1.2 µm grain size Al2O3-

MgAl2O4-8YSZ composite measured experimentally modeled using finite element modeling via 

MOOSE, Geometric Mean, Bruggeman, and Rule of Mixtures calculations.  

 
To study this phenomenon further, an alumina, spinel, and 8YSZ composite with a smaller 

grain size is also evaluated using the same models. The models do not consider grain size; 

differences between samples with the different grain sizes are attributed to minor variations in the 

measured phase fractions.  Here, the finer grain material has a measured nominal grain size of 450 

nm with similar composition. The results in Figure 3.6 follow the same trend when compared to 

the experimental measurements as in Figure 3.5; the Rule of Mixtures calculation has the highest 

deviation when compared to the experimental results, followed by the Bruggeman model, with the 
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MOOSE and Geometric Mean results having the closest agreement but still significant deviations. 

In all models, the deviation in thermal conductivity values is much higher at room temperature 

than at higher temperatures such as 800 °C.  Angle et al. [6] found a similar trend when evaluating 

thermal conductivity of three- and four-phase ceramic composites using OOF2 and proposed that 

the discrepancy between experimental data and the best fit models could be due to the Kapitza 

resistance, or the thermal resistance due to interfaces and grain boundaries [28, 77].  

 
Figure 3.6 Thermal conductivity as a function of temperature for the 450 nm grain size Al2O3-

MgAl2O4-8YSZ composite measured experimentally modeled using finite element modeling via 

MOOSE, Geometric Mean, Bruggeman, and Rule of Mixtures calculations.  
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3.4.3 Kapitza resistance of three-phase composites 
 
 The Kapitza resistance of single- and two-phase systems has been studied for a limited 

range of oxides and composites [30, 33, 78, 79]. Several models have been proposed to calculate 

the Kapitza resistance. The model of Smith et al. [78] assumes that all of the scattering from 

thermal conductivity extrapolated to 0K is due to grain boundaries and neglects scattering from 

point defects and other defects. This model also fails to capture any temperature dependence of 

the Kapitza resistance.  A better model developed by Yang et al. [38] uses the changes in thermal 

conductivity with grain size to predict the temperature and grain size dependence of Kapitza 

resistance [28, 36, 80]. This approach uses the following equation to express the Kapitza resistance 

as a function of temperature: 

𝑘(𝑇, 𝑑) = P	@Q(R)
PEST@Q(R)

         (3-6) 

where k(T,d) is the temperature and grain size dependent thermal conductivity [W/mK], d is the 

grain size [m], ki(T) is the intrinsic thermal conductivity which is dependent on temperature but 

independent of grain size [W/mK], and Rk is the Kapitza resistance [m2K/W]. This equation has 

been successfully used for calculations of Kapitza resistance in single-phase oxides [28, 33]. Here, 

we use it for a three-phase calculation utilizing the results from both experiment (k(T,d)) and finite 

element modeling (ki(T)). The experimentally measured thermal conductivity values are known to 

be both temperature and grain size dependent. However, the modeled results are independent of 

grain size, which allows the MOOSE values to serve as the intrinsic thermal conductivity. The 

thermal conductivity inputs for MOOSE are taken from literature from materials with grain sizes 

significantly larger than 1 µm, where the few interfaces make negligible impact on the thermal 

conductivity [65-67]. A plot of Kapitza resistance as a function of temperature is given in Figure 

3.7 for the three-phase composite as well as single-phase YSZ [28]. 
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Figure 3.7 Kapitza resistance as a function of temperature comparing three-phase material with 

two different grain sizes with prior results on 8YSZ using the temperature dependent method 

based on the work of Limarga and Clarke and Yang et al [28, 33]. 

 
Using this method, the average Kapitza resistance of the three-phase material with 1.2 µm 

grain size is determined to be 9.8 x 10-9 m2K/W and the average Kapitza resistance of the 450 nm 

grain size material is 8.1 x 10-9 m2K/W. Both values are significantly higher than the values for 

3YSZ and 8YSZ of 4.5x10-9 m2K/W, as shown in Table 1. Both of these values are the averaged 

value from 25 °C to 800 °C, but it can be seen from Fig. 3.7 that there appears to be a strong 

temperature dependence, with a drop in Kapitza resistance at higher temperature (>600 °C) for 

both the composite and YSZ. At room temperature, the Kapitza resistance of the composite is 1.5-

1.7 x 10-8 m2K/W which is significantly larger than the single-phase values for 8YSZ at room 

temperature (4.5 x 10-9 m2K/W).  We know that at higher temperatures, there is increased solubility 

of yttria in zirconia and less segregation at the grain boundaries which may lead to this decrease 
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in Kapitza resistance in YSZ [81]. The composite sees a 30% drop in resistance and the YSZ sees 

an approximate 20% drop in resistance from 600 °C to 700 °C. This trend of the composite thermal 

conductivity decreasing as a function of temperature at high temperatures suggests that in many 

materials the Kapitza resistance may be dependent on solubility and grain boundary segregation, 

so ignoring the temperature dependence may not be correct. 

The difference in Kapitza resistance values at all temperatures for the two composites is 

hypothesized to be a result of the grain boundary character and type. Since the two samples were 

annealed and sintered at different temperatures for different amounts of time there may be a 

reduction of low energy boundaries at the higher annealing temperature, which may contribute to 

the higher Kapitza resistance values for larger grain sizes. Research by Chernatynskiy et al. [82] 

on the Kapitza resistance of CeO2 found that the Kapitza resistance is highly dependent on the 

misorientation angle and grain boundary energy [82]. 

 

Table 3.1 Kapitza resistance values from the temperature dependent method for the three-phase 

composite and single-phase YSZ. The grain size is included as it is used in the calculation of 

Kapitza resistance per equation 5. 

 

Material 
Average Kapitza 

Resistance 
(m2K/W) 

Kapitza 
Resistance at 

25°C (m2K/W) 
Grain Size Reference 

Al2O3-MgAl2O4-
8YSZ 9.8 x 10-9 1.7 x 10-8 1.2 µm This Work 

Al2O3-MgAl2O4-
8YSZ 8.1 x 10-9 1.5 x 10-8 450 nm This work 

3YSZ 4.5 x 10-9 4.5 x 10-9 120 nm Limarga and 
Clark32 

8YSZ 4.5 x 10-9 4.5 x 10-9 10 – 100 nm Yang et al.38 
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These results indicate that the additional phases in the composite lead to an increase in the 

overall Kapitza resistance compared to single-phase systems.  We postulate this is due to the 

heterogeneous nature of the interfaces compared to the homogeneous grain boundaries in single-

phase materials. Within the bulk composites studied here, there are many difference types of grain 

boundaries as well as different chemistries across the boundaries. There are six possible interfaces 

present in the bulk material: Al2O3 - Al2O3, Al2O3 - MgAl2O4, Al2O3 - 8YSZ, MgAl2O4 – MgAl2O4, 

MgAl2O4 – 8YSZ, and 8YSZ – 8YSZ, with interfaces between dissimilar phases which we 

hypothesize results in the increased Kapitza resistance of multiphase ceramics compared to single 

phase boundaries. The heterointerfaces may serve as more effective blocks to phonon transport.   
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3.4.4 Calculated thermal conductivity as a function of grain size at 25 °C and 800 °C 

Differences in crystal structure and elastic modulus between each phase have been 

previously calculated to affect the Kapitza resistance [35]. Prior experiments on significantly 

reducing the thermal conductivity by reducing the grain size of ceramics, mostly found this effect 

with £100 nm grain size ceramics [28, 83]. We hypothesize that the presence of heterointerfaces 

degrades thermal conductivity at larger grain sizes compared to single-phase materials, since our 

materials had grain sizes from 450 nm to 1.2 µm, yet none of the models were able to accurately 

determine the thermal conductivity as measured experimentally by laser flash analysis, 

dilatometry, and differential scanning calorimetry. Heterointerfaces will therefore have a 

significant impact on lowering the thermal conductivity, depending on the temperature range of 

interest.  Figure 8 shows the predicted thermal conductivity including Kapitza resistance of the 

three-phase composite as a function of grain size for two temperatures, 25 °C and 800 °C.  At room 

temperature, any reduction in grain size below 10 µm will lower the thermal conductivity for this 

three-phase material.  In contrast, published calculations incorporating Kapitza resistance for 

8YSZ show that a plot of the thermal conductivity as a function of grain size for single-phase 

8YSZ reaches a near constant maximum thermal conductivity at 1 µm grain size at 27 °C [84]. 

(Kapitza resistance values for Al2O3 and MgAl2O4 using the temperature dependent Kapitza 

calculation could not be found in the published literature.) 
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Figure 3.8 Predicted thermal conductivity incorporating Kapitza resistance in OOF2/MOOSE as 

a function of grain size for the three-phase Al2O3-MgAl2O4-8YSZ. This calculation assumes the 

microstructure will be self-similar at all grain sizes. The actual Kapitza resistances calculated at 

different temperatures from Figure 7 were used. Dotted lines below 200 nm indicate the beginning 

of the limits of MOOSE.  

 

The premise of inert matrix fuel research is largely predicated on increasing the thermal 

conductivity of the fuel. In this instance, the effective thermal conductivity of the composite is 

predicted to increase by a factor of two at 25 °C when compared to conventional UO2 fuel. A 

nanocrystalline grain size would be desirable for improved mechanical properties and higher 

radiation damage tolerance with grain boundaries serving as effective sinks for point defects 
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generated during irradiation.  However, Figure 3.8, clearly shows that this doubling of the thermal 

conductivity by making a composite would be completely negated if the grain size is reduced to a 

nanocrystalline grain size, creating more interfaces with high Kapitza resistance. This reduction is 

most striking at lower temperatures. The thermal conductivity decreases only 15% between 1 µm 

and 100 nm at 800°C, but there is a 100% reduction at 25°C over the same range of grain sizes. 

(A different model that accounts for atomistic effects is necessary for simulating the effective 

thermal conductivity below 100 nm). 
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3.4.5 Investigation into Kapitza Resistance of Two-and Three Phase Composites by 
Extrapolation of Thermal Resistivity  
 

Efforts to fabricate and measure the thermal conductivity of the constituent two-phase 

ceramic composites are currently ongoing. However, finite element models have been used to 

simulate the thermal conductivity of Al2O3 – MgAl2O4, Al2O3 – 8YSZ, and MgAl2O4 – 8YSZ 

composites. Within this section, these results will be presented as well as insight into an alternative 

method from literature that can be used to estimate the Kapitza resistance. As mentioned earlier, 

this methodology from an article by Smith et al. [78] does not have a temperature dependence. As 

shown in the previous sections, it is hypothesized that there is a temperature dependence of the 

Kapitza resistance and it may be exaggerated for composites. 

The Kapitza resistance can be calculated from a graph of thermal resistivity (the inverse of 

thermal conductivity) as a function of temperature. As discussed in Smith et al. [78], the thermal 

resistivity as a function of temperature should have a linear dependence and follow the equation: 

>
@(R)

= 𝐴 + 𝐵 ∙ 𝑇	     (3-7) 

Where A is the thermal resistivity term for impurity scattering and B is the thermal resistivity term 

of phonon-phonon scattering [85]. In this formulation, the impurity scattering term is independent 

of temperature and in the derivation of Smith et al. [78], only accounts for thermal resistance due 

to grain boundaries and not point defects. However, point defects may scatter phonons much more 

efficiently than grain boundaries [28]. 

To start, the thermal resistivity as a function of temperature is plotted for the experimental 

measurements and simulated OOF2 data for the three-phase composite (Fig. 3.9). This value will 

be compared to the average value calculated previously. The y-intercept of each line is determined 

from the plot and used in conjunction with the linear average grain size to calculate the Kapitza 

resistance by the equation: 
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𝑅Y = 𝐴 ∗ 𝑑            (3-8) 

where RK is the Kapitza resistance (units m2K/W), A is the y-intercept which represents the 

scattering of phonons by defects (units mK/W), and d is the linear average grain size (units m). 

Figure 3.9 Thermal resistivity as a function of temperature for the three-phase composite with 

large-grain size extrapolated to T = 0 K. 

