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Advanced ceramic materials are used in many fields of the technology sector. Ceramics are 

ideal materials for applications in extreme environments where stability under high temperatures, 

resistance to corrosion, and good mechanical strength are required. Ceramic composites offer 

novel solutions to circumvent issues and drawbacks seen in traditional single-phase materials by 

taking advantage of the unique properties offered by each constituent phase. A synergistic 

combination of properties and microstructural and morphological characteristics offer the 

potential for application specific tailoring, and expand the usefulness of the material by 

broadening its application spectrum. The goal of this research is to explore the use of ceramic 

composite systems for traditional single-phase components found in solid-state oxygen sensors 

and nuclear fuel. In both applications, ceramic-based components operate at elevated 

temperatures, are subjected to extreme thermal gradients, and can have compromised mechanical 

integrity due to the buildup of thermal stresses. These challenges may be significantly alleviated 

using a ceramic composite approach, where each constituent has its own unique morphology and 

attributes. Experimental and computational models are used in tandem in order to investigate the 

potential for advanced ceramic composite systems for applications in oxygen sensors and nuclear 

fuel. Lastly, the effect of water vapor in the high temperature environment is also evaluated.



 

1 

 

Chapter 1: Introduction  

1.1 Ceramic Composites  

Ceramic materials have come a long way from their traditional use as clay pots and porcelain 

bathtubs.  Revolutionary advances in the technology sector have been made possible by 

advanced ceramic materials, with applications in medicine (e.g. artificial bone and biodegradable 

splints), aerospace engineering (e.g. space shuttle tiles, combustion liners, and turbine blade 

coatings), and the electronics industry (e.g. high dielectric capacitors and integrated circuit 

packages). It has long been recognized that ceramics offer a unique set of properties compared to 

other materials like metals and polymers.  These properties include: high melting points, high 

fracture toughness, and low electrical conductivity [1], which make ceramics the ideal material 

for applications in extreme environments where stability under high temperatures, resistance to 

corrosion, and good mechanical strength are required.  

Typically subjected to extreme thermal environments, ceramic materials tend to experience 

increased susceptibility to fracture and failure as operating temperatures increase [2]. An 

example of this may be illustrated with zirconia based oxygen sensors, which are found in the 

exhaust steam of automobiles and operate at > 1173 K (900°C). Water droplets from exhaust 

gases can cause thermal shock and failure of the sensor [3], triggering the check engine light and 

requiring the vehicle’s owner to replace the component. One potential solution to problems such 

as these is to improve the intrinsic properties of the ceramic components used in these systems 

by incorporating composite materials. 

Ceramic composites offer a novel approach to circumvent major issues associated with 

traditional single phase materials by taking advantage of the unique properties offered by each 

constituent phase. The combination of the properties allow for significant modification of 
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microstructural and morphological characteristics, offer the potential for application specific 

tailoring, and expand the usefulness of the composite by broadening its application spectrum. 

Composite systems have already demonstrated their potential to improve material properties 

such as toughness and hardness [4-9], tensile strength [10-11], flexural strength and thermal 

shock resistance [11-15], creep and superplasticity [16-22], electrochemical properties [23-30] 

and thermal conductivity [3; 31-33]. With constantly increasing standards for improved quality 

and performance under extreme environments, ceramic composites make excellent candidates 

for the next generation of advanced materials.    

Many of the ceramic composite systems already in use are based around the matrix-

particulate model wherein dispersed ceramic particles, often referred to as fibers or whiskers, are 

housed within a continuous ceramic matrix phase. These ceramic matrix composite systems have 

been heavily studied [10-11; 34-35] and are still considered at the forefront of ceramic 

technology. An alternative approach to the ceramic matrix composites design is to incorporate a 

dense monolithic phase as each constituent, where each phase has its own unique morphology 

and grain structure.  

Solid-state oxygen sensors and nuclear fuel rods are two potential applications where 

multiphase ceramic composites could outperform a traditional single phase component.. 

Although these applications are vastly different from one another, the ceramic materials and 

operating conditions they employ are very similar. Both use a single phase ceramic material with 

the fluorite structure (ZrO2 in solid-state oxygen sensors and UO2 in nuclear fuel). Additionally, 

both applications require elevated operating temperatures, >1073 K (800°C), and are subjected to 

extreme thermal gradients. A multiphase ceramic composite approach has been explored to 
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alleviate some of the problems associated with these applications, and is discussed in further 

detail below.  

Ceramic composites may also play a role as testing platforms for the study of basic science-

type phenomenon. For example, ceramic/metal composite systems have previously been used to 

study the influence of dopants such as Y
3+ 

along Al2O3 grain boundaries [36]. A dense Al2O3 – 

Ni composite takes advantage of the reaction between Ni and Al2O3 to form NiAl2O4, which may 

be used as a maker for oxygen diffusion. This innovative ceramic/metal composite technique 

may be used to study the effects that different environments have on the grain boundary 

diffusion of oxygen, and is discussed in further detail below. 
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1.2 2-Phase Ceramic Composites for Solid-State Oxygen Sensors 

The lifetime of solid-state oxygen sensors used for automotive applications is dramatically 

reduced when water from the exhaust steam comes in contact with the sensor’s housing. A 

temperature gradient is imposed on the sensors, causing the outer region to become cooler while 

the inner region remains at an elevated temperature. This difference in temperature across the 

sensor produces a non-uniform thermal expansion of the ceramic electrolyte, ZrO2, and creates 

internal cracks in areas of high stress concentration. Operation at temperatures exceeding 1173 K 

(900°C) can cause this interaction to result in the thermal shock of the oxygen sensor, which may 

lead to degradation in the mechanical strength and eventual failure of the sensor. This 

phenomenon is the most common failure mechanism found in these sensors. Improvement to the 

thermal shock resistance of the ceramic based electrolyte is believed to extend the performance, 

lifetime, and reliability of these sensors by reducing failure caused by thermal stresses. 

A 2-phase ceramic composite with ZrO2 as the majority phase (80 or 90 vol%), and Al2O3 or 

3Al2O3·2SiO2 as the minor phase is being explored to design an electrolyte with higher thermal 

shock resistance. Both Al2O3 and 3Al2O3·2SiO2 can provide the ZrO2 electrolyte with increased 

strength and thermal conductivity. These two material properties are necessary to enhance the 

electrolyte’s ability to withstand the large thermal gradients that lead to thermal shock. 

Additionally, computational modeling of the ceramic composite will enable the evaluation of the 

heat flow profiles produced by the multiphase systems, as well as the ability to determine how 

adjustments to the microstructure can improve thermal transport. A combined experimental and 

computational approach will be employed to further study how the addition of second phases 

affect the thermal shock resistance of solid-state oxygen sensors.        
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1.3 3-Phase and 4-Phase Ceramic Composites for Nuclear Fuel 

The low thermal conductivity of conventional nuclear fuel (i.e. enriched UO2) causes high 

central temperatures, which may lead to the melting and cracking of the fuel bundle [37]. 

Additionally, UO2 undergoes microstructural evolution as a result of radiation-induced defects 

and the accumulation and migration of fission products [38]. This accumulation of fission 

products within the dense fuel bundle induces swelling, which damages the surrounding fuel 

cladding. An innovative fuel design concept has been proposed that employs a composite fuel 

featuring a fissile phase (enriched UO2) and additional inert phases [39]. These inert phases can 

offer (a) increased thermal conductivity; (b) accommodation of fission byproducts while they are 

being created; and (c) decreased structural degradation via the use of alternative interfaces as 

efficient sinks for point defects [40]. Inert matrix multiphase ceramic composite fuels have the 

potential for higher efficiency, longer service lifetimes (i.e. higher burn-up) and increased 

accident tolerance in future nuclear reactors. The most significant benefits to a ceramic 

composite fuel design will be: an increase in thermal conductivity, and the accommodation of 

fissile products. The incorporation of inert (non-fissile) ceramic phases with high thermal 

conductivity for improved thermal transport as well as multi-cation oxides with “open” crystal 

lattices for the uptake of fissile products, is necessary for an advanced fuel design.   

A natural first step in the design of a composite fuel is the development of a computational 

materials screening tool to allow for the testing of many different “candidate materials.” This 

allows for a strategic selection of inert phases without the need for sample fabrication. The 

thermal conductivity as a function of material selection and phase fraction can be modeled using 

object-oriented finite element analysis. This approach may take grain structure and morphology 

into consideration, as well as the thermal properties of UO2.  
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1.4 A Ceramic/Metal Composite as a Test Platform for Determining the Grain 

Boundary Diffusion of (OH)
-
  

 

A range of effects has been observed in ceramic materials exposed to water vapor at high 

temperatures. Some of these effects include: accelerated reaction kinetics [41-42], increased 

coarsening and grain growth [43-45], faster sintering and densification [46-49], and enhanced 

creep rates [50]. Absorbed H2O in the vapor phase can easily react with an oxide surface and 

form (OH)-, which can then react with the highly energized grain boundary of the ceramic and 

diffuse inward. It has been proposed that a proton from the (OH)- group can hop (or tunnel) from 

one oxygen to another. If the oxygen is blocked, the proton can hop/tunnel to another mobile 

oxygen. This phenomenon is illustrated in Figure 1.1.  

 
Figure 1.1 Proton hoping/tunneling at an oxide grain boundary. 

 

Perhaps slightly counterintuitive is that the size of an (O
2-

) anion in an oxide lattice shrinks 

by approximately 30% [51] when forming (OH)-, as shown in Figure 1.2.  Additionally, this 

incorporated proton moves within the p-orbital of the oxygen ion, giving the (OH)- the ability to 

be more easily polarized [52].  It has been hypothesized in this work that because the (OH)- ions 

are smaller and more polarizable than the O
2-

, this could lead to faster grain boundary diffusion 

of oxygen as (OH)- in oxide type ceramics.  
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Figure 1.2 Relative size of oxygen and hydroxide ion. 

 

The grain boundary transport of oxygen and the influence of dopants such as Y
3+

 along 

Al2O3 grain boundaries have been studied through the use of innovative ceramic composite 

techniques [36; 53]. Ni-particles located at the grain-boundaries of Al2O3 experience an 

oxidizing environment through the grain-boundary diffusion of oxygen ions. This in-diffusion of 

oxygen, in either O
2-

 or (OH)
-
 form, can be measured by observing the formation of NiAl2O4, as 

outlined in Figure 1.3. A ceramic/metal composite system such as this can be used as a tool to 

study the reaction kinetics and activation energies associated with oxygen diffusion 

 
Figure 1.3 Schematic of oxygen diffusion from the free surface of the Al2O3 and oxidation of Ni 

to NiAl2O4, viewed as a cross-sectional slice. 
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Chapter 2: Experimental Procedures 

2.1 Materials Processing 

A multitude of ceramic powders were used in the fabrication of the composite systems 

studied herein.  The selection of each starting powder was based on their specific thermal, 

electrical, mechanical or crystallographic properties, or a combination of properties. The 

selection methodologies for each composite system are discussed in more detail in later chapters. 

Table 2.1 lists the powders obtained from commercial vendors with the exception of LaPO4, 

which was synthesized in the lab. In some cases, a combination of powders was added in specific 

ratios for the purpose of forming a new phase in-situ. An example of this is the formation of 

CeMgAl11O19 from CeO2 and MgAl2O4 starting powders.  

Table 2.1 Crystalline ceramic powders 

Starting Powder Vendor 
Starting Particle 

Size (nm) 

Crystal 

Structure 

Alumina (α-Al2O3) Baikowski 600 nm Hexagonal 

8 mol% Yttria-Stabilized Zirconia (8YSZ) Tosoh 50 nm Cubic 

Mullite (3Al2O3•2SiO2) KCM Corp. 800 nm Orthorhombic 

Mg-Spinel (MgAl2O4) Baikowski 200 nm Cubic 

CeO2 Sigma-Aldrich 50 nm Cubic 

3Y-TZP Tosoh 50 nm Tetragonal 

NiO Alfar Aesar 200 nm Cubic 

Monazite (LaPO4) Lab Made [54] 200-400 nm Monoclinic 

 

Once the composition of a composite was determined and the starting powders weighted out, 

the powders were milled using a Union Process attritor mill. Typical milling slurry consisted of 

the starting powder mixture, 5 mm diameter zirconia media (Tosoh) or 5 mm diameter alumina 

media (Union Process), and isopropyl alcohol as a milling dispersant.  A ratio of 1.3 L of slurry to 

1.0 kg of media was used, keeping the total starting powder weight constant at 40g. Milling time 

ranged between 8 to 24 hours. After milling, slurries were separated from the media, dried using 

a hot plate at 120°C, and sieved into a fine powder with an average agglomerate size of < 80 um.  
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Processed powder was packed in silicon molds that were made in house, and then cold 

isostatically pressed (CIP) at 380MPa for 5-10 minutes. These pressed samples are referred to as 

“green bodies” or “green compacts” since they are still in a pre-sintered or natural state.  A 

pristine green body will have a right cylinder geometry, allowing for an approximate green body 

density to be determined using the equations: 

Vrc= r
2h (2.1) 

 

 
gb
=
Mgb

Vrc

 (2.2) 

 

where (r) is the radius of the cylinder, (h) is the height of the cylinder, (Vrc) is the right cylinder 

volume, (Mgb) is the green body mass and ( gb) is the green body density. Typical relative green 

body densities range between 50-60% dense (calculations for relative densities are discussed in 

section 2.2.1) indicating the CIPing process is capable of taking loose power from an effective 

relative density of 0% to as high as 60%. This highly efficient powder compaction allows for the 

next phase in the process, the sintering phase, to increase the relative density into the 90-99% 

dense range.   

Conventional sintering of green compacts took place in a high temperature bottom loading 

box furnace outfitted with resistive heating moly disilicide (MoSi2) heating elements and 

controlled by a PID regulated Eurotherm 2406 controller.  The green body specimens were first 

placed in alumina crucibles, and then covered with a small amount of loosely packed powder, 

known as a sintering bed, before being loaded into the furnace.  Sintering ramp rates, hold times 

(also known as dwell times), and hold temperatures varied depending on the composition being 

studied. A typical sintering profile is depicted in Fig 2.1 where a one step, ramp up – hold – ramp 

down was used.  
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Figure 2.1 Sintering Profile for one-step process. 

 

Other forms of sintering, such as sintering in different environments or using multi-step 

profiles, were used in specific experiments and are discussed in later chapters. Additionally, a 

range of sample geometries was explored to better assist the examination of material properties 

and to allow for more accurate materials characterization.  
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2.2 Materials Characterization 

2.2.1 Density Measurements 

The Archimedes displacement method was used to determine density. This classic method 

involves weighing the specimen in air (dry weight, Mdry) followed by submerging the specimen 

in water and measuring its weight (wet weight, Mwet). This method is founded on the principle 

that a sample submerged in a liquid of lower density will lead to a displacement of the liquid 

equal to the volume of the sample. The weight of the submerged sample is reduced by a buoyant 

force imposed on the sample by the volume displacement. From the Archimedes principle, the 

density of the sample can be determined using the relationship: 

 
solid

= 
li uid

Mdry

Mdry Mwet

 (2.3) 

where ( liquid) is the density of pure water and is always assumed to be 1 g/cm
3
, and ( solid) is the 

bulk density of the sample.  

To determine the relative density for a composite system, the theoretical density of each 

component must first be known in order to approximate the theoretical composite density. Table 

2.2 gives the theoretical density of the starting ceramic materials discussed in Section 2.1.  

Table 2.2 Theoretical densities 

Starting Powder Density (g/cm
3
) Reference*  

Alumina (α-Al2O3) 3.984 [55] 

8 mol% Yttria-Stabilized Zirconia (8YSZ) 5.959 JCPDS no. 30-1468 

Mullite (3Al2O3•2SiO2) 3.171 JCPDS no. 15-0776 

Mg-Spinel (MgAl2O4) 3.579 JCPDS no. 21-1152 

CeO2 7.215 JCPDS no. 34-0394 

3Y-TZP 6.242 JCPDS no. 60-0503 

NiO 6.808 JCPDS no. 47-1049 

Monazite (LaPO4) 5.111 JCPDS no. 84-0600 
*Joint Committee on Powder Diffraction Standards (JCPDS) 

The density values found in Table 2.2 were used in conjunction with the volume fraction of each 

component in the composite system in order to determine the theoretical composite density 
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( TCD) using a simple linear mixing rule. For a two component system, the mixing rule equation 

is given as: 

 
TCD

= 
1
V1+ 2V2 (2.4) 

 

where ( 1) and ( 2) are the theoretical densities found in Table 2.2, and (V1) and (V2) are the 

volume fractions for component 1 and 2 respectively. Using the measured density ( solid) 

calculated from the Archimedes method and the theoretical composite density ( TCD) 

approximated by Eq. 2.4, the relative density of the composite system can be found by the 

relation: 

 
solid

 
TCD

 100  (2.5) 

  

Due to the nature of ceramic processing, and the limitations of conventional sintering techniques, 

a density of 99.0% and above is difficult to achieve. In reality, density values above 95.0% of 

theoretical values are considered relativity high.  

 

2.2.2 X-Ray Diffraction 

Standard x-ray diffraction (XRD) analysis was conducted with a Smart Lab X-ray 

Diffractometer (Rigaku, Tokyo, Japan), using Cu-kα radiation (wavelength 0.15406 nm) to 

verify phases and compositions.  Scans consisted of 0.05° steps from 5° to 120° using Bragg-

Brentano optical configuration. Patterns were indexed using the International Centre for 

Diffraction Data (ICDD) database. Table 2.2 includes the powder diffraction (PDF) card number 

for the majority of materials studied. These PDF cards give structural information about the 

material, along with the angle, peak intensity and diffracted plane (hkl).    
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2.2.3 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) was performed on a FEI Magellan 400 XHR and a FEI 

XL 30 FEG (FEI, Eindhoven, The Netherlands).  An array of detectors was employed to collect 

information about specific compositions. The commonly used detectors are: secondary electrons 

(SE), Everhart-Thornley detector (ETD) and through-the-lens detector (TLD), and gather topological 

and morphological information about the specimen. A concentric backscatter (CBS) detector 

collected chemical information in the form of phase contrast through the detection of backscatter 

electrons (BSE). Specific elemental information was collected through the use of energy dispersive 

spectroscopy (EDS) analysis. To avoid the buildup of electrons on the surface of the specimen, 

known as sample charging, a thin film of iridium was deposited on the surface using an IBS/e Ion 

Beam Sputter Deposition System (South Bay Technology, San Clemente, CA). 

 

2.2.4 Grain Size Analysis 

Secondary electron images were used to determine the grain structure, or morphology, of the 

specimen, which then allowed for the grain size to be approximated. Fig. 2.2 shows a SEM 

micrograph of 8YSZ with the grains outlined. Using Image J (National Institute of Health) 

imaging software, a pixel length was defined from the SEM image scale bar and an area value 

was assigned to each grain. An equivalent circle diameter was calculated from the grain area 

using the following equation: 

 ECD=
2√area

 
 (2.6) 

  

Since the ECD is measured for grain diameters in two dimensions, a multiplication factor of 1.74 

(the mathematical relationship between a regular polyhedron and equiaxed grain diameter) was 
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used in order to obtain a ‘‘true’’ three dimensional grain size [56]. Approximately 400 grains 

were evaluated for each composition to determine the average grain size. 

 
Figure 2.2 SEM image of 8YSZ with grains outlined for grain size analysis. 

 

2.2.5 Transmission Electron Microscopy 

Transmission electron microcopy (TEM) was conducted on a 200keV CM20 (FEI/Philips, 

Eindhoven, Netherlands). Bright field and dark field analysis was performed to obtain phase 

interface and grain boundary information. A diffraction pattern was used to assist in phase 

identification by matching zone axis and lattice spacing to known or predicted values.  

 

2.2.6 Focus Ion Beam 

Electron transparent specimens were made by focused ion beam (FIB) preparation using a 

Quanta 3D FEG Dual Beam (FEI, Eindhoven, Netherlands). Specimen preparation began with 

the deposition of a 2 μm (w) x 10 μm (l) x 3 μm (h) Pt protection pad on the site of interest. Two 

trenches were milled above and below the site, and a U-shape cut was made before lift-out. A 

probe was positioned so its tip touched the top of the Pt pad, and a small amount of Pt was used 

to attach the specimen to the probe. Next, the specimen was detached from the bulk sample and 

attached to a FIB-TEM copper grid. The specimen was further thinned to ~50-10 nm in thickness 

before being observed in the TEM.  
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2.3 Mechanical Behavior Testing  

2.3.1 Hardness and Fracture Toughness 

Hardness (Hv) and fracture toughness (KIC) tests were conducted using a Zwick Z 3212 

(Zwick GmbH, Ulm, Germany) micro hardness tester with a Vickers indenter. Specimens were 

polished to a 1 µm finish, and an 8 kg load was used to make each indentation. Eight 

indentations were taken at least 0.5 mm apart as to not influence one another. Hardness and 

fracture toughness were calculated using Eq. (2.7) and Eq. (2.8) [57], respectively:  

 
 
       

 

  
 (2.7) 

 
IC
= 0.0 37 (

 vP

4r
)

1

2

 (2.8) 

where (Hv) is the Vicker hardness, (P) is the applied load, (d) is the diagonal indentation length, 

and (r) is the crack length.  

 

2.3.2 3-Point Bend and Thermal Shock Testing 

Flexural strength (σf) was measured by three-point bend test using a crosshead speed of 0.5 

mm/min and a span length of 40 mm.  Flexural strength is calculated using: 

σf= 
3PfL

2tw2
 

 

 (2.9) 

where (L) is the span length, (t) is the sample thickness, (w) is the sample width, and (Pf) is the 

maximum load to fracture.  A minimum of 10 samples was tested in ambient conditions to 

determine the room temperature flexural strength.  

To determine the critical temperature difference, samples were held at various testing 

temperatures for 30 minutes before being quenched, as illustrated in Fig. 2.3. Five samples were 

tested at each quenching temperature.  For each composition, the critical temperature difference 
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(ΔTc) can be calculated as the temperature at which a 30% decrease in flexure strength is 

observed in accordance with ASTM C1525-02 (Determination of Thermal Shock Resistance for 

Advanced Ceramics by Water Quenching). 

 
Figure 2.3 Illustration of how the critical temperature difference (ΔTc) is determined. 
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2.4 Electrochemical Impedance Spectroscopy 

Conductivity measurements were carried out after finishing each face of the specimen with 

600-grit silicon carbide paper, applying platinum paste to each face, and firing to create porous 

platinum electrodes. Impedance spectra were obtained using a HP 4192A LF Impedance 

Analyzer (Hewlett Packard, Palo Alto, CA) in air, at frequencies over a range of 5 Hz–13 MHz 

with an applied voltage of 500 mV. A 30 minute dwell at each temperature was used for thermal 

stability prior to measurement and data collection.   

Typical impedance spectra for polycrystalline ceramics consist of three-arcs corresponding to 

(in order of decreasing frequency or increasing Z) the grain interior, grain boundary, and 

electrodes; however due to testing limitations, only arcs for the grain interior and grain boundary 

components were observed.  Beyond 823 K (550°C), the two arcs were not well defined and 

cannot be separated. Resistivities were estimated by determining the interceptions of the arcs and 

the real axis.  

The specific grain boundary conductivity (σS. GB) is the average conductivity of a grain 

boundary [58] , and was calculated using: 

        =
 

 
      (2.10) 

where (δ) is grain boundary width, (d) is grain size and (σGB) is grain boundary conductivity.  

This value is more representative than the total grain boundary conductivity, which depends on 

the concentration of grain boundaries in a material. The effective grain boundary width to grain 

size ratio (δ/d) can be estimated by the ratio of grain interior capacitance (CGI) to grain boundary 

capacitance (CGB). Assuming εGB~εGI [59], this ratio may be determined using the following 

equation:    
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  (2.11) 

Activation energies for the grain interior and grain boundaries were calculated by analyzing the 

temperature (T) dependence of the ionic conductivity (σ) using the Arrhenius e uation: 

σ =
 

 
   (

  

  
)  (2.12) 

where (k) is the Boltzmann constant and (Q) the activation energy. 
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2.5 Humid Environment Testing 

A water vapor rich environment was needed to study to effects of hydroxide ions on the 

inward diffusion of oxygen. Humidified air was created by flowing ultra-pure zero grade dry air 

through an air diffuser that was immersed in a flask of pure water housed in a water bath. By 

adjusting the temperature of the water bath, and using a steam table (Fig. 2.4), the water vapor 

partial pressure can be held constant. A flow rate of 50-80 sccm was used. 

 
Figure 2.4 Standard steam table with high order polynomial. 