The values for both the OOF2 modeled data and the experimental data were calculated to 

be 2.9x10-8 m2KW-1 and 4.6x10-8  m2KW-1, respectfully. Smith et al. calculated the Kapitza 

resistance of Al2O3 to be 1.3x10-8, which has the same order of magnitude as the values determined 

for the three-phase composite (Table 3.2) [78]. The values calculated from both the Yang technique 

and the Smith technique deviate by about an order of magnitude [38,78]. This may be due to how 

the Kapitza resistance is derived when extrapolating thermal resistivity to 0 K. In this derivation, 

the “A” term contains thermal resistivity information related to both the scattering due to grain 
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boundaries and point defects. By subtracting the temperature dependent Kapitza resistance from 

the resistance calculated by the scattering term, the thermal resistivity due to point defects may be 

back calculated. Nevertheless, in both cases, the Kapitza resistance of the composite is higher than 

the Kapitza resistance of the single-phase material available in the literature. It is recommended 

that the model described in early section be used instead of the Smith model [78] due to the likely 

temperature dependence of the Kapitza resistance, which has also been observed in more recent 

studies [82]. 

 

Table 3.2 Kapitza resistance values calculated with the y-intercepts from Fig. 3.9 using the Smith 

method. Both the experimental and OOF extrapolations are presented as well as the Kapitza 

resistance for porous Al2O3 determined by Smith et al. [78]. 

 

 

   

  

 Kapitza Resistance 
(m2KW-1) 

Experimental 
Data 4.6x10-8 

OOF2  
Data 2.9x10-8 

Al2O3 31 1.3x10-8 
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Preliminary research has also investigated the three binary-phase composites of Al2O3-

MgAl2O4, Al2O3-8YSZ, and MgAl2O4-8YSZ with equal volume fractions. As expected, the 

composites containing Al2O3 have higher thermal conductivity values than the composite 

containing MgAl2O4 and 8YSZ (Figure 3.10).  

 
Figure 3.10 OOF2 simulations of the thermal conductivity as a function of temperature for three 

binary-phase composites showing the composites containing Al2O3 have higher thermal 

conductivities. 

 

Analyzing these systems also allows for the estimation of the thermal resistance due to 

defects via the Smith technique (Figure 3.11). The Kapitza resistances obtained from the linear 

extrapolation of thermal resistance as a function of temperature at 0 K are of the same order of 

magnitude as the values reported in literature for single phase materials as well as the calculated 

values for the three-phase composite (Table 3.3) and demonstrate that different composite systems 

have different average Kapitza resistance values. However, these thermal resistances are possibly 
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dominated by the value for the thermal resistance of point defects. Future work is underway to 

characterize the effect of dissimilar interfaces within each binary-phase composite on the thermal 

conductivity.

 

Figure 3.11 Inverse thermal conductivity as a function of temperature plots used to calculate the 

Kapitza resistance via the Smith technique for the three binary-phase composites. 

 
 

Table 3.3 Extrapolation of y-intercept values from Fig. 3.11. The Smith technique was applied 

and the Kapitza resistance for each of the binary phase composites was calculated.  

 
 

 
Y-intercept 
from Fig. 

20. 

ϕ* (Linear 
Average 

Grain Size) 

Kapitza 
Resistance 

(m2*K*W-1) 
Alumina/Spinel 0.0873193 6.0x10-7 5.239x10-8 

Alumina/YSZ 0.0365913 6.0x10-7 2.195x10-8 

YSZ/Spinel 0.0027275 6.0x10-7 1.637x10-8 
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3.5 Conclusions 
 

The thermal conductivity was experimentally determined and modeled for a three-phase 

Al2O3-MgAl2O4-8YSZ ceramic composite with different grain sizes. A reduction in thermal 

conductivity is attributed to the Kapitza resistance, which was calculated for each composite. The 

calculated Kapitza resistance of the three-phase composite with 1.2 µm grain size has an average 

value of 9.8 x 10-9 m2K/W from 25 °C – 800 °C and the composite with 450 nm grain size has an 

average Kapitza resistance of 8.1 x 10-9 m2K/W, Kapitza resistance values higher than found in 

literature for YSZ. There is also a strong temperature dependence of the Kapitza resistance. This 

increased Kapitza resistance is attributed to the presence of heterointerfaces within the composite, 

and it is hypothesized that the Kapitza resistance of heterointerfaces in composites is intrinsically 

higher than the Kapitza resistance of grain boundaries in the corresponding single-phase materials. 

While nanocrystalline inert matrix fuels would have detrimentally lowered thermal conductivity 

due to the heterointerfacial Kapitza resistance, lower temperature applications such as 

thermoelectrics can use this effect by using composite heterointerfaces and reduced grain sizes in 

order to decrease thermal conductivity.  Further research is ongoing on analyzing the types of 

oxide interfaces that are most effective in reducing thermal conductivity.  
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Chapter 4: Comparison of Laser Flash Analysis and 3 Omega Method Thermal 
Measurement Techniques on 8YSZ and an Al2O3 – MgAl2O4 – 8YSZ Composite 
 
4.1 Abstract 
 

In this chapter, a technique for making low temperature thermal conductivity is discussed 

and applied to ceramic samples. This technique, known as the 3w Method, is outlined from sample 

preparation through data analysis and the results are compared to the more traditional technique of 

laser flash analysis. Three samples were prepared for each technique: single-phase 8YSZ and a 

three-phase composite of Al2O3, MgAl2O4, and 8YSZ with two distinct grain sizes. A fourth 

sample of polycrystalline MgAl2O4 was also prepared and measured via 3w method and compared 

to literature results from laser flash analysis studies. Results show that all four samples have 

agreement between the two techniques, with thermal conductivity values from 3w measurements 

falling within the error range associated with the propagation of error from laser flash analysis, 

differential scanning calorimetry, and dilatometry. This work is the first time 3w measurements of 

bulk ceramic materials have been validated against thermal conductivity results from laser flash 

analysis. Finally, future work on how to use the 3w Method for potential measurement of the 

Kapitza resistance, or interfacial thermal resistance, across bicrystals or materials with very large 

grains will be discussed.  
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4.2 Introduction 

 The thermal conductivity of crystalline ceramics has  been studied extensively for a range 

of materials, composites, and systems [28]. A traditional technique for experimentally calculating 

the temperature dependent thermal conductivity of a material is the use of laser flash analysis in 

conjunction with dilatometry and differential scanning calorimetry [86]. Within this paper, the 3w 

method for measuring thermal conductivity is compared to the laser flash analysis. The differences 

between the two techniques will be discussed as well as the preparation required to complete a 

measurement.  

 The 3w method was pioneered by Cahill in 1990 and is an electrothermal technique for 

extracting the thermal conductivity of a bulk or thin film material [87]. This technique has been 

extensively used to study glasses, metals, and composites [88,89]. However, very few bulk ceramic 

materials have been studied [72] and no 3w results for bulk ceramics have been compared to results 

from laser flash analysis on the same materials. While both 3w method and laser flash analysis 

(which will be used to express the combination of laser flash analysis, differential scanning 

calorimetry, and dilatometry), measure thermal conductivity, they have different operating 

temperature ranges. Laser flash analysis has the capability to go from cryogenic temperatures to 

temperatures in excess of 2000 K making it a very robust measurement system [90]. On the other 

hand, 3w has a rather limited temperature range of cryogenic to approximately 750 K [87]. This 

limitation is imposed by the temperature sensitivity of the electrode and heater line. While the 

focus has been mainly on the laser flash method, ideally three separate measurement measurements 

for thermal diffusivity, density, and specific heat capacity are necessary to satisfy Eq. 4-1 for 

thermal conductivity. 

𝜆(𝑇) = 𝛼(𝑇)𝜌(𝑇)𝑐.(𝑇)       (4-1) 
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Therefore, the laser flash method requires three individual samples for three separate 

measurements. A benefit of the 3w method is that only one sample is required to extract thermal 

information from the sample. Multiple samples are run per material for statistical purposes. 

 Within this chapter, the thermal conductivity of a single-phase 8 mol% yttria-stabilized 

zirconia (8YSZ) and magnesium aluminum spinel (MgAl2O4) were measured with 3w method and 

compared to either experimental laser flash analysis results or literature values to determine the 

efficacy of the 3w technique. Next, the temperature dependent thermal conductivity of a three-

phase composite consisting of equal volume fractions of 8YSZ, aluminum oxide (Al2O3), and 

MgAl2O4 was measured for two different grain sizes. This chapter outlines the necessary steps 

required to fabricate samples as well as perform the measurement and analysis. Finally, the 

accuracy of 3w compared to laser flash analysis will be determined. 
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4.3 Experimental Procedures 

4.3.1 Sample Preparation and Characterization 

 Single-phase samples were prepared by milling either cubic 8YSZ (TZ-8YS, Tosoh USA, 

Grove City, OH) or (MgAl2O4  S30CR, Baikowski, Charlotte, NC) for 8 hours in an attrition mill. 

The resulting slurries were dried, ground with an agate mortar and pestle, and pressed in a cold 

isostatic press for 5 minutes at 55 kpsi. The cylindrical green bodies had green densities of 

approximately 55% theoretical density. The green bodies were then sintered in air at 1550°C for 

10 hours to 98 - 99% theoretical density. Square samples measuring 8 by 8 by 2 mm were cut for 

LFA and 3w measurements. A similar approach was taken for the three-phase composites 

consisting of alumina (TM-DAR, Taimicron, Japan), spinel (S30CR, Baikowski, Charlotte, NC), 

and cubic 8YSZ (TZ-8YS, Tosoh USA, Grove City, OH). However, to achieve a finer grain sized 

material, a two-step sintering route was utilized; the sample was sintered at 1425°C for 5 minutes 

before the temperature is lowered to 1325°C for 5 hours. Both microstructures were sintered to 

approximately 97% theoretical density. All density measurements were performed using the 

Archimedes displacement method and confirmed using a geometric density measurement. The 

grain size and phase fractions were determined via scanning electron microscopy (SEM) (FEI 

Magellan XHR SEM, Hillsboro, OR).  As reported in Chapter 3, the two grain sizes are 1.2 µm 

and 500 nm with similar compositions of all three constituent phases. 

4.3.2 3w Method 

 To prepare samples for 3w measurement, a methodology developed by Professor Dames 

at University of California, Berkeley was followed [91].  First, the 4-point probe electrodes were 

deposited using electron beam evaporation (Angstrom Engineering, EvoVac Glovebox 

Evaporator, Kitchener, Ontario, Canada). A shadow mask of the electrode (Photo Science 
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Company, Torrance, CA) was affixed to the surface of the samples before a 100 nm gold layer was 

deposited on a 10 nm chromium adhesion layer. The shadow mask was removed and the samples 

with electrodes were ready to be connected to the 3w instrumentation. Silver epoxy was used to 

affix the pads of the electrodes to thin copper wire. The copper wire was subsequently soldered to 

thicker gauge copper wire which is more durable to gator clip connection. The first measurement 

for a sample is the resistance of the heater line measured using a multimeter (Keithley, Beaverton, 

Oregon) to ensure proper connections and uniform deposition of the electrodes. Samples are 

judged suitable if the resistance of the heater is line is below 10 W.  

 First,  a thermal contact resistance (TCR) calibration of the heater line was performed. With 

the 3w sample connected to the multimeter, voltage measurements as a function of current were 

recorded at various temperatures to determine the resistance at 0°C of the heater line. This 

calibration is required for thermal conductivity calculation and is unique to every individual heater 

line. The sample is placed on top of a hotplate which supplies constant temperature to the sample 

allowing for temperature dependent measurements. The temperature of the sample itself is 

monitored with a J-type thermocouple, which is mounted directly to the surface of the sample.  

The in-phase and out-of-phase 3w data was collected as a function of frequency for each 

sample at temperatures ranging from ~20°C to 150°C using a circuit board from Design Solutions, 

Inc. (Chanhassen, MN, USA). With the 3w output, the thermal conductivity was calculated by both 

the in-phase and out-of-phase signals. This process will be presented in further detail in Chapter 

4.4.2 and Appendix C. 
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4.3.3 Laser Flash Analysis 

Square specimens were fabricated ~8 by 2mm for the LFA measurements. Diffusivity 

values were determined by fitting the temperature rise signal with a Cowen model. The LFA 

(Netzsch Instruments, Germany) method was utilized to determine the thermal diffusivity, D, of 

the samples. Samples were first coated with approximately 10 nm of Pt using a standard sputter 

coater. A second layer of graphite spray (Graphit 33, Kontakt Chemie, Germany) was then applied 

on top of the Pt later to improve absorption of the laser energy on the bottom face and enhance 

emissivity of the upper face. Laser flash analysis was then performed in an atmosphere of flowing 

argon. Diffusivity data was collected from room temperature up to 300 0C in increments on heating 

of 50 0C. Three shots per temperature were collected and the data shown the average for the 

reported value. The standard deviation of the thermal diffusivity data at each step was far below 

the standard error associated with the technique (3%) [75]. 
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4.4 Results and Discussion 

4.4.1 Calculating thermal conductivity using laser flash analysis 

 To calculate the thermal conductivity of a material using laser flash analysis, three 

experiments were performed; laser flash analysis, differential scanning calorimetry, and 

dilatometry. The thermal diffusivity of single-phase 8YSZ and the three-phase composites were 

measured via laser flash analysis. As shown in Figure 4.1, the thermal diffusivity of 8YSZ is quite 

low when compared to the three-phase composites and agrees with reported thermal diffusivity 

values in literature. The thermal diffusivity of the three-phase composite was lowered by 

approximately 15% at room temperature from the 1.2 µm grain size to the 500 nm grain size at 

25°C. The reduction becomes less pronounced at higher temperatures until the associated errors 

between the two samples begin to overlap around 400 – 500 °C. Overall, the addition of Al2O3 and 

MgAl2O4  to 8YSZ increases the thermal diffusivity at all temperatures.  