  

  The humidified air was then flowed into a sealed tube furnace once the water bath 

temperature stabilized. A computer controlled valve system was used to prevent inflow of 

humidified air after furnace operation.  Mass flow controllers (MFC) were used to maintain a 

constant flow rate during furnace operation. Prior to the experiment, the furnace was held at 573 

K (300°C). A 3τ residence time was required to flush the system. Fig. 2.5 gives an illustration of 

the overall testing system.  
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Figure 2.5 Schematic of humid environment flow system. 
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2.6 Object-Oriented Finite-Element Analysis (OOF2) 

Object-oriented finite-element analysis version 2 (OOF2) [60-61], an open access software 

developed at the National Institute of Standards and Technology (NIST), was used the 

approximate the thermal conductivity of composites systems. OOF2 uses two-dimensional 

scanning electron microscopy (SEM) microstructures as the foundation for its calculations. A 

thermal gradient model was produced using OOF2 for each composition by converting 

dimensional SEM images to single-color images in post-processing. This enabled the creation of 

finite-element meshes adapted to the microstructure of the material.  Each phase is represented 

by a single color value and assigned its appropriate material properties. A thermal gradient could 

be simulated in the vertical direction of the image by assigning the top boundary a fixed 

temperature value (T1) and the bottom boundary a temperature value greater than the top (T2), 

while keeping the sides adiabatic. Fig. 2.6 gives an illustration of the image parameters used in 

OOF2. 

 
Figure 2.6 Boundary conditions used in OOF2 thermal analysis. 
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The resulting 2D heat flux is integrated along a boundary of the simulation and used to 

determine the effective thermal conductivity: 

       
    

  (              )
 (2.13) 

where keff is the effective thermal conductivity of the composite, Q (watts per meter of thickness 

in z) is the OOF2 heat flux integrated across the bottom boundary, Ly and Lx are the image 

dimensions, and Tbottom and Ttop are the temperature values assigned to the bottom and top 

boundaries, respectively. 
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Chapter 3: Parameters Influencing Thermal Shock Resistance and Ionic 

Conductivity of 8 mol% Yttria-stabilized Zirconia (8YSZ) with Dispersed 

Second Phases of Alumina or Mullite 

3.1 Abstract 

Improved thermal shock resistance for cubic 8 mol% yttria-stabilized zirconia (8YSZ) used 

in fuel cells and oxygen sensors can be achieved by the addition of higher thermal conductivity 

second phases.  This work compares 10-20 vol% alumina (α-Al2O3) and mullite (3Al2O3•2SiO2) 

additions that increase the thermal conductivity, reduce the grain size, and increase the strength 

and fracture toughness of 8YSZ. Improvements in thermal shock behavior correlate best with 

increased thermal conductivity. Second phase additions result in a smaller grain size that reduces 

the ionic conductivity, measured by electrochemical impedance spectroscopy, primarily through 

the creation of a higher density of blocking grain boundaries.  The blocking effect correlates with 

decreasing grain size in 8YSZ but also is strongly influenced by the wetting behavior and 

distribution of intergranular phases, as shown in the case of mullite second phase additions.  

Significantly improved thermal shock resistivity by the addition of an appropriate dilute second 

phase of higher thermal conductivity, however, may compensate for a slightly lower ionic 

conductivity in certain applications such as oxygen sensors. 
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3.2 Introduction 

Common applications for cubic 8 mol% yttria-stabilized zirconia (8YSZ) as a solid oxide 

electrolyte include not only high temperature fuel cells but also oxygen sensors [16; 24; 62-63].  

Cubic 8YSZ-based oxygen sensors are present in almost every automobile and used widely in 

many industries [64].  Failure of the sensor due to thermal shock induced stresses of the 

electrolyte has been a common operational failure mode and is one of the primary causes for the 

“check engine” light appearance in automobiles. Exposure to extreme temperature changes such 

as cooling from water droplets present in exhaust gases, and the rapid heating of the sensor to 

operational temperatures, render the sensor susceptible to thermal shock, fracture and eventually 

failure. Failure upon rapid cooling for temperature differences as small as 100 K for cubic 6 

mol% YSZ [65] and 150 K for single phase cubic 8YSZ [66] have been documented.  The 

problem is that 8YSZ has both a low thermal conductivity and a high thermal expansion 

coefficient (Table 1). When exposed to rapid heating or cooling, extreme temperature gradients 

develop and the stresses due to thermal expansion can be high enough to initiate crack 

propagation from preexisting flaws [67].   

Table 3.1 Single phase material properties at room temperatures. 

 
Young’s 

Modulus, 

E (GPa) 

Poisson’s 

Ratio, ν 

RT Thermal 

Conductivity, k 

(W/m-K) 

Expansion 

Coefficient, α 

(x 10
-6

 K
-1

) 

8YSZ 220 [68] 0.32 [68] ~2 [69-71] 10.5 [72] 

α-Al2O3 416 [55] 0.23 [55] ~33[55] 4.6 [55] 

Mullite 214 [73] 0.28 [73] ~6 [74] 4.5 [74] 

 

The inclusion of a second phase with a relatively higher thermal conductivity, such as 

alumina or mullite (Table 3.1), can increase the effective thermal conductivity of a ceramic 

composite, allowing faster heat transfer from the interior to the exterior during quenching. This 

in turn reduces the extent of thermal gradients that cause the high thermal expansion stress. 
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Mullite has a lower thermal conductivity than alumina, but it better matches the elastic modulus 

and Poisson’s ratio of 8YSZ, which may prove to be more beneficial for thermal shock.  

There are advantages and disadvantages to adding in a second phase. Small amounts (<1 

vol%) of  alumina  can increase the grain boundary conductivity for impure 8YSZ [25], as 

alumina helps scavage impurities from the grain boundary region.  However, large amounts of  

alumina can decrease the total conductivity, as shown by Mori et al. [66], who also noted that the 

second phase of alumina increases thermal shock for 8YSZ. This paper compares the 

effectiveness of alumina and mullite additions to 8YSZ and presents data regarding mechanical 

properties, thermal shock resistance and ionic conductivity of the grain interior and grain 

boundaries as a function of grain size, data not previously reported for this range of materials. 

Sintering temperatures and times, along with sample preparation procedures were chosen to 

mimic those used by industry to best represent commercial 8YSZ-based oxygen sensors found in 

regular use.     
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3.3 Experimental Procedures 

3.3.1 Powder Preparation  

Ceramic powders of cubic 8 mol% yttria-stabilized zirconia powder (Tosoh, Tokyo, Japan, 

starting crystallite size of 30 nm) were combined with either high-purity alumina (α-Al2O3) 

powder (Baikowski Inter. Corp., Charlotte, NC, USA, starting crystallite size of 40 nm), or high-

purity mullite (3Al2O3•2SiO2) powder (KCM Corporation, Tokyo, Japan, starting crystallite size 

of 40 nm).  Appropriate amounts of starting materials were used to make the compositions in 

Table 3.2. A control sample of 8 mol% YSZ (8YSZ) was also made.  Powders were attritor-

milled for 8 hours with 5 mm zirconia balls (Tosoh, Tokyo, Japan) in isopropanol, dried 

overnight at 393 K (120°C), crushed with an agate mortar and pestle, and sieved. 

Table 3.2 Composition of composites. 

 

Volume 

Fraction of 

8YSZ 

Volume 

Fraction of 

Alumina 

Volume 

Fraction of 

Mullite 

8YSZ+10%A 90 10 - 

8YSZ+20%A 80 20 - 

8YSZ+10%M 90 - 10 

8YSZ+20%M 80 - 20 

 

3.3.2 Sample Fabrication and Characterization  

Rectangular green bodies with dimensions 10 mm x 25 mm x 60 mm were fabricated by 

uniaxially pressing a stainless steel die at 10 MPa for 5 minutes, then vacuum sealing the green 

body in an air tight bag, and cold isostatically pressing to 380 MPa for 5 minutes. To improve 

machinability, each green body was bisque fired at 1273 K (1000°C) for 1 hour, then cut using a 

precision diamond saw into the desired pre-sintered bend bar dimensions. Bars were placed in a 

rectangular alumina crucible; lightly packed in loose powder, and sintered at 1823 K (1550°C) 

for 2 hour in air. The resulting samples had the dimensions 3mm (±0.1 mm) x 4 mm (±0.1 mm) x 
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45 mm (±0.2 mm), in accordance with ASTM C1161-02 (Standard Test Method for Flexural 

Strength of Advanced Ceramics at Ambient Temperature) specimens size C. Faces were polished 

to a 16 μm finish and edges chamfered to reduce surface flaws caused by machining.  

Small cylindrical samples were also fabricated for microstructural characterization and 

conductivity measurements using a similar procedure. Relative density was measured using the 

Archimedes displacement method in distilled water. X-ray diffraction (XRD) analysis was 

conducted with a Smart Lab X-ray Diffractometer (Rigaku, Tokyo, Japan) using Cu-kα radiation 

(wavelength 0.15406 nm) to verify phases and compositions.  Scans consisted of 0.05° steps 

from 20° to 90°.  Scanning electron microscopy (SEM) was performed using a Magellan 400 

XHR (FEI, Eindhoven, Netherlands).  A thin film of iridium was deposited on the surface using 

an IBS/e Ion Beam Sputter Deposition System (South Bay Technology, San Clemente, CA) to 

prevent electrical charging during SEM analysis. Grain boundaries in SEM images were outlined 

using image analysis software ImageJ (National Institute of Health, Bethesda, Maryland, USA), 

and measured values for grain diameters in two dimensions multiplied by 1.74 (the mathematical 

relationship between a regular polyhedron and equiaxed grain diameter) in order to obtain a 

‘‘true’’ three dimensional grain size [56]. Approximately 400 grains were evaluated for each 

composition to determine the average grain size. Transmission electron microcopy (TEM) was 

conducted on a 200keV CM20 (FEI/Philips, Eindhoven, Netherlands) with samples prepared by 

focused ion beam (FIB) preparation using a Quanta 3D FEG Dual Beam (FEI, Eindhoven, 

Netherlands). 
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3.3.3 Mechanical and Thermal Shock Measurements 

Hardness (Hv) and fracture toughness (KIC) tests were conducted using a Zwick Z 3212 

(Zwick GmbH, Ulm, Germany) micro hardness tester with a Vickers indenter. Specimens were 

polished to a 1 µm finish, and an 8 kg load was used to make each indentation. Eight 

indentations were taken at least 0.5 mm apart as to not influence one another. Hardness and 

fracture toughness were calculated using Eq. (3.1) and Eq. (3.2) [57], respectively:  

 
 
       

 

  
 (3.1) 

 
IC
= 0.0 37 (

 vP

4r
)

1

2

 (3.2) 

where (Hv) is the Vicker hardness, (P) is the applied load, (d) is the diagonal indentation length, 

and (r) is the crack length.  

Flexural strength (σf) was measured by three-point bend test using a crosshead speed of 0.5 

mm/min and a span length of 40 mm.  Flexural strength was calculated using Eq. (3.3): 

σf= 
3PfL

2tw2
 

 

 (3.3) 

where (L) is the span length, (t) is the sample thickness, (w) is the sample width, and (Pf) is the 

maximum load to fracture.  A minimum of 10 samples was tested in ambient conditions to 

determine the room temperature flexural strength. To determine the critical temperature 

difference, samples were held at various testing temperatures for 30 minutes before being 

quenched. Five samples were tested at each quenching temperature. Thermal shock testing took 

place over the temperature range of 313 K (100°C) to 523 K (250°C) by rapidly quenching 

specimens into a large water bath held at 295 K (22°C) and testing their residual strength via 

three-point bending.  For each composition, the critical temperature difference (ΔTc) can be 

calculated as the temperature at which a 30% decrease in flexure strength is observed in 
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accordance with ASTM C1525-02 (Determination of Thermal Shock Resistance for Advanced 

Ceramics by Water Quenching). 

 

3.3.4 Electrochemical Impedance Spectroscopy Analysis 

Conductivity measurements were carried out after finishing each face of the specimen with 

600-grit silicon carbide paper, applying platinum paste to each face, and firing for 30 minutes at 

1273 K (1000°C) to create porous platinum electrodes. Impedance spectra were obtained using a 

HP 4192A LF Impedance Analyzer (Hewlett Packard, Palo Alto, CA) in air, at frequencies over 

a range of 5 Hz–13 MHz and temperatures from 573 K (300°C) to 823 K (550°C) with 25(K/°C) 

increments. An applied voltage of 500 mV was used.  A 30 minute dwell at each temperature 

was used for thermal stability prior to measurement and data collection.  Impedance spectra 

plotted in Nyquist representation was fitted to the equivalent circuit model (Figure 3.1) by using 

the software package ZView (Scribner Associates, Southern Pines, NC, USA).  

 
Figure 3.1 Equivalent circuit model used to fit impedance spectra where Ri represents resistor 

and CPEi represents a constant phase element 
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3.4 Results and Discussion 

3.4.1 Microstructure and Phase Characterization  

X-ray diffraction analysis of all five compositions (Figure 3.2) show that no unintended 

crystalline phases form during sintering. Sintered materials are 98-99% dense (Table 3.3), a 

slightly higher density than 95-96% theoretical density for alumina-8YSZ composites data 

reported by Mori et al. [66].  

Scanning electron microscope images (Figure 3.3) show a homogeneous distribution of the 

second phase additives throughout the 8YSZ microstructure.  Higher amounts of the second 

phase are more effective in reducing the grain size due to grain boundary pinning, resulting in a 

reduction in the measured grain size of 8YSZ (Table 3.3).  This effect is more prominent in the 

alumina composites in Figure 3.3(b-c), compared to the mullite composites in Figure 3.3(d-e), 

though both second phases had nominally the same starting crystallite size.  The 8YSZ grain size 

differences could be due to differences in powder particle agglomeration or grain growth due to 

the formation of a liquid phase with rapid transport for the second phase mullite.  

 
Figure 3.2 X-ray diffraction patterns for (a) 8YSZ, (b) 8YSZ+10%A, (c) 8YSZ+20%A, (d) 

8YSZ+10%M and (e) 8YSZ+20%M. (Z=8YSZ, A=α-Al2O3, and M=mullite peaks). 
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Table 3.3 Theoretical density, measured relative density, and grain size. 

 

Theoretical 

density,   

(g/cm
3
) 

Relative 

Density 

(%) 

8YSZ 

Grain Size 

(μm) 

Al2O3    

Grain Size 

(μm) 

Mullite 

Grain Size 

(μm) 

8YSZ 6.0 98 9.2 ± 3.5 - - 

8YSZ+10%A 5.8 99 1.7 ± 0.8 0.9 ± 0.2 - 

8YSZ+20%A 5.6 99 1.2 ± 0.9 0.8 ± 0.1 - 

8YSZ+10%M 5.7 98 4.7 ± 1.6 - 1.8 ± 0.3 

8YSZ+20%M 5.4 99 3.4 ± 1.2 - 2.0 ± 0.4 

 

 

 
Figure 3.3 Backscatter electron image of 8YSZ (light phase) and the dispersed phase (dark 

phase, either alumina or mullite) for (a) 8YSZ, (b) 8YSZ+10%A, (c) 8YSZ+20%A, (d) 

8YSZ+10%M and (e) 8YSZ+20%M. 

 

In alumina composites, 8YSZ grain boundaries are sharply faceted at 8YSZ/Al2O3 interfaces 

and at triple grain junctions (Figure 3.4(a)). In contrast, the 8YSZ interface with mullite is 

rounded and grain boundary wetting of an intergranular phase located along the grain boundary 

in regions near mullite particles is evident (Figure 3.4(b)). The yttria-alumina-silica phase 

diagram includes a low melting point eutectic at 1644 K (1371°C) that could form during 

sintering [75]  that could form from the aluminosilicate intergranular phase leaching out yttria 

preferentially from 8YSZ grains [76]. The low dihedral angle of the intergranular phase at grain 
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boundaries, presumably from a eutectic liquid that remains amorphous upon cooling to room 

temperature, can be seen to wet the grain boundaries in some regions as demonstrated by the 

dark field TEM image of Figure 3.4(c).  The amorphous nature of the dark black wetting 

intergranular phases was determined by the lack of Bragg diffraction contrast upon tilting in the 

TEM and dark field imaging using diffuse scattering from the amorphous phase.  The presence 

of an intergranular phase reduces the 8YSZ/8YSZ contact area for the 8YSZ+10%M and 

8YSZ+20%M composites is expected to detrimentally reduce the ionic conductivity.   

             
 

 
Figure 3.4 Grain boundary features of two phase samples. (a) 8YSZ+20% alumina SEM 

secondary electron imaging, shows sharply facetted grain boundaries and interfaces, (b) 

8YSZ+20% mullite backscattered electron SEM image shows grey mullite particles and the 

presence of a black low dihedral angle intergranular phase at 8YSZ/mullite interfaces is typical 

of a glassy intergranular phase cooled from a liquid. (c)  TEM dark field image of an amorphous 

intergranular pocket that wets the grain boundaries in 20% mullite/8YSZ samples. 
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3.4.2 Mechanical Behavior and Thermal Shock 

Hardness and fracture toughness values for 8YSZ with additive are reported in Table 3.4. A 

25% increase in hardness is observed in the 8YSZ+20%A and 8YSZ+20%M composites, while 

no significant change in hardness is seen with the addition of 10 vol% of either second phase. An 

80% increase in fracture toughness of 8YSZ was observed in 10 vol% composites, while a 133% 

and 166% increase was seen in the 8YSZ+20%A and 8YSZ+20%M composites, respectively. 

The higher volume fraction of a second phase more effectively blocks crack propagation by 

deflection. These trends are similar to those reported in the literature for alumina/YSZ 

composites [77-78]. 

 Table 3.4 Measured room temperature mechanical properties. 

 
Hardness, Hv 

(GPa) 

Fracture 

Toughness,  KIC 

(MPa·m
1/2

) 

Flexural 

Strength, σf 

(MPa) 

8YSZ 15 ± 1.8 1.2 ± 0.1 197 ± 31 

8YSZ+10%A 14 ± 1.0 2.2 ± 0.3 287 ± 19 

8YSZ+20%A 20 ± 1.7 2.8 ± 0.2 317 ± 15 

8YSZ+10%M 15 ± 1.7 2.3 ± 0.5 229 ± 18 

8YSZ+20%M 19 ± 1.3 3.2 ± 0.5 263 ± 28 

 

An 11% increase in the average room temperature flexural strength is observed for 10 vol% 

mullite additions but the standard deviations suggest that this increase may not be statistically 

significant.  Composites with 20 vol% mullite and 10 vol% alumina have comparable increases 

to the average room temperature flexural strength of 28% and 31%, respectively. The elastic 

modulus of these two different second phase additive is significantly different, but also the 

distribution and grain size of the mullite particles is much larger than the alumina, which would 

also play a role as finer grain sizes produce higher strengths [79]. The  20 vol% alumina 

composites saw the largest increase the average room temperature flexural strength with a 47% 

increase over of pure 8YSZ, similar to that reported in the literature [66].  
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The predicted thermal shock resistance parameter (R) and heat flux resistance parameter (R') 

for each material system was calculated using the relationships [80-81]:  

 = σf
(   )

  
  (3.4) 

  =     (3.5) 

where (ν) is Possion’s ratio, (E) is Young’s modulus, (α) is coefficient of thermal expansion, and 

(k) is thermal conductivity. These parameters are used to predicted the temperature where a 

significant decrease in the strength will be observed (R) and the total  allowable  heat flux a 

specimen can withstand before crack initiation (R'). It should be noted that the (R) parameter, 

and subsequently (R'), cannot be correlated directly with the true thermal shock resistance [12; 

82] and should not be used as the sole method for determining the thermal shock behavior of 

material systems. 

Table 3.5 Experimental critical temperature difference (Figure 3.5), 

calculated thermal shock resistance parameter and maximum heat flux 

parameter. 

 

Measured Critical 

Temperature 

difference, ΔTC 

(°C) 

Calculated 

Thermal Shock 

Resistance, R  

(°C) 

Calculated 

Maximum 

Heat Flux, R'  

(W/m) 

8YSZ 122 61 122 

8YSZ+10%A 154 83 220 

8YSZ+20%A 185 92 319 

8YSZ+10%M 129 72 161 

8YSZ+20%M 150 89 222 

 

Figure 3.5 shows the detailed results of the thermal shock tests for each material system. An 

increase in the critical temperature difference (ΔTC) and thermal shock resistance is clearly seen 

for 8YSZ+10%A, 8YSZ+20%A and 8YSZ+20%M composites; with 8YSZ+20%A having an 

increase of 55% over the ΔTC for 8YSZ. Calculated (R) and (R’) parameters for each composite 
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are given in Table 3.5. A rule of mixtures was applied to data on the single phase mechanical 

properties in Table 3.1 (ν, E and α) to estimate values for the composites.  The room temperature 

flexural strengths used to calculate R are from measured values in Table 3.4.  Values of the room 

temperature thermal conductivity for each composite between 310-475 K (38-203°C) are given 

in Figure 3.6, data determined experimentally by the 3ω method (as reported elsewhere [3]) that 

show the increase in thermal conductivity with additions of higher thermal conductivity second 

phases. (These experimental values of thermal conductivity match well with Maxwell-Eucken 

models using the volume fraction of mullite in 8YSZ [3]).   

 

Figure 3.5 Thermal shock testing results of each composite system and 8YSZ control. Difference 

in temperature (x-axis) represents the difference between the water bath used to quench each 

sample and the furnace temperature. The 20% mullite/YSZ samples lost 30% of its initial 

strength at a relatively higher temperature than the 10% alumina/YSZ samples so has a higher 

value of thermal shock reported in Table 3.5. 
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Figure 3.6 Thermal conductivity as a function of temperature for each composition measured by 

3ω method [3]. 

 

The experimental data on thermal shock critical temperature difference (Table 3.5) fit the 

trends predicted by Eq. (3.4) and Eq. (3.5) and that is illustrated in Table 3.6. The predicted 

relative increases in the thermal shock resistance parameter (R) from Eq. (3.4) are close for few 

compositions. For 8YSZ with 20% alumina, the calculated R value predicts a 51% increase, 

compared to the 52% increase measured experimentally.  However, for 8YSZ with 20% mullite, 

the predicted increase in thermal shock resistance is 46% with the actual increase 26%.  (Using 

the “lower bound” model instead of the Voigt linear rule of mixtures for E gives even larger 

predicted increases for R).  In contrast, there is a much better correlation of the measured 

increase is thermal conductivity and the measured increase in thermal shock in Table 3.6. This 

indicates that the increased strength from grain size reduction is not the primary factor for 

increased thermal shock resistance, but that thermal conductivity plays a significant role.   
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Table 3.6 The predicted thermal shock resistance (R) enhancement for each 

composition  measured critical temperature difference increase in thermal 

shock (ΔTC) normalized by ΔTC for 8YSZ, and the thermal conductivity of 

each composite (k), normalized by 8YSZ (ko). 

 ΔTC/ΔTC-8YSZ k/k8YSZ Predicted R/R8YSZ 

8YSZ+10%A 1.26 1.27 1.36 

8YSZ+20%A 1.52 1.63 1.51 

8YSZ+10%M 1.06 1.04 1.18 

8YSZ+20%M 1.23 1.17 1.46 

 

3.4.3 Impedance Analysis and Ionic Conductivity  

Complex impedance spectra at 623 K (350°C) are shown in Figure 3.7 for each material 

system. Two distinct arcs are present and were fitted to an equivalent electrical circuit model 

shown in Figure 3.1. Typical impedance spectra for polycrystalline ceramics consist of three-arcs 

corresponding to (in order of decreasing frequency or increasing Z) the grain interior, grain 

boundary, and electrodes [83]; however due to testing limitations, only arcs for the grain interior 

and grain boundary components are observed.  Beyond 823 K (550°C), the two arcs were not 

well defined and could not be separated. Resistivities are estimated by determining the 

interceptions of the arcs and the real axis. An increase in size of the high frequency arcs, 

associated with the grain interior component, indicates a decrease in conductivity in the grain 

interior. Likewise, an increase in the size of low frequency arcs, associated with the grain 

boundary component, shows a decrease in the grain boundary conductivity. For all materials, 

Figure 3.7 shows that additions of second phases to 8YSZ caused an increase are resistivity 

associated with grain boundaries and with the apparent bulk conductivity of the grains. 
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Figure 3.7 Impedance spectra at 623K (350°C) for (a) 8YSZ, 8YSZ+10%A and 8YSZ+20%A, 

and (b) 8YSZ, 8YSZ+10%M and 8YSZ+20%M.  The impedance spectrum for 8YSZ was plotted 

on both graphs for comparison. 

 

A table of representative grain interior and grain boundary conductivity at 573 K (300°C) for 

each composite as well as for the 8YSZ control is presented as Table 3.7.  A 36% and 41% 

reduction in the grain interior ionic conductivity and a 73% and 85% reduction in the grain 

boundary conductivity are seen for 8YSZ+10%A and 8YSZ+20%A, respectively.   Although 

alumina doping in small amounts (<1 vol%) can help scavenge impurities [25], additional 

amounts will degrade conductivity by replacing 8YSZ with a non-conducting phase and the true 

cross sectional area of 8YSZ is decreased. 
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Table 3.7 Grain interior, grain boundary, specific grain boundary (GB) and total 

conductivity measured at 573 K (300°C). 