 46 

 

Figure 4.1 Thermal diffusivity as a function of temperature for 8YSZ and an Al2O3 – MgAl2O4 – 

8YSZ composite with two distinct grain sizes as measured by laser flash analysis. 

 

The specific heat capacity of the three-phase composite samples was also measured via 

differential scanning calorimetry. The specific heat capacity was assumed to be independent of 

grain size. The specific heat capacity as a function of temperature for an Al2O3 – MgAl2O4 – 8YSZ 

composite is shown in Figure 4.2. 
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Figure 4.2 Grain size independent specific heat capacity as a function of temperature for equal 

phase fraction Al2O3 – MgAl2O4 – 8YSZ as measured by differential scanning calorimetry. 

 

 The final experiment for the full calculation of thermal conductivity as a function of 

temperature for the laser flash analysis is the measurement of thermal expansion via dilatometry. 

The thermal expansion as a function of temperature for the two distinct grain sizes for the Al2O3 – 

MgAl2O4 – 8YSZ are shown in Figure 4.3 Both sets of data were fit with a linear regression with 

a negative slope indicating positive thermal expansion values. The variances in starting densities 

was a result of the thermal processing of the two different samples which leads to two different 

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Sp
ec

ifi
c 

He
at

 C
ap

ac
ity

 (
Jg

-1
K-1

)

800600400200
Temperature (ºC)

Al2O3 - MgAl2O4 - 8YSZ composite



 48 

theoretical densities of the samples after densification by sintering. The density was taken into 

account after the calculation of the thermal conductivity; all samples were corrected to 100% 

theoretical density. 

 

 

Figure 4.3 Density change as a function of temperature for Al2O3 – MgAl2O4 – 8YSZ composites 

with 1.2 µm and 500 nm grain sizes as measured by dilatometry. 
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 The three values for thermal diffusivity, specific heat capacity, and density were multiplied 

together to calculate the temperature dependent thermal conductivity in accordance with Equation 

4-1. Thermal conductivity values were corrected to 100% theoretical density with the following 

equation: 

𝜅RZ = 𝜅 [1 − 3/2^1 − _`
_9a

bc
B>
																																														(4-2) 

Where kTD is the thermal conductivity at 100% theoretical density, k is the measured thermal 

conductivity at some nominal density, r0 is the measured density, and rTD is the 100% theoretical 

density. The thermal conductivity results are presented and compared to the 3w measurements in 

the next subchapter. 

 

4.4.2 Calculating thermal conductivity using 3w method 

In order to validate the 3w method instrumentation, samples of single-phase 8YSZ and 

MgAl2O4 were prepared and analyzed as an initial benchmark experiment. 8YSZ and MgAl2O4 

have been well studied in the literature and the thermal conductivity as a function of temperature 

is known [65, 92, 93]. The following procedure is undertaken for each 3w sample. Initially, a 4-

point probe was used to measure the resistance of the heater line that was evaporated on the sample. 

Resistance measurements for all heater lines vary from 5 - 9 W. The resistance of the heater line is 

a good indication of the quality of the evaporation. Previous attempts at using aluminum heater 

lines as opposed to gold yielded extremely high resistance values that were incompatible with the 

3w circuit board (maximum resistance of 50 W). It is advised that using the more expensive gold 

and chromium heater lines as opposed to aluminum will lead to easier 3w measurements for 

ceramic samples. 
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All samples were calibrated using thermal contact resistance (TCR) measurements from 

temperatures ranging from 20 – 50 °C or 20 – 70 °C and input voltages from 0.2 – 0.4 mA. An 

example of the measurements is shown in Figure 4.4 for an 8YSZ sample. When the voltage as a 

function of resistance is plotted for the specified range of input currents, each temperature set has 

a very strong linear fit (indicated by an R2 value of approximately 1.0). The y-intercepts of these 

regression was then used to determine the theoretical resistance of a cold heater line at 0 °C. An 

example of this regression is shown in Figure 4.5, where the slope and y-intercept of the linear fit 

were used to determine both the resistance of the heater line at 0 °C and a, the coefficient of 

thermal contact resistance. Both of these values are specific to each individual heater line and are 

necessary for calculating the thermal conductivity using the 3w Method [91,94].  

 

 

 

Figure 4.4 TCR calibration results for voltage as a function of current for various temperatures 

for single-phase 8YSZ. 
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Figure 4.5 TCR calibration output for determining the resistance of the heater line at 0 °C and a, 

the coefficient of thermal contact resistance for 8YSZ. 

 

 With the heater line calibration completed, the in-phase and out-phase 3w voltages were 

measured as a function of frequency. The frequency range was determined using the following 

relationships based on the thermal penetration depth, the heater line width, and the thickness of 

the sample: 

^def.g5	Rhij@k5ll
m

b ≥ 𝐿. ≥ 5 ∗ (𝐻𝑒𝑎𝑡𝑒𝑟	𝐿𝑖𝑛𝑒	𝑊𝑖𝑑𝑡ℎ)   (4-3) 

Where Lp is the thermal penetration depth which can be estimated from the frequency (w) by the 

relationship: 

𝐿.~
>
√|
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Proper selection of the frequency range is imperative for accurately sampling the thermal transport 

within the bulk material. Selecting frequencies that are too high or low could result in 

measurements of the substrate below the bulk sample or surface effects. The frequency range, 

sampling rate, and input current were input by the user to the LabVIEW program before beginning 

a measurement.  

 The LabVIEW program measures and records the in-phase and out-of-phase 1w and 3w 

voltages as a function of frequency. An example of an entire 3w data set is shown in Figure 4.6. 

When analyzing the data, there are certain criteria that need to be met for both the in-phase and 

out-of-phase signals to ensure confidence in the measurement. First, the in-phase 3w signal should 

have a linear regime outside of the high frequency region. The slope of this region was used for 

the thermal conductivity calculation. Second, the out-of-phase 3w signal should have a regime of 

constant voltages corresponding to the linear region in the in-phase signal. These out-of-phase 

voltages were also used to calculate the thermal conductivity values. 

 
Figure 4.6 Example 3w data set showing the in-phase and out-of-phase regimes. The fit trendline 

indicates the ideal regions for calculating thermal conductivity [91].  
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 To calculate the thermal conductivity from the in-phase signal, the following equation was 

used: 

𝑘J|,i. =
}SI~K

���
	( PNK�
Pgk(|)

)B>      (4-5) 

Where 𝑘J|,i. is the thermal conductivity calculated from the in-phase 3w voltage [W/mK], a is 

the temperature coefficient of thermal resistance [1/K], R is the electrical resistance [W], I is the 

electrical current [A], L is the length of the heater line [m], and PNK�
Pgk(|)

 is the slope from the linear 

regime of the in-phase 3w voltage as a function of the natural logarithm of frequency. An example 

linear regression of this slope calculation is provided in Figure 4.7. 

 

 
Figure 4.7 In-phase 3w voltage as a function of ln(f) for single-phase 8YSZ. A highly linear 

regime was selected and the slope was calculated as a parameter for the thermal conductivity 

calculation in Eq. 4-5. 
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 The corresponding constant out-of-phase 3w voltage region should align well with the 

region displayed in Figure 4.7. The equation for calculating the thermal conductivity from the out-

of-phase 3w voltage is: 

𝑘J|,�. =
}SI~K

��NK�,��
																																																						(4-6) 

Where 𝑘J|,�. is the thermal conductivity calculated from the out-of-phase 3w voltage [W/mK] 

and 𝑉J|,�. is the out-of-phase 3w voltage [V]. Note that only one voltage value is used for the out-

of-phase calculation. By selecting the out-of-phase region with constant values, there is little to no 

deviation in the calculated thermal conductivity. Most publications report the in-phase 3w voltage 

calculation for thermal conductivity. However, the out-of-phase calculation should have minor 

deviations from the in-phase calculation and is a good internal check on the system. 
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4.4.3 Comparison of 3w method and laser flash analysis for single-phase 8YSZ and MgAl2O4 
  
 The thermal conductivity of single-phase 8YSZ and MgAl2O4 were measured using the 3w 

method from 25 – 150 °C. While Angle et al. conducting 3w measurements on bulk ceramic 

samples, this is the first known measurement with validation against thermal conductivity results 

from laser flash analysis [72]. Figure 4.8 shows the comparison between the two experimental 

methods for 8YSZ with differences of less than 5% between techniques. The two experimental 

values also have good agreement with values for thermal conductivity for 8YSZ found in the 

literature from multiple researchers [56].  

 

Figure 4.8 Comparison of thermal conductivity values for laser flash analysis and 3w method for 

8YSZ. 
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 Similarly, Figure 4.9 compares the thermal conductivity of single-phase MgAl2O4 

measured via the 3w method with literature values from Wilkerson et al. collected using laser flash 

analysis. Again, the agreement between the two techniques was high, with the two data sets 

deviating by less than 5% for all 4 temperatures measured [67]. In this section, the 3w method was 

used to accurately measure the thermal conductivity of low temperatures for two different single-

phase oxide materials with varying thermal conductivities. Next, the thermal conductivity of a 

multiphase oxide system with similar composition but varying grain size will be analyzed. 

 

 

 

Figure 4.9 Comparison of thermal conductivity values for laser flash analysis and 3w method for 

MgAl2O4 [67]. 
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4.4.4 Comparison of 3w method and laser flash analysis for three-phase composite 

 Al2O3 – MgAl2O4 – 8YSZ composites with 1.2 µm and 500 nm grain sizes were measured 

via both LFA and 3w Method from 25 to 150 °C. From Figure 4.10, the 3w measurements and 

laser flash analysis data show good agreement for both grain sizes. The associated error of LFA is 

± 5% and all 3w measurements fall within this error, with the 3w measurements have an error of 

approximately ± 2%. This error is generated from the deviation between measurements on three 

different composite samples.  

 

 
 

Figure 4.10 Comparison of thermal conductivity values for 1.2 µm and 500 nm grain size Al2O3 

– MgAl2O4 – 8YSZ composites measured by laser flash analysis and 3w Method.  
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 Further comparison of the measurements of each method further confirm the conclusions 

of Chapter 4. Namely, that the higher density of grain boundaries in a 500 nm grain size composite 

leads to a reduction in the effective thermal conductivity of the composite when compared to 1.2 

µm composites with similar composition. All four data sets are shown in Figure 4.10 and highlight 

the degradation due to changes in grain size and the 3w method’s ability to measure data close to 

the values measured by laser flash analysis. Through analysis of four distinct ceramic materials, 

the 3w method accurately measured the thermal conductivity at low temperatures as validated by 

the corresponding laser flash analysis results and literature values. The final section of this chapter 

will compare and contrast the two techniques and lay groundwork for future studies that can take 

advantage of the 3w Method. 
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4.4.5 Advantages and Disadvantages of 3w Method and Laser Flash Analysis 

 At the low temperatures evaluated during this study, the 3w method compared favorably 

with the more traditional laser flash analysis. The two techniques will be analyzed and suggestions 

will be made based on the strengths and weaknesses of both techniques. The main limitation of 

the 3w method is the temperature range at which it can operate. Due to the sensitive nature of the 

heater line and electrode, the technique has only been used up to about 500 °C [95]. The current 

setup was limited to approximately 175 °C due to the material constraints imposed by the silver 

epoxy and solder that is used to connect the sample to the 3w instrumentation. Utilizing materials 

with a higher thermal threshold can slightly increase the temperature range; however, a vacuum 

chamber would be necessary for measurements up to 500 °C or down to cryogenic temperatures. 

The current temperature range is ideal for thermoelectric material characterization. Laser flash 

analysis measurements can be performed in excess of 1700 °C, which is an obvious advantage for 

analyzing high temperature materials such as nuclear fuels or thermal barrier coatings. 

 An advantage of the 3w system is the cost when compared to a typical laser flash analysis 

instrument; especially when considering that in order to calculate thermal conductivity using laser 

flash analysis, one also needs to measure thermal expansion and specific heat capacity. While only 

one sample is necessary for thermal conductivity measurement for 3w, three separate 

measurements are necessary to generate the information necessary to calculate thermal 

conductivity using laser flash analysis. Ideally, the 3w method can be used as a screening technique 

to quickly ascertain the thermal conductivity at low temperatures before using laser flash analysis 

for high temperature measurements.  
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4.5 Conclusions 

 A system for measuring the thermal conductivity of bulk ceramics via the 3w method was 

constructed and validated using single-phase 8YSZ and MgAl2O4 samples. The 3w measurements 

have good agreement with literature and experimental laser flash analysis values for the two single-

phase values with deviations of less than 5% at the four temperatures measured (25, 50, 100, 150 

°C).  Composites consisting of equal phase fractions of Al2O3 – MgAl2O4 – 8YSZ with two distinct 

grain sizes were also measured using the 3w method and compared to measurements conducted 

using laser flash analysis. Results show that 3w measurement of thermal conductivity fall within 

the 5% error associated with laser flash analysis from 25 to 150 °C for four different systems with 

varying thermal conductivity making it an ideal technique for low temperature measurements. This 

study shows that the 3w method is a viable technique for measuring the thermal conductivity of 

bulk ceramic samples at low temperatures.  
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Chapter 5: Thermal conductivity of UN/U3Si2 Composite Fuel Forms 

5.1 Abstract 

 The thermal conductivity of novel uranium nitride (UN) and uranium silicide (U3Si2) 

composites were investigated for potential application as an accident tolerant fuel with higher 

uranium density than conventional uranium dioxide (UO2) nuclear fuel. Specimens of various 

compositions ranging from 10 vol% to 40 vol% U3Si2 with balance UN were fabricated and then 

characterized via SEM and XRD. Microstructures from SEM images were used as the input for 

thermal conductivity modeling using a combination of OOF2 (Object oriented finite element 

analysis version 2) and MOOSE (Multiphysics object-oriented simulation environment). Single 

phase thermal conductivity values for each phase were used as inputs for simulations from 373 K 

to 1673 K. Using pure UN and U3Si2 values yielded MOOSE model results that were 

approximately 9% higher than the corresponding experimental results, determined from a 

combination of thermal diffusivity, specific heat capacity, and density. This deviation was 

attributed to an unknown U-Si-N phase with unknown thermal properties. The thermal 

conductivity of this phase was estimated using a Rule of Mixtures calculation and then used in 

subsequent models. With the addition of the third unknown phase into the MOOSE models, the 

experimental and simulated results for the 20, 30, and 40 vol% U3Si2 composites showed good 

agreement. Thermal conductivity of irradiated material was also estimated by assuming thermal 

degradation of the U3Si2 phase. 
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5.2 Introduction 

After the Fukushima accident in Japan in March 2011, there has been significant interest 

in developing accident tolerant fuels (ATFs) to help prolong reactor operation in the event of a 

loss of coolant accident (LOCA) [96-99]. One of the currents thrust of the ATF program is to make 

intrinsically safer fuels that are still compatible with the current fleet of light water reactors. 

Currently, conventional nuclear fuel rod consists of UO2 ceramic fuel pellets encapsulated in Zr 

alloy cladding [2]. This system has been refined over the past ~60 years of development and has 

been proven as reliable, sustainable, and cost-effective at a large scale. However, the current fuel 

system is hindered by low thermal conductivity within the fuel (specially the fissile UO2 fuel). 

Another consideration during a design-basis LOCA, is the potential for significant heat generation 

and hydrogen gas build-up as a result of steam oxidation of the Zr alloy [3,46]. With enough heat 

and hydrogen gas present, there is risk of a release of nuclear material through explosion (as shown 

during the Fukushima accident). Therefore, it is imperative to look at fuels that not lonely exhibit 

higher intrinsic safety, but that also can provide more efficient operation of nuclear reactors during 

normal operating conditions. 

 Many different combinations of fuels and claddings are currently under investigation 

including SiC-SiC cladding and various fuels including uranium nitrides, silicides, and carbides 

[47, 97, 100-102]. Composite fuels are also under investigation for applications of nuclear fuel to 

mitigate some of the drawbacks of conventional UO2 fuel [103:105]. The system under 

investigation in these studies was a composite of uranium nitride (UN) and uranium silicide (U3Si2) 

of varying compositions. One of the focuses of accident tolerant fuels is the enhanced thermal 

conductivity compared to conventional UO2 at room and reactor operating temperatures. The 
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differences in the constituent phases of the fuel, UN and U3Si2, are significantly higher than UO2 

as shown in Figure 5.1 [48, 49, 64]. 

 

 
Figure 5.1 The thermal conductivity as a function of temperature for the constituent phases of the 

UN/U3Si2 composite compared to the thermal conductivity values for UO2. Both UN and U3Si2 

exhibit higher thermal conductivity above room temperature than UO2 [48, 49, 64]. 

 
 By utilizing a composite fuel of UN/U3Si2, the positives of the nitride and silicide systems 

can be achieved while potentially mitigating the drawbacks associated with each ceramic. As 

mentioned previously, both UN and U3Si2 have higher thermal conductivities than UO2 and from 

a simple rule of mixtures calculation, it is anticipated that a composite fuel of these two materials 

would also have a higher effective thermal conductivity [48,49,106-108]. On top of the improved 

thermal properties, UN and U3Si2 also have higher uranium densities than conventional UO2 [47]. 

However, UN undergoes pulverization under exposure to air, water, or steam. While U3Si2 also 
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oxidizes under exposure to air, water, or steam, it has more favorable performance when compared 

to UN [50,51,109,110]. Conventional UO2 has favorable resistance to oxidation when compared 

to both UN and U3Si2. 

5.3 Finite Element Analysis Modeling Procedures 

5.3.1 OOF2 Microstructural Modeling 

Micrographs of each composition were meshed using Object Oriented Finite-Element 

analysis version 2 (OOF2), which is developed by NIST [69]. Each phase in the micrograph was 

differentiated by assigning a unique color. A series of elements were overlaid on the micrograph 

and then repeatedly refined to increase the homogeneity of the mesh. A previous study determined 

that refining the homogeneity of a mesh beyond 97% resulted in thermal conductivity deviations 

of less than 5% [111]. In this study, all meshes were refined to a minimum of 99.5% homogeneity 

to ensure a high density of nodes at the phase interfaces and to minimize deviations during thermal 

analysis. An example of meshing for 30% U3Si2-UN SEM micrographs is shown Figure 5.2 (a-d) 

where the blue-colored phase is U3Si2 and the red-colored phase is UN. 
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Figure 5.2 (a) An optical micrograph showing the two distinct phases of the composite. The light 

phase indicates the U3Si2 phase, the dark grey phase shows the UN phase, and the darkest region 

indicates porosity or grain pull out. (b) The colorized microstructure shows the composition 

without the porosity allowing for a simpler mesh to be applied. (c) The mesh showing the presence 

of many nodes at the interfaces between phases to capture the change in thermal conductivity. (d) 

A 10 K temperature gradient was applied from the top to bottom on the mesh. The thermal map 

shows regions of high thermal flux (indicated by the lighter color) allowing for a visualization of 

pathways of higher thermal transport.  
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5.3.2 MOOSE Thermal Conductivity Modeling 
 

Meshes refined via OOF2 were imported into the Multiphysics object-oriented simulation 

environment (MOOSE) framework for thermal conductivity modeling. The MOOSE framework 

is an open-source framework developed by Idaho National Laboratory [55]. The 2D effective 

thermal conductivity of each microstructures was calculated by assigning each unique phase the 

thermal conductivity of that individual phase in a manner similar to Teague et al. [111], which was 

adapted from Millett et al. [112]. Thermal conductivity values for the UN and U3Si2 phases were 

taken from the literature [48,49,64]. For each microstructure, a constant temperature was assigned 

to the bottom boundary of the image, and a heat flux was assigned to the top boundary of the image 

to simulate a temperature drop of approximately 10 K for all simulations at all temperatures, shown 

in Figure 5.2 (d). The sides of the microstructure were kept adiabatic. The effective thermal 

conductivity (keff) was solved using the equations outlined by Teague et al. [111]. Five different 

microstructures were used for each composition and the variability between microstructures of the 

same composition was below 2%.  
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5.4 Results and Discussion 
 
5.4.1 Comparison of Experimental and Modeled Results 

 Experimental measurements were performed on four different UN-U3Si2 compositions 

ranging from 10 vol% to 40 vol% U3Si2 with the remainder being UN to measure the temperature 

dependent thermal conductivity. As discussed previously in more detail, the thermal conductivity 

was calculated from a combination of laser flash analysis, dilatometry, and the Neumann-Kopp 

relation [113] to determine the thermal diffusivity, thermal expansion, and specific heat capacity, 

respectively. To confirm the experimental thermal conductivities, finite element modeling using 

the MOOSE framework was employed. Figure 5.3 (a-d) displays example microstructures taken 

using optical microscopy for each of the four compositions under investigation, where the dark 

grey phase is UN, the lightest phase is U3Si2, and porosity is the darkest black phase. Five to six 

microstructures were simulated using MOOSE to determine the effective thermal conductivity of 

the composite. Porosity for each microstructure was corrected to 100% theoretical density using 

the following equation: 

𝜅RZ = 𝜅 [1 − 3/2^1 − _`
_9a

bc
B>

   (5-1) 

Where kTD is the thermal conductivity at 100% theoretical density, k is the thermal conductivity 

at some density r0, and rTD is the theoretical density.  
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Figure 5.3 Micrographs showing the variations in compositions between samples (a) 10 vol% 

U3Si2 (b) 20 vol% U3Si2 (c) 30 vol% U3Si2 (d) 40 vol% U3Si2. 
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Upon comparing the experimental results and MOOSE results, the simulated thermal 

conductivities deviated by approximately 8% for the 20 vol% - 40 vol% compositions and by about 

15% for the 10 vol% composition at all temperatures (Figure 5.4 (a-d)). While the Kapitza 

resistance of composites has been extensively discussed (see Chapter 3), it is not likely to have 

any influence since the grain size of the composite is on the order of 10 µm, well outside the range 

where Kapitza related effects are expected.  

 

 

 
 
Figure 5.4 (a) Discrepancies between experimental values and modeled values for the 10 vol% 

U3Si2 specimens. (b) Discrepancies between experimental values and modeled values for the 20 

vol% U3Si2 specimens. (c) Discrepancies between experimental values and modeled values for the 

30 vol% U3Si2 specimens. (d) Discrepancies between experimental values and modeled values for 

the 40 vol% U3Si2 specimens.   
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 Further characterization was performed on all compositions to better understand why the 

disagreement between experiment and model existed. First, x-ray diffraction (XRD) was used to 

look at the composition of each phase. Interestingly, the XRD pattern revealed an additional third 

phase that did not match any known cards within the ICDD database (Figure 5.5). The data clearly 

showed the UN and U3Si2 phases as well as the third phase (given in blue in Figure 5.5) present in 

compositions 20 vol% - 40 vol% of U3Si2. Initially, it was hypothesized that the unknown phase 

was U3Si5. However, the fit was not exact and a preliminary MOOSE model incorporating a 

silicide phase with a thermal conductivity equal to a rule of mixtures calculation of 70% U3Si2 and 

30% U3Si5 did not significantly lower the discrepancy between experimental and modeled values 

at high temperatures. An example of this model for the 40 vol% U3Si2 with an assumed amount of 

U3Si5 present in the silicide is shown in Figure 5.6. The mismatch between experiment and model 

does not significantly improve across the entire range of temperatures.   
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Figure 5.5 XRD pattern for the various compositions showing the peak positions of the UN and 

U3Si2 phases. Additionally, there are unknown phases marked by asterisks that do not correspond 

to U3Si5 or any other phases within the ICDD database for powder diffraction files.  
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Figure 5.6 Comparison of experimental measurements and modeled data for the 40 vol% U3Si2 

composites. The mismatch between model and experiment is improved at low temperatures when 

the thermal conductivity input of the silicide phase is adjusted to include 30% U3Si5 / 70% U3Si2. 