 

Grain Interior 

Conductivity 

(Ω /cm) 

Grain Boundary 

Conductivity 

(Ω /cm) 

Specific GB 

Conductivity, 

(Ω /cm) 

Total 

Conductivity 

(Ω/cm) 

8YSZ 3.9 x 10
-6

 2.3 x 10
-5

 3.2 x 10
-8

 2.7 x 10
-6

 

8YSZ+10%A 2.5 x 10
-6

 6.3 x 10
-6

 3.0 x 10
-8

 8.8 x 10
-6

 

8YSZ+20%A 2.3 x 10
-6

 3.4 x 10
-6

 2.5 x 10
-8

 5.7 x 10
-6

 

8YSZ+10%M 2.1 x 10
-6

 3.6 x 10
-7

 5.5 x 10
-10

 2.5 x 10
-6

 

8YSZ+20%M 1.8 x 10
-6

 1.3 x 10
-7

 3.9 x 10
-10

 1.9 x 10
-6

 

 

A 46% and 54% reduction in the grain interior ionic conductivities and a 98% and 99% 

reduction in the grain boundary conductivity were observed for 8YSZ+10%M and 

8YSZ+20%M, respectively. The decrease in grain interior conductivity is attributed to the 

presence of a highly resistive second phase, and the decrease scales with increasing volume 

fraction of the inert second phase. Part of the reason for the higher decrease in grain interior 

conductivity for mullite containing sample with the same vol% second phase compared to 

alumina containing samples may also be due to the formation of an intergranular eutectic liquid  

scavaging yttria from grains for the case of mullite, forming an yttrium aluminosilicate glass that 

wets the grain boundary [76]. Decreased yttria content will result in a lowered ionic conductivity 

by decreasing the oxygen vacancy concentration, so the 8YSZ grains in the mullite composite 

would have a lower ionic conductivity compared to the same volume fraction of alumina, due to 

the intergranular phase observed in SEM and TEM images (Figure 3.4).  

The reduction in grain size (Table 3.3) from grain boundary pinning by second phase 

particles results in an increase in the grain boundary surface area.  There is an 81% and 87% 

decrease in 8YSZ grain size for 10 and 20 vol% alumina additions, respectively; and a 49% and 

63% decrease in 8YSZ grain size for 10 and 20 vol% mullite additions, respectively.  Since the 

grain boundary is intrinsically 100 to 1000 times less conductive then the grain interior in 8YSZ 
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[26], a smaller grain size also results in lowered ionic conductivity. This would be even further 

reduced if there is a blocking silicate phase segregated along grain boundaries, as in the case of 

8YSZ+10%M and 8YSZ+20%M, the large decrease in grain boundary conductivity (Figure 

3.7b) where such an intergranular silicate eutectic phases appears to have formed during 

sintering. 

The specific grain boundary conductivity (σS. GB) is the average conductivity of a grain 

boundary [58], was and is calculated using: 

        =
 

 
      (3.6) 

where (δ) is grain boundary width, (d) is grain size (Table 3.3) and (σGB) is grain boundary 

conductivity.  This value is more representative than the total grain boundary conductivity which 

depends on the concentration of grain boundaries in a material. The specific grain boundary 

conductivity at 573 K (300°C) for each composite is also summarized in Table 3.7. This shows 

that alumina additions barely decrease the specific grain boundary conductivity of an average 

grain boundary by only 6% and 22% reduction  for 8YSZ+10%A and 8YSZ+20%A respectively, 

and the higher density of grain boundaries is primarily responsible for the reduction in total 

conductivity.  A much larger 99% and 98% reduction was measured for 8YSZ+10%M and 

8YSZ+20%M respectively.  This correlates well with the segregation of a thin intergranular film 

observed grain boundaries in the samples with mullite additives compared to the cleaner grain 

boundaries in with alumina additions. By normalizing for grain size, it is seen that the mullite 

grain boundaries are all approximately an order of magnitude lower in conductivity.  

The effective grain boundary width to grain size ratio (δ/d) can be estimated by the ratio of 

grain interior capacitance (CGI) to grain boundary capacitance (CGB) and assuming εGB~εGI [59] 

and is given in Table 3.8 using the following equation.    
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  (3.7) 

The effective gain boundary width for 8YSZ was 7.2 nm and actually slightly decreased with 

small additions of alumina, perhaps due to the scavenging effect reported by others [25; 84-86].  

A very significant increase in effective grain boundary width was found for 8YSZ+20%M, most 

likely related to the segregation of the intergranular phase giving a larger effective electrical 

grain boundary width.  One caveat for the interpretation of such data is that the approximation 

that εGB~εGI may not be correct when there is a uniform intergranular film along grain boundaries 

of a significantly different composition than the grains. 

Table 3.8 Calculated values of effective 

electrical grain boundary widths. 

 
Grain Boundary Width, δ 

(nm) 

8YSZ 7.2 

8YSZ+10%A 6.4 

8YSZ+20%A 9.2 

8YSZ+10%M 8.3 

8YSZ+20%M 12.3 

 

Activation energies for the grain interior and grain boundaries were calculated by analyzing 

the temperature (T) dependence of the ionic conductivity (σ) using the Arrhenius e uation: 

σ =
 

 
   (

  

  
)  (3.8) 

where (k) is the Boltzmann constant and (Q) the activation energy. Figure 3.8 includes Arrhenius 

plots of total conductivity for each composite from 573 K (300°C) to 823 K (550°C). A drop in 

the total conductivity is seen for each composite.  The high density of grain boundaries reduces 

the total conductivity in the alumina-containing samples due the much smaller grain size, while 

the mullite-containing 8YSZ has an even lower conductivity due to much lower conductivity of 

the average grain boundaries from silicate segregation. This effect is particularly easy to see in 
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the plots of Specific Grain Boundary Conductivity. The grain interior conductivity drop can be 

attributed to a smaller cross sectional area of 8YSZ due to the presence of inert second phase 

particles that do not conduct but it does not correlate directly with the volume fraction of the 

second phase. 
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Figure 3.8 Arrhenius plots of conductivity. The Grain Boundary Conductivity is the total 

contribution from all grain boundaries while the Specific Grain Boundary Conductivity gives the 

average value per grain boundary. 
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Values for the activation energy of each composition are reported in Table 3.9 and are in 

close agreement with the commonly reported value of ~1.1 eV for yttria-stabilized zirconia [58; 

83; 87-88].  No significant differences in the grain interior (also termed the bulk, volume, or 

lattice) activation energy are observed (Table 3.9) between the different materials.  An almost 

imperceptible 2% and 4% increase in the grain boundary activation energy is calculated for 

8YSZ+10%A and 8YSZ+20%A respectively.  While alumina inhibits the conductivity through 

the reduction in grain size producing more blocking grain boundaries and the alumina phase does 

not conduct due to high resistivity, the mechanisms for ionic conduction remain the same as 

those in single phase 8YSZ.  The addition of mullite, in contrast resulted in a 16% average 

increase in the grain boundary activation energy. This may indicate an additional blocking effect 

at the grain boundary.  Silicate phase segregation at the grain boundary is known to cause such 

blocking effects [25; 58; 87; 89] and segregation of a thin intergranular silicate layer would 

certainly contribute. 

Table 3.9 Grain interior, grain boundary and total activation energies 

for each material system. 

 

Grain Interior 

Activation 

Energy (eV) 

Grain Boundary 

Activation 

Energy (eV) 

Total 

Activation 

Energy (eV) 

8YSZ 1.05 1.10 1.09 

8YSZ+10%A 1.06 1.12 1.12 

8YSZ+20%A 1.06 1.14 1.14 

8YSZ+10%M 1.05 1.23 1.10 

8YSZ+20%M 1.06 1.22 1.13 
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3.5 Conclusions 

An increase in the hardness, fracture toughness and room temperature flexural strength with 

small amounts of alumina or mullite to 8YSZ can be attributed to the decrease in grain size and 

crack deflection through second phase blocking. Alumina was the most effective at reducing the 

grain size, while the mullite phase promoted the formation of an intergranular liquid phase 

during sintering that partially wet the grain boundaries at room temperature. The critical 

temperature difference found through thermal shock testing for each composite was significantly 

improved over 8YSZ. Of all compositions studied, the addition of 20 vol% alumina had the 

greatest effect on the thermal shock resistance of 8YSZ, achieving an increase of 55%. Increases 

in thermal shock correlates with higher thermal conductivity of the composites and not with the 

increase in the thermal shock resistance parameter. This suggests that a better parameter to 

consider for optimizing ceramics systems for improved thermal shock resistance is an increase in 

thermal conductivity (obtained here by the addition of higher thermal conductivity second 

phases) rather than focusing on the improvement of the material properties included in the 

thermal shock resistance parameter alone. Electrochemical impedance measurements showed 

that all additives between 10-20 vol% appeared to decrease the conductivity in the grain interior, 

but this is an artifact resulting from the large volume of a non-conductive phase. Specific grain 

boundaries in 8YSZ with alumina were just as conductive as in nominally pure 8YSZ.  However, 

the finer grain size due to pinning the grain boundaries by alumina nanoparticles and the 

resultant much higher density of blocking grain boundaries lowered the total ionic conductivity. 

The addition of 10 and 20 vol% mullite reduced conductivity the greatest and increased the 

activation energy, even though the grain size was larger than alumina containing samples, due to 

the formation of an intergranular silicate phase that wets and segregates along grain boundaries. 
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In summary, using second phases to increase thermal shock resistance and fracture strength 

for electrochemical devices made of 8YSZ is a potentially effective strategy that can be 

employed, if a decrease in the ionic conductivity can be tolerated for the potential application. 

Careful selection of second phases that will not form a low melting point eutectic is required. 
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Chapter 4: Comparison of Two-Phase Thermal Conductivity Models with 

Experiments on Dilute Ceramic Composites 
 

4.1 Abstract 

 Thermal shock resistance of cubic 8 mol% yttria stabilized zirconia (YSZ) can be increased 

by the addition of dilute second phases.  This paper addresses how these dilute second phases 

affect the thermal conductivity for two-phase ceramic composites of 8 mol% YSZ with 10-20 

vol% alumina (Al2O3) or 10-20 vol% mullite (3Al2O3•2SiO2).  Thermal conductivity 

measurements from 310 K (37°C) to 475   (202°C) were made using the 3ω method and 

compared to results from 3D analytical models and a 2D computational microstructure-based 

model (Object Oriented Finite Element Analysis, OOF2).  The linear Rule of Mixtures was the 

least accurate and significantly overestimated the measured thermal conductivity at low 

temperatures, with errors in some cases exceeding 100%.  Calculations using the Bruggeman and 

OOF2 models were both much better, and the deviation of less than  2.5% across all 

compositions and temperatures is within the range of experimental and modeling uncertainty.  

The Maxwell Garnett equation was a close third in accuracy ( 8%).  A sensitivity analysis for 

each model quantifies how small perturbations in the thermal conductivity of the dispersed 

second phase influence the effective thermal conductivity of the composite, and reveals that the 

linear Rule of Mixtures model is physically unrealistic and oversensitive to the thermal 

conductivity of the dispersed phase 
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4.2 Introduction 

The effect of second phases on sintering, mechanical properties, and ionic conductivity of 

cubic 8 mol% yttria stabilized zirconia (8 mol% YSZ) has been of strong interest [25-26; 89-90] 

as commercial applications for cubic 8 mol% YSZ include solid oxide electrolytes for oxygen 

sensors and fuel cells [16; 24; 62-63]. Yet while thermal shock is one of the most common 

operational failure modes for 8 mol% YSZ oxygen sensors, relatively little work has been 

conducted on how second phases in YSZ affect thermal shock. Thermal shock and failure occur 

during rapid cooling for temperature differences as small as 100 K for single phase 6 mol% cubic 

YSZ [65] and 150 K for single phase 8 mol% cubic YSZ [66].   

Dilute second phase additions of alumina in 8 mol% YSZ can increase the thermal shock 

resistance [66].  Dilute solutions are those in which the second phase is below the percolation 

limit.  One effect of adding a second phase with a higher thermal conductivity, such as alumina 

in YSZ [91], is an increase in the effective thermal conductivity, with faster heat transfer from 

the interior to the exterior during quenching.  Faster heat transfer reduces thermal gradients that 

cause residual stress due to thermal expansion.  These thermal stresses are primarily responsible 

for crack propagation from preexisting flaws during thermal shock.  In order to understand how 

second phases affect heat transport in 8 mol% YSZ in the temperature range where thermal 

shock occurs, an analysis of the thermal conductivity and its dependence on the microstructure, 

amount of second phases, and distribution of the second phase should be conducted, and is the 

focus of this paper. 