However, significant deviations still exist at high temperatures (>1200 K). 

 
 
5.4.2 Influence of Unknown U-N-Si Phase on Effective Thermal Conductivity  
 

To better understand the unknown phase, energy dispersive x-ray spectroscopy showed 

that the unknown phase contained uranium, nitrogen, and silicide forming a phase with unknown 

stoichiometry (nominally referred to as U-Si-N). Using UN and U3Si2 thermal conductivity input 

values in the MOOSE code, which assumed that the U-Si-N phase had the same thermal 

conductivity as U3Si2, yielded values that overpredicted the 20 vol% - 40 vol% experimental 

dataset values by an average of 8% over the entire temperature range and the 10 vol% values by 

an average of 15%. It is assumed that the reason a poor fit was provided with these inputs was a 
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result of the U-Si-N phase. Given that the U-Si-N phase has unknown properties, an attempt was 

made to calculate the thermal conductivity of that phase using a rule of mixtures approach with 

the inputs of phase pure UN and U3Si2 along with the phase fractions in Table 5.1 using the 30 and 

40 vol% datasets.  

 

Table 5.1 Percentages of phases as determined by EDS for the various compositions fabricated 

in this study. Errors for the given phase percentages are +/- 1%. 

 
Composition UN U3Si2 U-Si-N U3Si5 

10%U3Si2-UN 92 0 6 2 

20%U3Si2-UN 75 0 22 3 

30%U3Si2-UN 70 14 15 0.4 

40%U3Si2-UN 61 21 18 0.5 

 

The results for the U-Si-N phase thermal conductivity are shown in Figure 5.7. At lower 

temperatures, the U-Si-N phase thermal conductivity drops on cooling below T = 773 K. This 

could be a result of the microcrack formation that was observed in the microstructure therefore 

dropping the thermal conductivity of the composite. The calculated U-Si-N phase thermal 

conductivity values were applied to newly meshed three-phase microstructures for the 10 vol% - 

40 vol% compositions (blue phase in Figure 5.8 (b)).  
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Figure 5.7 The thermal conductivity of the unknown U-Si-N phase was calculated using the rule 

of mixtures and is shown in orange squares. The thermal conductivity values are lower than both 

of the constituent phases, especially at high temperatures.  
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Figure 5.8 An overview of the OOF2 meshing process for the now three-phase composite. (a) The 

SEM micrograph shows a third phase. (b) This third phase is easier to see once the micrograph has 

been colorized and meshed. Again, there is a high density of nodes at the boundaries between 

phases. (c) The thermal map shows the regions of high thermal transport through the 

microstructure. 

  



 77 

 
The MOOSE simulations were run again with the updated phase fractions and thermal 

conductivity inputs and compared to the experimental values (Figure 5.9). Now, there is high 

agreement between the modeled and experimental results for the 20 - 40 vol% U3Si2 specimens. 

A discrepancy on the order of 10% is observed between the MOOSE model and the experimentally 

determined values for the 10 vol% specimen, which is not understood. 

 

 
Figure 5.9 Modeled thermal conductivity results now have high agreement with the experimental 

results (within the error of experimental measurements), except the 10 vol % samples which for 

an unknown reason has much higher deviation than the 20, 30, and 40 vol% samples. 
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5.4.3 Estimation of Irradiation Effects on Composite Thermal Conductivity 
 

The impact of irradiation and burnup on the composite fuel properties is difficult to predict 

given the large uncertainties in irradiation behavior for both UN and U3Si2 under typical LWR 

conditions. Thermal conductivity measurements have been conducted on irradiated UN in a 

BREST-OD fast reactor up to a burnup of 150 GWd/ton [114]. The irradiated thermal conductivity 

values are 20-25% lower when compared against the unirradiated values from Hayes et al. [115]. 

Thermal conductivity data for irradiated U3Si2 is not available in the literature, but limited studies 

of the impact of radiation damage on thermal conductivity of intermetallics have shown an impact 

[116].  

Despite the lack of experimental data for these systems, the MOOSE model developed in 

this study can be used to explore possible effects of irradiation on the UN - U3Si2 composite. The 

MOOSE simulation was repeated where the thermal conductivity of the U-Si phases was 

fractionally reduced from 100% theoretical thermal conductivity down to 25% theoretical thermal 

conductivity. At present only a single example evolution is explored to demonstrate the utility of 

this approach, but more involved investigations (e.g. microstructural evolution, addition of fission 

product phases, etc.) could be incorporated in more sophisticated models to aid interpretation and 

focus post irradiation examination of novel fuel forms. The results of this analysis are shown in 

Figure 5.10, where 100% represents the thermal conductivity of unirradiated U3Si2. It is known 

under high burnup conditions that U3Si2 forms uniformly distributed voids within the 

microstructure. At lower dose rates, more representative of an LWR, U3Si2 amorphizes at 

temperatures below 523 K but recrystallizes at higher temperatures [117,118]. The data plotted in 

Fig. 10 provides an approximation for the thermal conductivity of a UN - U3Si2 composite 

following degradation in the thermal conductivity of the U3Si2 phase. These results, although 
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speculative given the qualifiers above, illustrate the ability of a high thermal conductivity phase 

such as UN to limit the effect of thermal conductivity degradation that may occur in a secondary 

phase within a composite fuel architecture. 

 

 
Figure 5.10 Modeled thermal conductivity values showing the potential degradation of the thermal 

conductivity in the silicide phase. The predictive nature of MOOSE makes these models possible. 

Even if there is 100% degradation of thermal conductivity in the U3Si2 phase, the thermal 

conductivity is still higher than UO2 from room temperature to elevated temperatures.  
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5.5 Conclusions  

Composite UN-U3Si2 samples were fabricated and the temperature dependent thermal 

conductivity was calculated for compositions ranging from 10 to 40% U3Si2. During this process, 

an unknown U-Si-N ternary phase formed. The thermal conductivity of this unknown U-Si-N 

phase was estimated using the Rule of Mixtures. With the inclusion of the ternary phase, modeling 

of the complex microstructure within the MOOSE framework provided a good fit to the 

experimental thermal conductivity values. The thermal conductivity of the irradiated composite 

was also estimated within the MOOSE framework by assuming fractional degradation of U3Si2 

phase in accordance with previous literature studies. 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Chapter 6: Continuum Scale Modeling of Hyperstoichiometric UO2+x 
 
6.1 Abstract 

 In this chapter, various microstructures of UO2+x and U4O9 were evolved using the phase 

field model by supplying initial temperatures and oxygen concentrations to the simulation field. 

By minimizing the free energy within the phase field model, various microstructures with differing 

phase fractions and compositions were evolved to equilibrium. Anisotropy within the U4O9 

domains was considered during the evolutions. Microstructures were evolved correctly according 

to the phase field diagram for uranium and oxygen for degrees of stoichiometry ranging from x=0 

to x=0.25 (where x=0 represents UO2 and x=0.25 represents U4O9) and temperatures from 25 to 

1400 °C. The thermal conductivity of the microstructures was then simulated and analyzed for 

both single-phase systems or binary-phase composites depending on the location prescribed by the 

phase diagram. Thermal conductivity in UO2+x decreases with increasing hyperstoichiometry and 

increasing amount of U4O9. Correctly modeling the anisotropy of U4O9 domains increased the 

accuracy of the model when comparing the results to data available in the literature.  
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6.2 Introduction 

Nuclear energy is an important source of electricity accounting for approximately 20% of 

this country’s total electricity [119]. Conventional UO2 nuclear fuel is susceptible to oxidation via 

the formation of hyperstoichiometric uranium dioxide (UO2+x) when exposed to air or high 

temperature water vapor in the event of a cladding breach during operation or storage [85]. Below 

1130°C intermediate oxides U4O9 and U3O7 form; which degrades the thermal conductivity of the 

fuel. Understanding how the thermal conductivity degrades as a function of oxygen content and 

phase fractions is an important engineering problem for future fuel performance codes for safe and 

efficient reactor operation.    

Previous studies, have focused on understanding the uranium – oxygen phase field (given 

below in Figure 6.1) [120]. The modeling in this chapter focused on the region in Fig. 1 from O/U 

ratio 2.00 to 2.25 from room temperature to elevated temperatures above 1200°C. Previous studies 

have experimentally investigated the temperature dependent thermal conductivity of this system 

and will be used to validate the models [85, 121, 122]. As the degree of hyperstoichiometry 

increases (increasing O/U ratio), the thermal conductivity of the fuel decreases towards a minimum 

value which is representative of the U4O9 phase. Above O/U > 2.15 or x > 0.15, the thermal 

conductivity reaches this plateau. The thermal conductivity as a function of hyperstoichiometry 

showing this phenomenon is shown in Figure 6.2 [121]. 
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Figure 6.1 Uranium – Oxygen phase field diagram showing the various oxides that can form as a 

function of temperature and oxygen stoichiometry [120].  

 

 
Figure 6.2 Thermal conductivity as a function of increasing oxygen hyperstoichiometry from 

Watanabe et al. [121]. 
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 In this study, the phase field model was utilized to evolve binary-phase microstructures of 

UO2+x and U4O9 at various oxygen concentrations and temperatures. Depending on the 

concentration and temperature, either a single-phase UO2+x region was evolved or a dual phase 

region of UO2+x and U4O9 was evolved in agreement with the phase diagram. The thermal 

conductivity of each microstructure was simulated using as a function of temperature of the two-

phase regions. The thermal conductivity as a function of temperature will be modeled across these 

temperatures using data from experimental measurements.  

The following sections will review phase field modeling and the necessary equations for 

evolving a microstructure. Then, the procedure for importing the evolved microstructure into the 

solver, refining the mesh, and applying boundary conditions and initial conditions will be 

discussed. Then, the resulting microstructures and thermal conductivity simulation results will be 

analyzed and compared to current experimental measurements for various oxygen concentration 

and temperatures. 
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6.3 Experimental Procedures 
 
 A phase field model was developed to evolve dual phase microstructures of UO2+x and 

U4O9 at various oxygen/uranium ratios (degree of hyperstoichiometry) and temperatures. At 

equilibrium, the thermal conductivity of the binary phase field will be simulated as a function of 

temperature using data from experiment and molecular dynamics (MD) simulations as inputs. 

Detailed steps to develop the model are outlined. 

6.3.1 Phase Field Modeling in MOOSE 

The phase field model was used to evolve a dual phase field of UO2+x and U4O9-y in the 

MOOSE (Multiphysics Object Oriented Simulation Environment) framework distributed by Idaho 

National Laboratory [70]. The phase field approach is a powerful method for modeling 

microstructure evolution. The phase field model has been comprehensively outlined and reviewed 

previously and has been used to solve a multitude of problems [123, 124]. 

Within phase field modeling, microstructural features are described using continuous 

variables. The evolution of these continuous variables is a function of the Gibbs free energy and 

can be defined as a system of PDEs (and can therefore be solved using the finite element model). 

Phase field modeling captures microstructure evolution through two sets of continuous variables: 

conserved and non-conserved. For this model, the evolution of the oxygen concentration (c), which 

is the conserved parameter, was defined using the Cahn-Hilliard equation: 

(6-1) 

The evolution of the phase field variable (h), which is the non-conserved variable, was given by 

the Allen-Cahn Equation: 

���
��
= −𝐿 ��

���
        (6-2) 

 

!"
!# = ∇ ∙ M∇!(!" 	
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Where, M and L were the conserved mobility and order parameter mobility respectively. The 

Cahn-Hilliard and Allen-Cahn were used as inputs for the overall Gibbs Free Energy (F) equation, 

given below:  

     (6-3) 

The major components of the Gibbs Free Energy functional are f0 (homogeneous free energy 

density), Ñc (concentration gradient as given by the Cahn-Hilliard Equation), and Ñh (phase field 

gradient as given by the Allen-Cahn Equation). The other variables, e and k, represent the gradient 

interfacial energy term and the gradient energy term respectively.  

 The homogeneous free energy density was given by the equation: 

     (6-4) 

Where fp(c,h,t) is the interpolation function at describes the transition between multiple phases and 

wg(h) is the double well potential describing the energy minima in each phase with w being a 

constant representing the energy barrier height.  

The double well potential was given by the equation: 

     (6-5) 

Here, as well as in subsequent equations, h = 0 represented the UO2 domains and h = 1 specified 

the U4O9 domains. Any value of h between 0 and 1 represented an interface between the two 

specific phases.  
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 The interpolation function allowed for the combining of the homogenous free energy 

expressions for the coexisting phases via the following equation: 

    (6-6) 

The free energy functionals of the two phases (a = UO2 and b = U4O9) were discreetly 

described by their oxygen concentrations and a certain temperature range. From the uranium-

oxygen phase diagram, U4O9 is assigned a degree of hyperstoichiometry (x) of 0.25 with UO2+x 

assigned a degree of hyperstoichiometry between 0 and 0.25 depending on the temperature used 

to evolve the microstructure. The two phases were each given a free energy expression to guide 

the evolution. The U4O9 phase had a constant equation at all temperatures where the free energy 

function for UO2+x was assigned various functions depending on the temperature, as shown in 

Table 6.1. The phase diagram in Figure 1 was simplified to accurately capture the two phases using 

an approximation. CALPHAD equations are difficult to implement in phase field models and were 

not considered in this derivation [125]. 

 

Table 6.1 Free energy functions for the dual phase field. These functions are derived from the 

uranium-oxygen phase diagram and are expressed as oxygen concentration as a function of 

temperature. 

Phase Free Energy Function 
Concentration as a Function 

of Temperature 
Temperature Range 

UO2+x F(UO2+x) = [c- c(T)]2 

c(T) = 0 

c(T) = (T-600)/(2188.8) 

c(T) = (T-195.05)/(5020.6) 

< 600 K 

600 – 913 K 

913 - 1400 K 

U4O9 F(U4O9) = [c- c(T)]2 c(T) = 0.25 < 1400 K 

 
 

!"($,&,'∗) = +1 −.(&)/!0($,'∗)+ .(&)!2($,'∗)	
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From the interpolation function, there was also a weighting function p(h) that explicitly 

describes the minima for when h = 0 corresponding to UO2 and h = 1 corresponding to U4O9: 

         (6-7) 

With these equations specified for a specific temperature and the corresponding free energy 

functional describing the oxygen concentration in each phase, the partial differential equations 

were solved in the weak form in preparation for Finite Element Analysis discretization and were 

then solved using the MOOSE framework. The weak form solution to the Cahn-Hilliard equation 

was expressed as: 

^PjQ
P�
, 𝜙fb = −�𝜅i∇F𝑐i, ∇ ∙ (𝑀i∇𝜙f)� − ^𝑀i∇ ^

P6<��
PjQ

+ P��
PjQ
b , ∇𝜙fb +	〈𝑀i∇(𝜅i∇F𝑐i) ∙ 𝑛�⃗ , 𝜙f〉 −

〈𝑀i∇ ^
P6<��
PjQ

+ P��
PjQ
b ∙ 𝑛�⃗ , 𝜙f〉 + 〈𝜅i∇F𝑐i,𝑀i∇ ∙ 𝑛�⃗ 〉    (6-8) 

And the weak form solution of the Allen-Cahn equation was given as: 

^P��
P�
, 𝜙fb = 	−𝐿�𝜅�∇𝜂�, ∇𝜙f� − 𝐿 ?

P6<��
P��

+ P��
P��

, ∇𝜙fG + 𝐿〈𝜅�∇𝜂� ∙ 𝑛�⃗ , 𝜙f〉	(6-9) 

The outlined equations above were necessary to begin modeling phase field evolution within the 

MOOSE framework. 

6.3.2 Implementing anisotropy in phase field models 

Scanning electron microscopy (SEM) images revealed U4O9 to have an anisotropic shape 

which was replicated in the phase field model [126, 127]. An example of the anisotropy in the 

U4O9 phase is shown in Figure 6.3. Anisotropy was introduced based on the equations from 

Loginova et al. [128] for a Widmanstatten microstructure, which was modified from the work of 

Kobayashi [129]. This was accomplished within the two-dimensional Allen-Cahn equation by 

modifying the interfacial energy term, e. 

 

!(#) = #&(6#( −15# + 10)	
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Figure 6.3 SEM micrograph showing UO2 (dark) and U4O9 light [126]. 

The traditional Allen-Cahn equation (Equation 6-2) was modified to include the interfacial 

energy term in two-dimensions by the equation: 

���
��
= −𝐿 [^�6<��(�,j)

��
b − �

��
^𝜀 ��

��
��
��
b + �

��
^𝜀 ��

��
��
��
b + ∇ ∙ (𝜀F∇𝜂)c  (6-10) 

Where e was expressed as a function of surface energy by the equation: 

𝜀 = 𝜀�̅�(𝜃)     (6-11) 

Where: 

𝜎(𝜃) = >
>E�

(1 + 𝛿|cos	(𝜃 − 𝜃¥)|)     (6-12) 

 This extended formulation allowed for the evolution of Widmanstatten microstructures that 

accurately captured the anisotropic morphology of the U4O9 domains.  
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6.3.3 Thermal Conductivity Simulations on Evolved Microstructures in MOOSE 
  

Thermal conductivity data from experimental measurements used as inputs for the 

individual phases in the dual phase field. In both cases, the data for U4O9 was assumed constant 

for all temperatures [85, 130]. The thermal conductivity for the UO2+x phase was input as a function 

of temperature and oxygen concentration based on the equilibrium oxygen concentration during 

the phase field evolution.  

To determine the thermal conductivity input for the UO2+x phase, the following equation 

was solved for both experimental laser flash analysis values. 

𝜆 = 	 >
¦E(§∙R)E�¨∙j(R)�

      (6-13) 

where the variables A, B, and C depend on the experimental data, T represents temperature in 

Kelvin and c(T) represents the concentration of interstitial oxygen in UO2+x as a function of 

temperature (Table 6.2) 

Table 6.2 Parameters for solving the thermal conductivity of UO2+x 

 
 A B C 

Experimental 0.0311 0.000265123 2.911372 
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Within the MOOSE framework, evolved microstructures at equilibrium were meshed and 

assigned thermal conductivity values based on the phase designated at the specific node (given by 

oxygen concentration). The effective thermal conductivity across the bulk was calculated as a 

function of oxygen concentration and the phase field variable. A constant temperature was applied 

to the left-hand side of the microstructure, with a heat flux assigned to the right-hand side of the 

microstructure to yield a temperature difference of approximately 10 K across the microstructure. 

The top and bottom boundaries were held adiabatic.  

The thermal conductivity at each quadrature point on the mesh was calculated using the 

following equation: 

k = ((1-η)*kUO2)+((η )*kU4O9                (6-14) 

The effective conductivity of the bulk was then calculated using the equation: 

𝑘566 = − 8©
9<;9:

<

      (6-15) 

The effective thermal conductivities of the simulations were then compared to the experimental 

values to validate the phase field model. 
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6.4 Results and Discussion 

Microstructures were evolved as a function of interstitial oxygen concentration at various 

temperatures to plot out the phase diagram space. Depending on the concentration and temperature, 

either a single-phase UO2+x region was evolved or a dual-phase region of UO2+x and U4O9 was 

evolved in agreement with the phase diagram. The thermal conductivity of each microstructure 

was simulated using as a function of temperature of the two-phase regions. 

6.4.1 Thermal Conductivity Results of UO2+x as a Function of Hyperstoichiometry and 
Temperature 
 
 At various temperatures and interstitial oxygen concentrations between 0 and 0.25, a dual-

phase region of UO2 and U4O9 exists and can be described using the free energy functions in Table 

6.1. Various temperatures and oxygen concentrations varying from x = 0 and x = 0.25 (with UO2 

represented as x = 0 and U4O9 represented as x = 0.25) were evolved within the MOOSE 

framework to equilibrium. An example microstructure from 400 K with an oxygen concentration 

of x = 0.2 is shown in Fig. 6.4, with the blue region corresponding the UO2+x matrix and the red 

region corresponding to the U4O9 domains with an oxygen concentration of 0.25.  

 
Fig 6.4 Phase field model for a UO2 – U4O9 microstructure evolved at 400 K and an initial 

concentration of oxygen of 0.20. (b) Meshed microstructures showing refinement of the quadrature 

points on the mesh with a high concentration of points capturing the interface between the two 

phases.  
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Increasing nonstoichiometry in the UO2+x phase leads to decreased thermal conductivity, 

which agrees with experimental data (Fig 6.5). This trend validates experimental measurements 

found in the literature and shows the ability of the phase field model to develop accurate 

microstructures based on oxygen concentration and composition [85].  

 
Figure 6.5 Thermal conductivity as a function of temperature and oxygen concentration.  

 

Another important aspect of the phase field model is the ability to modify the shape of the 

U4O9 domains. The anisotropy of the U4O9 domains has a direct effect on the thermal conductivity 

of the bulk and therefore, needs to be coupled with accurate phase fractions. An example of this 

phenomenon is given in Figure 6.6 where two temperature dependent thermal conductivity data 

sets from simulated microstructures are compared to experimental measurements at the same 

oxygen composition (x= 0.143) and temperatures. One simulated set has isotropic U4O9 domains 

and the other  has anisotropic U4O9 domains. The anisotropic data set has much better agreement 

with the experimental data. Understanding the relationship between shape and thermal 
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conductivity is important for describing more complex systems with multiple cations (e.g. mixed 

oxide fuels of relevance to faster reactor applications) in the phase field. 

 
Figure 6.6 Simulated and experimental thermal conductivity values as a function of temperature 

in a binary phase UO2+x and U4O9 composition when x = 0.143. Simulated microstructures with 

anisotropic U4O9 domains yield higher agreement with experimental measurements [85].   
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6.5 Conclusions 

 The phase field model was used to evolve microstructures of UO2+x and U4O9 composites 

at various temperatures and oxygen concentrations. The microstructures follow the compositions 

that were expected from the uranium – oxygen phase diagram and were evolved to equilibrium. 

The thermal conductivity across the phase field microstructures was also simulated as a function 

of temperature and hyperstoichiometry. Increasing hyperstoichiometry in the UO2+x phase lead to 

a reduction in thermal conductivity when compared to UO2. Also, the shape of the domains 

influenced the effective thermal conductivity. Microstructures with anisotropic U4O9 domains (as 

seen in the limited micrographs in the literature) agreed more favorably with experimental 

measurements than domains with isotropic domains.  The phase field model is an appropriate 

methodology for generating microstructures for thermal conductivity simulations in the uranium 

– oxygen system. 
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Chapter 7: Conclusions and Future Work 
 
7.1 Summary and Conclusions 

 The objective of this research was to explore the temperature dependent thermal 

conductivity and grain size dependent of ceramic composites for potential nuclear fuels. By 

combining experimental and computational techniques, the thermal conductivity of several 

ceramic composites for nuclear fuel applications was determined and analyzed. A brief summary 

of the significant results of each study are presented below.  

 In Chapter 3, three-phase composites of Al2O3, MgAl2O4, and 8YSZ with two distinct grain 

sizes were fabricated and characterized by their thermal conductivity. The fine grain composite 

had a 10% reduction in thermal conductivity at 25 °C when compared to the large grain composite 

with similar composition. This difference was attributed to the Kapitza resistance and calculated 

to be 8.4x10-9 - 9.8x10-9 m2K/W. These values represent averages, however, there seems to be a 

strong temperature dependence in the Kapitza resistance with the highest Kapitza resistance for 

both composites at 25 °C. These Kapitza resistance values are also higher than single phase YSZ 

as reported in literature. With the calculated Kapitza resistance, thermal conductivity as a function 

of grain size was modeled. The thermal conductivity of the composite begins to reduce due to the 

Kapitza resistance at grain sizes below 1 µm, whereas in single-phase materials, this phenomenon 

is usually not seen until nanocrystalline grain sizes (< 500 nm). 

 In Chapter 4, thermal conductivity results from the 3w method were compared to thermal 

conductivity measurements done by laser flash analysis, a more traditional technique. Initially, the 

thermal conductivity of 8YSZ and MgAl2O4 samples were measured and found to have high 

agreement between the two techniques. From there, three-phase composites were measured by 

both 3w method and laser flash analysis. The results from 3w method fall within the associated 
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errors of the laser flash analysis technique. For the first time, the 3w method was validated as a 

suitable technique for measuring the thermal conductivity of bulk ceramic samples with varying 

thermal conductivities and microstructures at low temperatures. This technique can be used as a 

low temperature screening technique before higher temperature measurements with laser flash 

analysis. 