Experimental characterization of the thermal conductivity for ceramics and ceramic 

composites is usually performed using the laser flash method over a range of temperatures, 

typically 373-1273 K (100-1000°C) [92].  At temperatures below approximately 473 K (200°C), 
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alternative techni ues such as the 3ω method can also be employed [93-95].  Since YSZ has low 

electrical and thermal conductivity, it is a good candidate for the 3ω method, which re uires only 

small temperature fluctuations for sensitive measurements.  

Microstructure-based finite element modeling can be applied to approximate the thermal 

conductivity of composites and is especially useful because of its capability to account for size, 

shape, and distribution of second phase particles.  Object-oriented finite-element analysis version 

2 (OOF2) [60-61], open access software developed at the National Institute of Standards and 

Technology (NIST), can be used effectively for this purpose. OOF2 uses two-dimensional 

scanning electron microscopy (SEM) microstructures as the foundation for calculations, and has 

been applied to successfully characterize the thermal behavior with respect to porosity in t’ 4 

mol% YSZ thermal barrier coatings [96]  and Cu-SiC composites [97], the latter with a 

honeycomb structure that allows two-dimensional modeling to be an appropriate approximation 

of three dimensions.     

This paper evaluates four theoretical methods (OOF2 simulations, Maxwell Garnett, 

Bruggeman, and linear Rule of Mixtures approximation) used to predict the effective thermal 

conductivity of composite materials.  The analytical models, Maxwell Garnett, Bruggeman, and 

linear Rule of Mixtures, only require knowledge of the three dimensional volume fraction of 

each phase and the respective thermal conductivities, but do not take into consideration 

microstructural details.  In contrast, while the OOF2 simulations are fundamentally two-

dimensional, they benefit from using real microstructural geometries of each phase when 

determining the effective thermal conductivity. 

The linear Rule of Mixtures is simple but most appropriately used when each phase is 

contiguous and aligned parallel to the direction of heat flow [33]. It is sometimes used for two-
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phase systems, randomly dispersed with respect to the heat flow, due to mathematical 

convenience for approximating the effective thermal conductivity (keff) based on the volume 

fraction of each phase.  In the linear Rule of Mixtures, Eq. (4.1), k1 is the thermal conductivity of 

Phase 1, k2 is the thermal conductivity of Phase 2, and V1 and V2 are the respective volume 

fractions of the two phases.                                                    

                  4.1 

The inverse Rule of Mixtures is appropriate when each phase is contiguous and aligned 

perpendicular to the direction of heat flow [33].   

 

    
  
  
  
   

  
  

 4.2 

When the second phase is a low volume fraction and randomly dispersed, more appropriate 

equations are available for calculating effective material properties of composites, including the 

Maxwell Garnett and Bruggeman models [98-100].  Maxwell Garnett assumes the dispersed 

phase can be represented as spheres far enough apart to have negligible thermal interactions 

between particles [101].  Bruggeman uses the assumption that both of the components are 

randomly dispersed with no assumed shape, and is most accurate when one phase is below the 

percolation limit [102].  Both of these models have been applied to determine the effective 

thermal conductivity in 2-phase ceramic composites [31-32; 103-108].  (There are more complex 

expressions that can be employed when the dispersed phase has a specific geometric shape such 

as platelets, cylinders, etc., and when intergranular phases or delamination provides high 

interfacial resistance [109].)  In both models, k1 and V1 are the thermal conductivity and volume 

fraction of the continuous phase (8 mol% YSZ in this case), respectively, and k2 and V2 are the 

thermal conductivity and volume fraction of the dispersed phase, respectively.  The two-
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component Maxwell Garnett model used to calculate the effective thermal conductivity of a two 

phase composite is given by Eq. (4.3).   

keff = k1 (
k2(1+2V2) k1(2V2 2)

k1(2+V2)+k2(1 V2)
) (4.3) 

The two-component, three dimensional Bruggeman model used to calculate effective thermal 

conductivity is given by Eq. (4.4). 

V1 (
k1 keff

k1+2keff
)+V2 (

k2 keff

k2+2keff
)= 0 (4.4) 

In this study, the thermal conductivity of 8 mol% YSZ with alumina (Al2O3) or mullite 

(3Al2O3•2SiO2) second phase additions is measured experimentally using the 3ω method for the 

temperature range for thermal shock of 8 mol% YSZ.  The computational finite element 

approach of OOF2 and the three equation-based analytical models are used to approximate the 

effective thermal conductivity of two-phase ceramic composites and compared to the 

experimental 3ω measurements.  A sensitivity analysis is performed on all four theoretical 

models to determine the effects of small perturbations in the thermal conductivity of the second 

phase on the effective thermal conductivity of the composites. 
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4.3 Experimental Procedures 

4.3.1 Sample Preparation and Characterization 

Ceramic powders of 8 mol% YSZ yttria-stabilized zirconia powder (Tosoh, Japan, crystallite 

size of 30 nm), high-purity α-alumina powder (Baikowski Inter. Corp., Charlotte, NC, crystallite 

size of 40 nm), or high-purity mullite powder (KCM Corporation, Japan, crystallite size of 40 

nm) were attritor milled then formed into cylinders by cold isostatic pressing.  Five compositions 

were made: 1) 8 mol% YSZ,  2) 8 mol% YSZ + 10 vol% alumina , 3) 8 mol% YSZ + 20 vol% 

alumina, 4) 8 mol% YSZ + 10 vol% mullite, and 5) 8 mol% YSZ + 20 vol% mullite.   All were 

sintered at 1823 K (1550°C) for 2 hours.  Density was measured by the Archimedes method. 

X-ray diffraction (XRD) (Rigaku SmartLab X-ray Diffractometer) used Cu kα radiation 

(wavelength 0.15406 nm) and scans from 20° to 90° in 0.05° steps.  Scanning electron 

microscopy (SEM) was performed using a Philips XL 30 FEG.  A thin film of iridium was 

deposited on the surface (South Bay Technology IBS/e Ion Beam Sputter Deposition System, 

San Clemente, CA) to prevent electrical charging during SEM analysis.  Grain sizes were 

determined by ImageJ (National Institute of Health) with values for grain diameters in two 

dimensions multiplied by 1.74, the mathematical relationship between a regular polyhedron and 

e uiaxed grain diameter,  to obtain a ‘‘true’’ three dimensional grain size [56].  

 

4.3.2 3ω Method 

Each sample was polished to a finish of 0.06 µm.  A gold heater line was patterned directly 

onto polished surfaces by photolithography and a liftoff method, with typical heater dimensions 

10 µm width, 250 nm thickness, and 0.5 mm length between the inner voltage probes (Figure 

4.1).  A 10 nm layer of chromium was used to improve adhesion between the gold and sample.    
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Figure 4.1 Schematic of a typical 3ω measurement setup.  Not to scale.  Typical sample 

thickness is 3 mm. 

 

In the standard 3ω method the oscillating temperature field varies over a length scale known 

as the “thermal wavelength”, defined as λ=√(D/2ω), where D is the thermal diffusivity and ω is 

the angular frequency of the heating current [94].  The approximate range of λ in this study is 

estimated as 8.7μm<λ<47μm, based on the range of measurement frequencies 

(8 0 z>ω/2 >30Hz) and the diffusivity of conventional YSZ (D≈8.4x10
-7

 m
2
/s) [110]. Since 

these λ values are much larger than the estimated phonon mean free paths in these materials 

(well below 100 nm), the continuum treatment of the standard 3ω method is justified [111]. 

Furthermore, the large heater length ensures that the measurement is an average over 

numerous grains.  To ensure the stability of the heater line’s electrical resistance, the samples 

were annealed at 500   (227°C) after microfabrication and before measurements.   Then 3ω data 

were collected from 310 K (37°C) to 475 K (202°C), waiting 30 minutes between every 

temperature point to ensure thermal stability.  During the experiment, the 3ω method also causes 

a small steady-state temperature increase of the heater line above the bulk sample temperature, 

with a typical value THeater ≈ TBulk Sample + 5 K.  To reflect this data are plotted at Tavg = (THeater + 

TBulk Sample)/2 and error bars reflect this difference between THeater and Tavg as well as the inherent 

temperature uncertainty of typically 0.5%.  
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4.3.3 OOF2 Simulations 

A thermal gradient model was produced using OOF2 for each composition.  Two-

dimensional SEM images are converted to two-color images in order to create finite-element 

meshes adapted to the microstructure of the material.  Each phase is represented by a single color 

value and assigned input values for thermal conductivity as a function of temperature from 

experimental results on single-phase materials [55; 112-113].  

 A thermal gradient is simulated in the vertical direction of the image by assigning the top 

boundary a fixed temperature value and the bottom boundary a value 10 K higher, keeping the 

other two sides adiabatic. The heat equation is solved by the conjugate gradient method, resulting 

in an x and y heat flux component assigned to each node of the mesh.  OOF2 removes the third 

dimension by setting the out-of-plane (z) heat flux components to zero, analogous to plane-stress 

analysis used in fracture mechanics. The resulting 2D heat flux is integrated across the top to 

determine the effective thermal conductivity: 

keff = 
Ly  

Lx(Tbottom   Ttop)
  (4.5) 

where keff is the effective thermal conductivity of the composite, Q (watts per meter of thickness 

in z) is the OOF2 heat flux integrated across the bottom boundary, Ly and Lx are the image 

dimensions, and Tbottom and Ttop are the temperature values assigned to the bottom and top 

boundaries.  By simulating a thermal gradient across an image, keff is calculated at various 

temperatures from 298-473 K (25-200°C). Three representative SEM micrographs were used for 

each composition to calculate the average effective thermal conductivity. Typical variability 

between each simulation for the same composition was less than 1%.   
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4.3.4 Dimensionless Sensitivity Analysis 

The dimensionless sensitivity parameter, Ski, is the fractional change in keff when the thermal 

conductivity of a specific phase (i=continuous or dispersed) is perturbed while the other held 

constant.  For example, if a 1% change in k2 leads to a corresponding 1% change in keff, then the 

dimensionless sensitivity parameter is Sk2   , meaning keff is fully sensitive to k2.  Likewise, if 

Sk2     , then a 1% change in k2 would cause a 0.3% change in keff.  Mathematically, the 

sensitivity of keff to changes in the thermal conductivity of the dispersed phase (k2) is  

Sk2= 
k2

keff
 
 keff

 k2
|
k1

 (4. 6) 

Likewise, by exchanging k2 for k1, the sensitivity of keff to the continuous phase can also be 

determined.  It is easily shown that this sensitivity analysis follows a “sum rule”, namely 

Sk1+Sk2=1.   

For the three analytical models described above, expressions for Sk2are derived and given as, 

Sk2,Rule of Mixtures= 
k2

keff
 V2 (4.7) 

Sk2,Maxwell Garnett = 
k2V2

keff
(

3k1

k1(2+V2)+k2(1 V2)
)
2

 (4.8) 

Sk2,Bruggeman = 
k2

keff
 (

k1+ keff(3V2 1) 

4keff +k1(3V2 2)   k2(3V2 1)
 ) (4.9) 
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4.4 Results and Discussion 

4.4.1 Microstructure and Phase Characterization 

Samples are 98-99% dense (Table 4.1), with the second phase fairly homogeneously 

distributed throughout the 8 mol% YSZ microstructure (Figure 4.2).  The second phase limits the 

grain growth of 8 mol% YSZ due to grain boundary pinning and results in a reduction in grain 

size (Table 4.1).  

Table 4.1 Theoretical density, relative density, and grain size of 8 mol% YSZ with and 

without second phase additions of alumina and mullite. 

 
Theoretical Density 

(g/cm3)* 

Relative Density 

(%) 

Grain Size 

(μm) 

8 mol% YSZ 6.0 98 9.2 

8 mol% YSZ + 10 vol% Al2O3 5.8 99 1.7 

8 mol% YSZ + 20 vol% Al2O3 5.6 99 1.2 

8 mol% YSZ + 10 vol% Mullite 5.7 98 4.7 

8 mol% YSZ + 20 vol% Mullite 5.4 99 3.4 

*For composites, theoretical density is calculated by a rule of mixtures using density 

values of pure phases. 