 In Chapter 5, accident tolerant fuel forms of various compositions of UN/U3Si2 were 

synthesized and characterized by their thermal properties. After initial discrepancies between 

experimental measurements and finite element modeling, it was discovered that a third phase was 

present within the composite with unknown stoichiometry and thermal properties. The thermal 

conductivity of this third phase, designated U-Si-N, was estimated using the Rule of Mixtures and 

then incorporated into a more sophisticated, three-phase finite element model. The 20 – 40 vol% 

U3Si2 composites have high agreement with experimental measurements and were able to validate 

the laser flash analysis results. The 10 vol% U3Si2 still had deviations between experiment and 

model; the reason is unknown. Finally, the irradiated thermal conductivity of the composite was 

estimated. It was shown that even under assumed extreme thermal conductivity degradations, the 

effective thermal conductivity of the UN/U3Si2 composites was higher than irradiated UO2 at 

temperatures from 25 °C to 1500 °C. 

 In Chapter 6, phase field modeling was utilized to evolve microstructures of UO2+x and 

U4O9 in accordance with the uranium-oxygen phase diagram. The phase field models accurately 

described the microstructure based on oxygen concentration, temperature, and anisotropy within 

the discreet domains. Once microstructures of various degrees of hyperstoichiometry were evolved 

to equilibrium, they were measured and assigned thermal conductivity values based on the oxygen 

concentration. The evolved microstructures accurately followed what was expected based on the 
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phase diagram for various oxygen concentrations and temperatures. The thermal conductivity of 

each microstructure was simulated as a function of hyperstoichiometry and temperature. 

Increasing oxygen hyperstoichiometry resulted in decreased thermal conductivity compared to 

stoichiometric UO2. Also, the shape of the U4O9 domains effected the overall thermal conductivity. 

Anisotropic domains more accurately modeled the thermal conductivity of the composite 

compared to isotropic domains, indicating that the shape of grains is critical when modeling the 

thermal conductivity of microstructures.  
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7.2 Future Work 

Recommended future work to continue the discussed research: 

Chapter 3 

• Determine the Kapitza resistance of the constituent two-phase components of the three-

phase composites. 

• Using the Kapitza resistances of the single-, two-, and three-phase composites, create a 

model to accurately calculate the Kapitza resistance of a composite with three or more 

phases. 

Chapter 4 

• Continue benchmarking the thermal conductivity of ceramic materials using the 3w 

method. 

• Utilize the heater line/electrode geometry to measure the thermal conductivity across a 

boundary in a bicrystal or material with very large grains for a “direct” measurement of the 

Kapitza resistance. 

Chapter 5 

• Fabricate microstructures so the U3Si2 phase coats or encapsulates the UN phase instead of 

percolating throughout to better protect against oxidizing environments.  

• Analyze how the thermal conductivity will change with the adjusted microstructure and 

then perform radial thermal conductivity models instead of models in Cartesian 

coordinates.  

Chapter 6 

• Add plutonium to the phase field model and evolve microstructures to see how the model 

behaves 

• Use the ternary phase field models to simulate the thermal conductivity as various 

compositions of uranium and plutonium oxides, oxygen concentrations, and temperatures 

for application towards mixed-oxide (MOX) fuels.  
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Appendices 
 
Appendix A: Sample MOOSE Script 
Sample MOOSE script for determining the temperature dependent thermal conductivity of a 
ternary phase composite at 298K. 
 
[Mesh] 
  # uniform_refine = 4 
  type = FileMesh 
  file = large_three_phase_1-mesh.inp 
  construct_side_list_from_node_list = true 
[] 
 
[MeshModifiers] #Adds a new node set 
  [./new_nodeset] 
    type = AddExtraNodeset 
    nodes = '0' 
    new_boundary = 100 
  [../] 
[] 
 
[Variables] 
  [./T] 
    initial_condition = 298 
  [../] 
  [./Tx_AEH] #Temperature used for the x-component of the AEH solve 
    initial_condition = 298 
    scaling = 1.0e4 #Scales residual to improve convergence 
  [../] 
  [./Ty_AEH] #Temperature used for the y-component of the AEH solve 
    initial_condition = 298 
    scaling = 1.0e4  #Scales residual to improve convergence 
  [../] 
[] 
 
[Kernels] 
  [./HtCond] #Kernel for direct calculation of thermal cond 
    type = HeatConduction 
    variable = T 
  [../] 
  [./heat_x] #All other kernels are for AEH approach to calculate thermal cond. 
    type = HeatConduction 
    variable = Tx_AEH 
  [../] 
  [./heat_rhs_x] 
    type = HomogenizedHeatConduction 
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    variable = Tx_AEH 
    component = 0 
  [../] 
  [./heat_y] 
    type = HeatConduction 
    variable = Ty_AEH 
  [../] 
  [./heat_rhs_y] 
    type = HomogenizedHeatConduction 
    variable = Ty_AEH 
    component = 1 
  [../] 
[] 
 
[BCs] 
  [./left] #Fix temperature on the left side 
    type = DirichletBC 
    variable = T 
    boundary = left 
    value = 298 
  [../] 
  [./right_flux] #Set heat flux on the right side 
    type = NeumannBC 
    variable = T 
    boundary = right 
    value = 5e-8 
  [../] 
  [./Periodic] 
    [./all] 
      auto_direction = 'x y' 
      variable = 'Tx_AEH Ty_AEH' 
    [../] 
  [../] 
  [./fix_x] #Fix Tx_AEH at a single point 
    type = DirichletBC 
    variable = Tx_AEH 
    value = 298 
    boundary = 100 
  [../] 
  [./fix_y] #Fix Ty_AEH at a single point 
    type = DirichletBC 
    variable = Ty_AEH 
    value = 298 
    boundary = 100 
  [../] 
[] 
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[Materials] 
  [./thcond] #The equation defining the thermal conductivity is defined here, using two ifs 
    # The k in the bulk is k_b, in the precipitate k_p2, and across the interaface k_int 
    type = ParsedMaterial 
    block = 1 
    constant_names = 'length_scale k_al2o3' 
    constant_expressions = '1e-6 33.3830705' 
    function = '(k_al2o3*length_scale)' 
    outputs = exodus 
    f_name = thermal_conductivity 
  [../] 
  [./thcond_2] #The equation defining the thermal conductivity is defined here, using two ifs 
    # The k in the bulk is k_b, in the precipitate k_p2, and across the interaface k_int 
    type = ParsedMaterial 
    block = 0 
    constant_names = 'length_scale k_mgal2o4' 
    constant_expressions = '1e-6 17.8496205' 
    function = '(k_mgal2o4*length_scale)' 
    outputs = exodus 
    f_name = thermal_conductivity 
  [../] 
  [./thcond_3] #The equation defining the thermal conductivity is defined here, using two ifs 
    # The k in the bulk is k_b, in the precipitate k_p2, and across the interaface k_int 
    type = ParsedMaterial 
    block = 2 
    constant_names = 'length_scale k_ysz' 
    constant_expressions = '1e-6 1.75' 
    function = '(k_ysz*length_scale)' 
    outputs = exodus 
    f_name = thermal_conductivity 
  [../] 
[] 
 
  [Postprocessors] 
    [./right_T] 
      type = SideAverageValue 
      variable = T 
      boundary = right 
    [../] 
    [./k_x_direct] #Effective thermal conductivity from direct method 
      # This value is lower than the AEH value because it is impacted by second phase 
      # on the right boundary 
      type = ThermalConductivity 
      variable = T 
      flux = 5e-8 
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      length_scale = 1e-6 
      T_hot = 298 
      dx = 2266 
      boundary = right 
    [../] 
    [./k_x_AEH] #Effective thermal conductivity in x-direction from AEH 
      type = HomogenizedThermalConductivity 
      variable = Tx_AEH 
      temp_x = Tx_AEH 
      temp_y = Ty_AEH 
      component = 0 
      scale_factor = 1e6 #Scale due to length scale of problem 
    [../] 
    [./k_y_AEH] #Effective thermal conductivity in x-direction from AEH 
      type = HomogenizedThermalConductivity 
      variable = Ty_AEH 
      temp_x = Tx_AEH 
      temp_y = Ty_AEH 
      component = 1 
      scale_factor = 1e6 #Scale due to length scale of problem 
    [../] 
  [] 
 
  [Preconditioning] 
    [./SMP] 
      type = SMP 
      off_diag_row = 'Tx_AEH Ty_AEH' 
      off_diag_column = 'Ty_AEH Tx_AEH' 
    [../] 
  [] 
 
  [Executioner] 
    type = Steady 
    l_max_its = 20 
    solve_type = NEWTON 
    petsc_options_iname = '-pc_type -pc_hypre_type -ksp_gmres_restart -
pc_hypre_boomeramg_strong_threshold' 
    petsc_options_value = 'hypre boomeramg 31 0.7' 
    l_tol = 1e-10 
  [] 
 
  [Outputs] 
    execute_on = 'timestep_end' 
    exodus = true 
    csv = true 
[]  
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Appendix B: Sample OOF2 Script 
 
Sample OOF2 script for determining the temperature dependent thermal conductivity of a binary 
phase composite.  
 
OOF.Microstructure.Create_From_ImageFile(filename='/Users/austinwtravis/Desktop/UN:U-
Si/Images for OOF2/UN:U3Si5/30USi5UN_1um_blue_500x_5 copy.tif', 
microstructure_name='30USi5UN_1um_blue_500x_5 copy.tif', height=automatic, 
width=automatic) 
OOF.PixelGroup.New(name='UN', microstructure='30USi5UN_1um_blue_500x_5 copy.tif') 
OOF.PixelGroup.New(name='U3Si5', microstructure='30USi5UN_1um_blue_500x_5 copy.tif') 
OOF.Windows.Graphics.New() 
OOF.Graphics_1.Toolbox.Pixel_Select.Burn(source='30USi5UN_1um_blue_500x_5 
copy.tif:30USi5UN_1um_blue_500x_5 copy.tif', local_flammability=0.1, 
global_flammability=0.2, color_space_norm='L1', next_nearest=False, 
points=[Point(311.372,1223.552)], shift=0, ctrl=0) 
OOF.Graphics_1.Toolbox.Pixel_Select.Burn(source='30USi5UN_1um_blue_500x_5 
copy.tif:30USi5UN_1um_blue_500x_5 copy.tif', local_flammability=0.1, 
global_flammability=0.2, color_space_norm='L1', next_nearest=False, 
points=[Point(1384.378,591.118)], shift=0, ctrl=0) 
OOF.Graphics_1.Toolbox.Pixel_Select.Burn(source='30USi5UN_1um_blue_500x_5 
copy.tif:30USi5UN_1um_blue_500x_5 copy.tif', local_flammability=0.1, 
global_flammability=0.2, color_space_norm='L1', next_nearest=False, 
points=[Point(538.764,861.146)], shift=1, ctrl=0) 
OOF.Graphics_1.Toolbox.Pixel_Select.Burn(source='30USi5UN_1um_blue_500x_5 
copy.tif:30USi5UN_1um_blue_500x_5 copy.tif', local_flammability=0.1, 
global_flammability=0.2, color_space_norm='L1', next_nearest=False, 
points=[Point(20.026,1720.972)], shift=1, ctrl=0) 
OOF.Graphics_1.Toolbox.Pixel_Select.Burn(source='30USi5UN_1um_blue_500x_5 
copy.tif:30USi5UN_1um_blue_500x_5 copy.tif', local_flammability=0.1, 
global_flammability=0.2, color_space_norm='L1', next_nearest=False, 
points=[Point(1192.516,26.191)], shift=1, ctrl=0) 
OOF.Graphics_1.Toolbox.Pixel_Select.Burn(source='30USi5UN_1um_blue_500x_5 
copy.tif:30USi5UN_1um_blue_500x_5 copy.tif', local_flammability=0.1, 
global_flammability=0.2, color_space_norm='L1', next_nearest=False, 
points=[Point(2425.407,264.242)], shift=1, ctrl=0) 
OOF.Graphics_1.Toolbox.Pixel_Select.Burn(source='30USi5UN_1um_blue_500x_5 
copy.tif:30USi5UN_1um_blue_500x_5 copy.tif', local_flammability=0.1, 
global_flammability=0.2, color_space_norm='L1', next_nearest=False, 
points=[Point(2563.974,317.537)], shift=1, ctrl=0) 
OOF.Graphics_1.Toolbox.Pixel_Select.Burn(source='30USi5UN_1um_blue_500x_5 
copy.tif:30USi5UN_1um_blue_500x_5 copy.tif', local_flammability=0.1, 
global_flammability=0.2, color_space_norm='L1', next_nearest=False, 
points=[Point(2563.974,26.191)], shift=1, ctrl=0) 
OOF.PixelGroup.AddSelection(microstructure='30USi5UN_1um_blue_500x_5 copy.tif', 
group='UN') 
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OOF.Graphics_1.Toolbox.Pixel_Select.Invert(source='30USi5UN_1um_blue_500x_5 
copy.tif:30USi5UN_1um_blue_500x_5 copy.tif') 
OOF.PixelGroup.AddSelection(microstructure='30USi5UN_1um_blue_500x_5 copy.tif', 
group='U3Si5') 
OOF.Material.New(name='UN', material_type='bulk') 
OOF.Material.New(name='U3Si5', material_type='bulk') 
OOF.Property.Copy(property='Thermal:Conductivity:Isotropic', new_name='UN_Thermal') 
OOF.Property.Copy(property='Thermal:Conductivity:Isotropic:UN_Thermal', 
new_name='U3Si5_Thermal') 
OOF.Material.Add_property(name='U3Si5', 
property='Thermal:Conductivity:Isotropic:U3Si5_Thermal') 
OOF.Material.Assign(material='U3Si5', microstructure='30USi5UN_1um_blue_500x_5 
copy.tif', pixels='U3Si5') 
OOF.Material.Add_property(name='UN', 
property='Thermal:Conductivity:Isotropic:UN_Thermal') 
OOF.Material.Assign(material='UN', microstructure='30USi5UN_1um_blue_500x_5 copy.tif', 
pixels='UN') 
OOF.Skeleton.New(name='skeleton', microstructure='30USi5UN_1um_blue_500x_5 copy.tif', 
x_elements=40, y_elements=30, 
skeleton_geometry=QuadSkeleton(left_right_periodicity=False,top_bottom_periodicity=False)) 
OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=Refine(targets=CheckHomogeneity(threshold=0.969999999),criterion=Unconditionall
y(),degree=Trisection(rule_set='conservative'),alpha=0.5)) 
OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=Refine(targets=CheckHomogeneity(threshold=0.93000000001),criterion=Uncondition
ally(),degree=Trisection(rule_set='conservative'),alpha=0.5)) 
OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=Refine(targets=CheckHomogeneity(threshold=0.90000001),criterion=Unconditionally(
),degree=Trisection(rule_set='conservative'),alpha=0.5)) 
OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=SnapNodes(targets=SnapHeterogenous(threshold=0.9000000001),criterion=AverageE
nergy(alpha=1.0))) 
OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=SnapNodes(targets=SnapHeterogenous(threshold=0.9000000001),criterion=AverageE
nergy(alpha=1.0))) 
OOF.Graphics_1.File.Close() 
OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=Rationalize(targets=AllElements(),criterion=AverageEnergy(alpha=0.9000001),metho
d=AutomaticRationalization())) 
OOF.ElementSelection.Select_by_Homogeneity(skeleton='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton', threshold=0.9000001) 
OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=Anneal(targets=FiddleSelectedElements(),criterion=AverageEnergy(alpha=0.9000001)
,T=0.0,delta=1.0,iteration=ConditionalIteration(condition=AcceptanceRate(acceptance_rate=5),e
xtra=15,maximum=50))) 
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OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=Rationalize(targets=AllElements(),criterion=AverageEnergy(alpha=0.9000001),metho
d=AutomaticRationalization())) 
OOF.ElementSelection.Clear(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton') 
OOF.Skeleton.PinNodes.Pin_Internal_Boundary_Nodes(skeleton='30USi5UN_1um_blue_500x_
5 copy.tif:skeleton') 
OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=Rationalize(targets=AllElements(),criterion=AverageEnergy(alpha=0.8000001),metho
d=AutomaticRationalization())) 
OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=MergeTriangles(targets=AllElements(),criterion=LimitedUnconditional(alpha=0.5,ho
mogeneity=0.9,shape_energy=0.5))) 
OOF.Skeleton.Modify(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
modifier=Smooth(targets=AllNodes(),criterion=AverageEnergy(alpha=0.5999996),T=0.0,iterati
on=ConditionalIteration(condition=AcceptanceRate(acceptance_rate=30),extra=15,maximum=3
0))) 
OOF.Skeleton.PinNodes.UnpinAll(skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton') 
OOF.Mesh.New(name='mesh', skeleton='30USi5UN_1um_blue_500x_5 copy.tif:skeleton', 
element_types=['D2_2', 'T3_3', 'Q4_4']) 
OOF.Subproblem.Field.Define(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default', field=Temperature) 
OOF.Subproblem.Field.Activate(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default', field=Temperature) 
OOF.Subproblem.Equation.Activate(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default', equation=Heat_Eqn) 
OOF.Subproblem.Equation.Activate(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default', equation=Plane_Heat_Flux) 
OOF.Mesh.Boundary_Conditions.New(name='bc', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=370.0),boundary='top')) 
OOF.Mesh.Boundary_Conditions.New(name='bc<2>', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=380.0),boundary='bottom')) 
OOF.Mesh.Boundary_Conditions.New(name='bc<3>', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=NeumannBC(flux=Heat_Flux,profile=ConstantProfile(value=0.0),boundary='right',no
rmal=False)) 
OOF.Mesh.Boundary_Conditions.New(name='bc<4>', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=NeumannBC(flux=Heat_Flux,profile=ConstantProfile(value=0.0),boundary='left',nor
mal=False)) 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.UN_Thermal(kappa=15.7631) 
OOF.Material.Assign(material='UN', microstructure='30USi5UN_1um_blue_500x_5 copy.tif', 
pixels='UN') 
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OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.U3Si5_Thermal(kappa=5.2051) 
OOF.Material.Assign(material='U3Si5', microstructure='30USi5UN_1um_blue_500x_5 
copy.tif', pixels='U3Si5') 
OOF.Subproblem.Set_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default', 
solver_mode=BasicSolverMode(time_stepper=BasicStaticDriver(),matrix_method=BasicIterativ
e(tolerance=1e-10,max_iterations=100000))) 
OOF.Mesh.Solve(mesh='30USi5UN_1um_blue_500x_5 copy.tif:skeleton:mesh', endtime=0.0) 
OOF.Mesh.Analyze.Integral(mesh='30USi5UN_1um_blue_500x_5 copy.tif:skeleton:mesh', 
time=latest, data=getOutput('Flux:Invariant',invariant=Magnitude(),flux=Heat_Flux), 
domain=SkeletonEdgeBoundaryDomain(boundary='top',side='LEFT'), 
sampling=StatElementSegmentSampleSet(n_points=25), destination=MessageWindowStream()) 
OOF.Subproblem.Remove_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default') 
OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=470.0),boundary='top')) 
OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=480.0),boundary='bottom')) 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.U3Si5_Thermal(kappa=5.5341) 
OOF.Material.Assign(material='U3Si5', microstructure='30USi5UN_1um_blue_500x_5 
copy.tif', pixels='U3Si5') 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.UN_Thermal(kappa=17.0524) 
OOF.Material.Assign(material='UN', microstructure='30USi5UN_1um_blue_500x_5 copy.tif', 
pixels='UN') 
OOF.Subproblem.Set_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default', 
solver_mode=BasicSolverMode(time_stepper=BasicStaticDriver(),matrix_method=BasicIterativ
e(tolerance=1e-10,max_iterations=100000))) 
OOF.Mesh.Solve(mesh='30USi5UN_1um_blue_500x_5 copy.tif:skeleton:mesh', endtime=0.0) 
OOF.Mesh.Analyze.Integral(mesh='30USi5UN_1um_blue_500x_5 copy.tif:skeleton:mesh', 
time=latest, data=getOutput('Flux:Invariant',invariant=Magnitude(),flux=Heat_Flux), 
domain=SkeletonEdgeBoundaryDomain(boundary='top',side='LEFT'), 
sampling=StatElementSegmentSampleSet(n_points=25), destination=MessageWindowStream()) 
OOF.Subproblem.Remove_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default') 
OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=570.0),boundary='top')) 
OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
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condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=580.0),boundary='bottom')) 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.UN_Thermal(kappa=18.2679) 
OOF.Material.Assign(material='UN', microstructure='30USi5UN_1um_blue_500x_5 copy.tif', 
pixels='UN') 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.U3Si5_Thermal(kappa=5.8631) 
OOF.Material.Assign(material='U3Si5', microstructure='30USi5UN_1um_blue_500x_5 
copy.tif', pixels='U3Si5') 
OOF.Subproblem.Set_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default', 
solver_mode=BasicSolverMode(time_stepper=BasicStaticDriver(),matrix_method=BasicIterativ
e(tolerance=1e-10,max_iterations=100000))) 
OOF.Mesh.Solve(mesh='30USi5UN_1um_blue_500x_5 copy.tif:skeleton:mesh', endtime=0.0) 
OOF.Mesh.Analyze.Integral(mesh='30USi5UN_1um_blue_500x_5 copy.tif:skeleton:mesh', 
time=latest, data=getOutput('Flux:Invariant',invariant=Magnitude(),flux=Heat_Flux), 
domain=SkeletonEdgeBoundaryDomain(boundary='top',side='LEFT'), 
sampling=StatElementSegmentSampleSet(n_points=25), destination=MessageWindowStream()) 
OOF.Subproblem.Remove_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default') 
OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=670.0),boundary='top')) 
OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=680.0),boundary='bottom')) 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.U3Si5_Thermal(kappa=6.1921) 
OOF.Material.Assign(material='U3Si5', microstructure='30USi5UN_1um_blue_500x_5 
copy.tif', pixels='U3Si5') 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.UN_Thermal(kappa=19.4096) 
OOF.Material.Assign(material='UN', microstructure='30USi5UN_1um_blue_500x_5 copy.tif', 
pixels='UN') 
OOF.Subproblem.Set_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default', 
solver_mode=BasicSolverMode(time_stepper=BasicStaticDriver(),matrix_method=BasicIterativ
e(tolerance=1e-10,max_iterations=100000))) 
OOF.Mesh.Solve(mesh='30USi5UN_1um_blue_500x_5 copy.tif:skeleton:mesh', endtime=0.0) 
OOF.Mesh.Analyze.Integral(mesh='30USi5UN_1um_blue_500x_5 copy.tif:skeleton:mesh', 
time=latest, data=getOutput('Flux:Invariant',invariant=Magnitude(),flux=Heat_Flux), 
domain=SkeletonEdgeBoundaryDomain(boundary='top',side='LEFT'), 
sampling=StatElementSegmentSampleSet(n_points=25), destination=MessageWindowStream()) 
OOF.Subproblem.Remove_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default') 
OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
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condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=770.0),boundary='top')) 
OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=780.0),boundary='bottom')) 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.UN_Thermal(kappa=20.4775) 
OOF.Material.Assign(material='UN', microstructure='30USi5UN_1um_blue_500x_5 copy.tif', 
pixels='UN') 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.U3Si5_Thermal(kappa=9.82008) 
OOF.Material.Assign(material='U3Si5', microstructure='30USi5UN_1um_blue_500x_5 
copy.tif', pixels='U3Si5') 
OOF.Subproblem.Set_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default', 
solver_mode=BasicSolverMode(time_stepper=BasicStaticDriver(),matrix_method=BasicIterativ
e(tolerance=1e-10,max_iterations=100000))) 
OOF.Mesh.Solve(mesh='30USi5UN_1um_blue_500x_5 copy.tif:skeleton:mesh', endtime=0.0) 
OOF.Mesh.Analyze.Integral(mesh='30USi5UN_1um_blue_500x_5 copy.tif:skeleton:mesh', 
time=latest, data=getOutput('Flux:Invariant',invariant=Magnitude(),flux=Heat_Flux), 
domain=SkeletonEdgeBoundaryDomain(boundary='top',side='LEFT'), 
sampling=StatElementSegmentSampleSet(n_points=25), destination=MessageWindowStream()) 
OOF.Subproblem.Remove_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default') 
OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=880.0),boundary='bottom')) 
OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_compon
ent='',profile=ConstantProfile(value=870.0),boundary='top')) 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.U3Si5_Thermal(kappa=10.71408) 
OOF.Material.Assign(material='U3Si5', microstructure='30USi5UN_1um_blue_500x_5 
copy.tif', pixels='U3Si5') 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.UN_Thermal(kappa=21.4716) 
OOF.Material.Assign(material='UN', microstructure='30USi5UN_1um_blue_500x_5 copy.tif', 
pixels='UN') 
OOF.Subproblem.Set_Solver(subproblem='30USi5UN_1um_blue_500x_5 
copy.tif:skeleton:mesh:default', 
solver_mode=BasicSolverMode(time_stepper=BasicStaticDriver(),matrix_method=BasicIterativ
e(tolerance=1e-10,max_iterations=100000))) 
 
 
 
 