Higher amounts of the second phase are more effective in reducing the grain size.  The larger 

reduction in grain size in the alumina composite compared to the mullite composite (Figure 4.2) 

could be due to differences in either powder particle agglomeration or grain growth and transport 

rates of the second phase.  However, the final grain sizes are much larger than nanoscale 

dimensions where the high density of grain boundaries would significantly decrease thermal 

conductivity [114].   XRD of all compositions show no additional phase formation during 

sintering (Figure 4.3). 
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Figure 4.2 SEM micrographs of 8 mol% YSZ (light phase) and dispersed phase (dark phase, 

alumina or mullite) for (a) 10 vol% Al2O3, (b) 20 vol% Al2O3, (c) 10 vol% Mullite, and (d) 20 

vol% Mullite 

 
Figure 4.3 X-ray diffraction of samples (a) 8 mol% YSZ, (b) + 10 vol% Al2O3, (c)   + 20 vol% 

Al2O3, (d) + 10 vol% Mullite, and (e) + 20 vol% Mullite. 
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4.4.2 Thermal Conductivity Measurements  

The 3ω thermal conductivity of most composites decreases slightly as testing temperature is 

increased (Figure 4.4).  20 vol% alumina has the largest thermal conductivity compared to single 

phase 8 mol% YSZ, followed by 10 vol% alumina, 20 vol% mullite, and 10 vol% mullite, with 

10 vol% mullite only slightly higher than single phase 8 mol% YSZ (Figure 4.4).  The large 

increase in thermal conductivity for alumina-containing composites is due to the relatively high 

thermal conductivity, kalumina, RT   33 W/m-K [55] compared to 8 mol% YSZ, k8 mol% YSZ, RT    

1.8 – 2.4 W/m-K [69-71], while the smaller increase in thermal conductivity in mullite 

composites can be attributed to mullite having a much lower thermal conductivity than alumina, 

kmullite, RT   6 W/m-K [112].  The thermal conductivity of single phase 8 mol% YSZ increases 

slightly from room temperature to approximately 573 K (300°C), where it plateaus, and agrees 

with published data within 8% deviation [70-71] .  Interestingly, 10% mullite in 8 mol% YSZ 

results in almost constant thermal conductivity over the temperature range studied, as the 

decreasing mullite thermal conductivity effectively counteracts the increasing 8 mol% YSZ 

conductivity.  

 
Figure 4.4 Measurements of thermal conductivity with experimental uncertainty for single phase 

8YSZ and composites using 3ω method. 8YSZ data from [71] included for comparison. 
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A representative OOF2 meshed microstructure of 8 mol% YSZ + 20 vol% alumina is 

constructed using a combination of triangular and rectangular finite elements, with a larger 

density of elements located at the interface between two phases (Figure 4.5).  Further refinement 

of the mesh did not change the convergence of the solution. To calculate the effective thermal 

conductivity for each composite, the heat flux vector is calculated at each node. A heat flux map 

is generated by taking the scalar magnitude of this vector and illustrates how the second phase 

creates preferred pathways for heat flow in the direction of the applied temperature gradient, 

seen in the representative microstructure with an overlaid heat flux map (Figure 4.6).   

Figure 4.7 and 4.8 compare measured thermal conductivity values for 8 mol% YSZ with 10 

and 20 vol% second phases with the four theoretical methods (OOF2 simulations, Maxwell 

Garnett model, Bruggeman model, and linear Rule of Mixtures approximation). The linear Rule 

of Mixtures exceeded 100% error in some cases, as this approximation overemphasizes the 

higher thermal conductivity dispersed phase.  In these samples this problem is worst at low 

temperatures because the contrast between k1 and k2 is greatest there (both alumina and mullite 

have a strongly temperature dependent conductivity in this regime, scaling approximately as T
-1

).   
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Figure 4.5 OOF2 meshing for 8 mol% YSZ (white) + 20 vol% Al2O3 (blue).  Image correlates 

to Figure 4.2b.  A finer mesh and higher node density along the phase interface can be seen in 

the zoomed in view. 

 
Figure 4.6 Heat flux map of 20 vol% alumina corresponding to Figure 4.5, produced by OOF2 

simulation.  Thermal gradient is imposed from bottom to top, keeping sides adiabatic. 
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The other three models are within  8% error or less for each composite. Among these three 

models, for the 10 and 20 vol% alumina composites the Maxwell Garnett calculations have the 

worst agreement with the experimental values,  8% error for 20 vol% alumina and  5% error 

for 10 vol% alumina. OOF2 simulations are found to provide only  2% error compared to 

experimental values for the 10 vol% alumina composite (Figure 4.7a).  Both OOF2 and 

Bruggeman produce similar values for the 20 vol% alumina (Figure 4.7b); OOF2 gave an under 

approximation and Bruggeman an over approximation but both models were within  2% error.  

As seen in Figure 4.8, OOF2 simulations resulted in thermal conductivity values closest to 

experiments for both 8 mol% YSZ + 10 and 20 vol% mullite composites with only  1.25% and 

 0.5% error, respectively. 

Maxwell Garnett and Bruggeman calculations give higher keff values than OOF2 for mullite 

composites.  The power of the OOF2 simulations is that real microstructures are used, although 

this is also one of the challenges since SEM images must be obtained, whereas the Maxwell 

Garnett and Bruggeman models assume simpler distributions and simpler grain shapes.  A caveat 

with OOF2 is that one must ensure that the variability in the real microstructure is accurately 

represented, hence the use of multiple images from different sections of the material.  Also it 

must be remembered that OOF2 simulations are fundamentally two dimensional, and this may 

underestimate the true three-dimensional thermal conductivity (see Section 4.4.3).  In the present 

study, allowing for the uncertainty in model inputs (estimated as ±4%), the OOF2 and 

Bruggeman results both fall within the uncertainty of the experimental results.  
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Figure 4.7 Comparison of different models with experimental data (3ω method) for thermal 

conductivity of (a) 8 mol% YSZ + 10 vol% Al2O3 and  (b) 8 mol% YSZ + 20 vol% Al2O3. 

(Lines: modeled and simulated results.  Points: experimental results. Rule of Mixture abbreviated 

as RoM) 

 

 

             
Figure 4.8 Comparison of models to 3ω thermal conductivity for (a) 8 mol% YSZ + 10 vol% 

mullite and  (b) 8 mol% YSZ + 20 vol% mullite.  (Lines: modeled and simulated results.  Points: 

experimental results.)  Thermal conductivity scale expanded compared to Figure 4.4 and 4.7. 
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4.4.3 2D Approximations of a 3D Material  

It is noteworthy that the OOF2 calculations are so close to the experimental thermal 

conductivity in Figure 4.7 and 4.8 despite OOF2 being a two-dimensional approach.  If the heat 

flux vectors in a real three-dimensional (3D) system are dominated by flow in a two-dimensional 

(2D) plane, then an OOF2 analysis of the effective conductivity of this plane will give a very 

accurate representation of the real 3D conductivity.  In terms of Figure 4.2, 4.5, and 4.6, this 

would require that all the heat flows in the XY plane, with no local heat fluxes in the Z direction.  

However, in these samples, the dispersed particles are randomly distributed and approximately 

equiaxed, and local heat fluxes will have a significantly 3D nature.   

To quantify potential errors for approximating a 3D microstructure with a 2D calculation, we 

can use the known 3D and 2D forms of the Bruggeman model [115].  Recognizing that in the 

alumina-YSZ composite k2/k1 > 10, it is a reasonable first approximation and also conservative 

(worst-case) bound to set k2/k1  , leading to the simplified Bruggeman expressions:  

3D:         
keff,3D

k1
= 

1

1-3V2
                            2D:         

keff,2D

k1
= 

1

1-2V2
. (4.10) 

The 2D expression is traditionally given in terms of an area fraction (e.g., A2), which here we 

replace by the volume fraction V2.  This is appropriate because a physically equivalent 3D 

system can be obtained by extrusion of the same 2D (XY) inclusion geometry uniformly along 

the third dimension (Z).   

The error ratio between the two expressions is: 

keff, 3D

keff, 2D
= 

1-2V2

1-3V2
. (4.11) 

Although the specific form of Eq. (4.11) arose from Bruggeman, the qualitative conclusion that 

keff,3D > keff,2D for the same volume fraction can also be reached by comparing 2D and 3D 

bounding analyses following Elrod [116].  A similar trend is also expected from an argument that 
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reducing the dimensionality is equivalent to imposing additional constraints that also reduce keff 

[115].  Thus, regardless of the theory used we conclude that a 2D calculation based on a planar 

section of a 3D microstructure will underestimate the true 3D conductivity.  For the alumina-

YSZ composites of the present work, the 3D/2D errors such as estimated from Eq. (4.11) are 

likely to be no more than a few tens of percent, with smaller errors as the k2/k1 ratio becomes 

closer to unity (e.g. at higher temperatures and for the mullite-YSZ composites).  Figure 4.9 

shows how the linear Rule of Mixtures and the inverse Rule of Mixtures serve as upper and 

lower bounds for thermal conductivity.  

             
Figure 4.9(a) Linear Rule of Mixtures (upper bound) and inverse Rule of Mixtures (lower bound) 

for 8YSZ and mullite composites at 200°C. (b) Comparison with experimental thermal 

measurements (3ω method), analytical models and OOF2.   

4.4.4 Sensitivity  

Figure 4.10 shows the dimensionless sensitivity of keff to k2 for each analytical model and 

OOF2 simulations.  The sensitivity parameter Sk2 is calculated for each temperature and the 

average values with standard deviations are reported in Figure 4.10.  The sensitivity of OOF2 is 

determined numerically, by increasing the thermal conductivity of the dispersed phase by 5% 

and calculating the percent increase in keff relative to the 5% increase. 
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All four calculations of Figure 4.10 exhibit the same trend that Sk2 increases with volume 

fraction V2 (for fixed k2).  This is expected because the smaller the V2, the less the influence k2 

has on keff.  Comparing the alumina and mullite results in Figure 4.10, the Maxwell Garnett 

model, Bruggeman model, and OOF2 simulations also all show that Sk2 decreases with 

increasing k2 (for fixed V2).  In contrast, the linear Rule of Mixtures model shows an opposite 

trend of Sk2 increasing with k2, which we now show is non-physical and thus highlights another 

shortcoming of the linear Rule of Mixtures approximation.   

 

 
Figure 4.10 Average values with standard deviations for the dimensionless sensitivity parameter 

   for each analytical model and OOF2.   

The physical argument is as follows.  Since the particles are dispersed and isolated, clearly 

keff must saturate to a finite value even in the limit that k2   . Therefore, for any fixed V2, keff 

should be most sensitive to k2 when k2 and k1 are of similar magnitudes, while (for a dispersed 

particle system) Sk2 should fall off to zero for both k2>>k1 and k2<<k1.  In the present work, k2 is 
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already larger than k1, thus explaining why Figure 4.10 should show smaller sensitivity to 

alumina (k2/k1 16) than to mullite (k2/k1 3).  On the other hand, the linear Rule of Mixtures 

model from Eqn. 1 is formally equivalent to conductors in parallel, so in the limit k2    it 

wrongly gives keff = V2k2 and Sk2   . 

To illustrate the impacts of sensitivity on error propagation in the model calculations, we 

suppose that the uncertainty in the model inputs k1 and k2 is around 5%.  For the 20 vol% 

alumina sample, Figure 4.10 shows that Sk2, for the three preferred models is around 0.15.  This 

means that a 5% uncertainty in k2 contributes to only around 0.75% uncertainty in keff. Similarly, 

using the sum rule stated above we get Sk1= 0.85, showing that a 5% uncertainty in k1 

contributes 4.25% uncertainty in keff. These two error sources are assumed uncorrelated, so their 

contributions are added in quadrature to obtain a total uncertainty in the calculated keff of 

√(0.75%)2+(4.25%)2=4.3%. This is clearly dominated by the uncertainty in the k1 of the 8 

mol% YSZ matrix.   

The sensitivity calculations also quantify the potential for further increasing keff by using 

inclusions of even higher k2.  For example, at V2 = 20 vol%, replacing alumina by another 

material with 33% higher thermal conductivity (k2   43 W/m-K rather than 33 W/m-K) would 

only increase keff further by around 5%.  In the extreme limit k2   , for V2 = 20% the models 

show that keff/k8 mol% YSZ will be at most 2.5 (Bruggeman) or 1.75 (Maxwell Garnett), which 

shows there still may be some room for improvement compared to the present results 

(keff,alumina/k8 mol% YSZ   1.6).  
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4.4.5 Porosity Effects 

The effect of porosity on the effective thermal conductivity of bulk ceramics has been 

considered in a number of previous works [71; 95; 113] but not considered in this study, as the 

samples contained minimal porosity (approximately 1% - 2%: Table 4.1).   In the limit of small 

porosity, most standard expressions take the form keff=kFully Dense (1-c ), where   is the porosity 

and c is a numerical factor.  Kingery et al. [113] used c=1, Klemens [117] obtained c=4/3, and 

the Maxwell Garnett Eq. (4.3) and Bruggeman Eq. (4.4) expressions above correspond to c= 3/2.  

Therefore, the present samples with     2% are expected to have a porosity effect on the thermal 

conductivity of no more than 3%, which will not significantly impact the results. 
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4.5 Conclusions 

Thermal conductivity measurements over a temperature range 310 K (37°C) to 475 K 

(202°C) using the 3ω method show how second phase additions of ceramics with a higher 

thermal conductivity increase the thermal conductivity of 8YSZ. An 80% increase of thermal 

conductivity is observed for additions of 20 vol% alumina to 8YSZ in the measured temperature 

range.  Comparison of the Maxwell Garnett, Bruggeman, and linear Rule of Mixtures models 

with 3ω measurements show the linear Rule of Mixtures is the most divergent from 

experimentation when predicting thermal conductivity of dilute two-phase composites.  Error in 

the linear Rule of Mixtures model exceeded 100% in some cases, while the other two models 

were within 8% (Maxwell Garnett) and 2.5% (Bruggeman) of measurements.  OOF2 simulations 

provided a good approximation (1.5 %) to the measured thermal conductivity.  OOF2 has the 

advantage of incorporating the real microstructure morphology, although OOF2’s two-

dimensional nature may cause it to underestimate the real three-dimensional thermal 

conductivity. A dimensionless sensitivity analysis quantified a second shortcoming of the linear 

Rule of Mixtures, it is far too sensitive to variations in the thermal conductivity of the dispersed 

phase (k2).  On the other hand, the sensitivity of the three other calculations agree that the overall 

uncertainty in keff is determined primarily by the uncertainty in the matrix k1, especially for the 

alumina composites with k2>>k1. 
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Chapter 5: Thermal Measurements and Computational Simulations of Three-

Phase (CeO2 - MgAl2O4 - CeMgAl11O19) and Four-Phase (3Y-TZP - Al2O3 - 

MgAl2O4 - LaPO4) Composites as Surrogate Inert Matrix Nuclear Fuel  
 

5.1 Abstract 

This study investigates the temperature dependence thermal conductivity of multiphase 

ceramic composites for simulated inert matrix nuclear fuel. Fine grained composites were made 

of ceria, spinel, and Ce-magnetoplumbite (CeO2 - MgAl2O4 - CeMgAl11O19) or yttria stabilized 

tetragonal zirconia, alumina, spinel, and monazite (3Y-TZP - Al2O3 - MgAl2O4 - LaPO4).     

CeO2 and 3Y-TZP are used as surrogates for UO2 due to their similar structures and low thermal 

conductivities. After sintering in air for 3 hours at 1873 K (1600°C), laser flash analysis, 

dilatometry, and differential scanning calorimetry were used to determine the thermal diffusivity, 

coefficient of thermal expansion, and specific heat capacity, respectively, from room temperature 

to 1273 K (1000°C). Using these measurements, the experimental thermal conductivity of each 

composite was then calculated. Finally, Object Oriented Finite Element Analysis Version 2 

(OOF2) was employed to simulate the composite thermal conductivity based on microstructural 

evaluation. A discrepancy between the experimental and simulated thermal conductivities is 

observed in the low temperature range of 373-673 K (100-400°C); however, there is less than a 

3% deviation between the experimental and computational data above 673 K (400°C) for both 

compositions.  Through OOF2, the surrogate phase was replaced with UO2, creating a four-phase 

composite, which showed a 12-16% increase in thermal conductivity compared to single phase 

UO2, within the range of 673-1273 K (400-1000°C). This approach is potentially viable for the 

high-throughput evaluation of composite fuel systems. 
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5.2 Introduction 

The demanding operating conditions experienced by conventional uranium dioxide (UO2) 

nuclear fuel can cause drastic microstructural changes and fracture during reactor operation 

[118]. Temperatures exceeding 1600 K (1326°C) caused by the low thermal conductivity of UO2 

(around 3 W/ m
 ·K 

at 1273 K (1000°C)) [37], create steep thermal gradients. These high 

temperatures induce restructuring exasperated by accumulation of fission gas bubbles and 

precipitation of solid fission products during burnup [119]. The development of complex 

microstructures not only challenges reactor performance modeling due to the conservatisms 

necessary in prediction of transport properties for such a complex system, but also can limit the 

permissible total burnup if swelling or mechanical degradation results.  

To alleviate these problems, a fuel design where fissile and non-fissile phases are 

incorporated into a composite fuel is considered. Non-fissile phases can offer (i) increased 

thermal conductivity for the overall composite, (ii) crystalline phases that can accommodate 

fission by-products after their creation and (iii) decreased microstructural evolution by providing 

alternative interfaces that are more efficient sinks for point defects. Here, the fissile phase does 

not need to be the majority phase of the composite, although there will be a minimum fissile 

volume required that is governed by both the maximum feasible enrichment as well as the 

neutronic impact of the non-fissile phases. 

Previous research has successfully demonstrated a two-phase fuel concept through the 

fabrication of a composite with a minority of nuclear fuel surrogate particles dispersed in an inert 

host matrix [39]. More recently, MgO – Nd2Zr2O7 composites for inert matrix fuel were studied 

to evaluate the effects that phase content has on the thermophysical properties of the composite 

system [120]. Other pathways to improve thermal conductivity for inert matrix nuclear fuel have 
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also been studied using three phases, but with extremely large grains similar to those occurring 

naturally in rocks and minerals [121-122]. A key factor is that each phase must coexist without 

the formation of intermediate phases, and  rock-like three-phase ceramic composite systems with 

fluorite, spinel, and corundum structures are reported to be compatible with both PuO2 [121] and 

UO2 [122-123] under irradiation.   

In the present work, a 4-phase composite system consisting of 3Y-TZP (3 mol.% 

Y2O3 stabilized ZrO2), Al2O3, MgAl2O4 and LaPO4 and a 3-phase composite system consisting of 

CeO2, MgAl2O4 and CeMgAl11O19 are fabricated.  The 4-phase composition is the same as used 

in the work of Men et al. [124], where no amorphization was observed after Xe and Au ion 

irradiation of the composite. 3Y-TZP acts as a nuclear fuel surrogate (similar fluorite structure 

and low thermal conductivity), non-fissile phases such as Al2O3 and MgAl2O4 improve thermal 

stability at elevated temperatures, and LaPO4 (monazite) is used for its capability to incorporate a 

wide variety of the radionuclides into a single-phase structure. The stability of monazite with 

corundum, spinel, and zirconia fluorite phases can be observed from geological deposits [125]. 

In the second ceramic composite, CeO2 is used as an alternate surrogate for UO2 (it also has the 

fluorite structure and low thermal conductivity), and spinel is included as the high thermal 

conductivity phase. The magnetoplumbite CeMgAl11O19 phase is an example of a potential 

evolution when phases are not stable with respect to one another at high temperatures, as it is 

produced by an undesirable reaction between initial starting compounds of corundum (α-Al2O3), 

spinel, and CeO2.  The relatively high thermal conductivity values of alumina and spinel 

compared to the other constituent phases and UO2 can clearly been seen in Figure 5.1 [55; 71; 

92; 126-127]. Since data on the thermal conductivity CeMgAl11O19 was unavailable at the time 

of this study, the temperature dependent thermal conductivity of LaMgAl11O19 was used instead. 
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The goals of this paper are to i) compare the temperature dependent thermal conductivities of 

each composite, ii) validate these experimental measurements with those generated by 

microstructural finite element analysis, and iii) simulate the incorporation of UO2 for applications 

in composite nuclear fuel.  

 

Figure 5.1 Temperature dependent single phase thermal conductivity values taken from literature 

for each component in both C-SMp and 3Y-ASM. (Al2O3[55] , MgAl2O4[126], UO2[37], 

CeO2{Andy’s work}, 3Y-TZP[71], LaMgAl11O19[127] and LaPO4[92]) 
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5.3 Experimental Procedures 

5.3.1 Sample Preparation and Characterization 

Three-phase ceramic composites with the composition CeO2-MgAl2O4-CeMgAl11O19 

(abbreviated: C-SMp) were created by using starting powders of α-Al2O3 (Baikowski Inter. 

Corp., Charlotte, NC, crystallite size of 600 nm), MgAl2O4 (Baikowski Inter. Corp., Charlotte, 

NC, crystallite size of 200 nm), and CeO2 (Sigma-Aldrich Co., St. Louis, Missouri  crystallite 

size of 50 nm). Excess MgAl2O4 and CeO2 were included to facilitate the reaction given by Eq. 

(5.1) for the in-situ formation of CeMgAl11O19 (Ce-magnetoplumbite).  

Powders were attrition-milled for 8 hours with 5 mm zirconia balls (Tosoh, Tokyo, Japan) in 

isopropanol, dried for 12 hours at 393 K (120°C), crushed with an agate mortar and pestle, and 

sieved through an 80μm mesh. Cylindrical samples were fabricated for microstructural 

characterization by cold isostatic pressing at 380 MPa for 5 minutes, followed by a sintering at 

1873 K (1600°C) for 3 hours in air. This reaction occurs due to the Ce valence change from 4+ 

to 3+, which facilitates the formation of the magntoplumbite structure. Magneoplumbite has been 

proposed for nuclear waste host applications [128], and the unusual grain morphology provides 

an opportunity to study an asymmetric three phase material system. 

Four-phase ceramic composites with the composition 3Y-TZP–Al2O3–MgAl2O4–

LaPO4  (abbreviated: 3Y-ASM) were created by using starting powders of 3 mol.% yttria 

tetragonal zirconia polycrystals (3Y-TZP, Tosoh, Japan, crystallite size of 50 nm), α-Al2O3 

(same as above), MgAl2O4 (same as above), and LaPO4 (lab made [54], crystallite size of 200-

400 nm). Equal volume fractions of each phase were used. Powder processing steps and sintering 

was the same as above.  

 Al2O3 + 2MgAl2O4 + 2CeO2  2CeMgAl11O1  (5.1) 
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Relative density was measured using the Archimedes displacement method in accordance 

with ASTM B962-08 [129]. Distilled water was used as the immersion fluid, and the 

measurements were made using a beaker support positioned above the balance pan. Table 5.1 

gives the compositional breakdown of each system.  

 

Table 5.1 Volume fraction of each phase in respective composite systems, and single phase 

density taken from star quality powder diffraction file cards. 

 Volume Fraction (%) Density (g/cm
3
) Density Reference

*
 

3-phase composite   4.988  

CeO2 30 7.215 JCPDS no. 34-0394 

MgAl2O4 25 3.579 JCPDS no. 21-1152 

CeMgAl11O19 45 4.287 
**

 

4-phase composite  4.751  

3Y-TZP 27 6.242 JCPDS no. 60-0503 

Al2O3 25 3.984 JCPDS no. 46-1212 

MgAl2O4 25 3.579 JCPDS no. 21-1152 

LaPO4 23 5.111 JCPDS no. 84-0600 
*
Joint Committee on Powder Diffraction Standards (JCPDS), 

**
Calculated value.  

X-ray diffraction (XRD) analysis was conducted with a Smart Lab X-ray Diffractometer 

(Rigaku, Tokyo, Japan) using Cu-kα radiation (wavelength 0.15406 nm) to verify phases and 

compositions.  Scans consisted of 0.05° steps from 20° to 90° using Bragg-Brentano optical 

conFigureuration. Scanning electron microscopy (SEM) was performed using a FEI XL 30 FEG 

(FEI, Eindhoven, The Netherlands).  To prevent electrical charging during SEM analysis, a thin 

film of iridium was deposited onto the sample surface using an IBS/e Ion Beam Sputter 

Deposition System (South Bay Technology, San Clemente, CA). Chemical compositions were 

identified by energy-dispersive x-ray spectroscopy (EDS) performed with a 50mm² detector 

(Oxford Instruments). 

 

5.3.2 Thermal Measurements 

The thermal conductivity, κ(t), for each composite is calculated using the relationship: 
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κ(t) = α(t) ∙ cp(t) ∙  (t) (5.2) 

where α(t) is thermal diffusivity, cp(t) is specific heat capacity and  (t) is density. Each parameter 

is determined separately over the temperature range of 373-1273 K (100-1000˚C). Thermal 

diffusivity of the sintered samples was measured under ultra-high purity Ar using a laser flash 

apparatus (Netzsch 457 LFA, Germany). Prior to measurement, both the top and the bottom 

surfaces of each sample were coated with a thin layer of colloidal graphite to enhance the 

absorption of the laser. The specific heat capacity of each sample as a function of temperature 

was measured using differential scanning calorimeter (Netzsch 404 F1 DSC, Germany). Samples 

were analyzed in ultra-high purity Ar at a heating rate of 20°C/min in an alumina-lined Pt 

crucible.  Heat capacity was calculated during dynamic heating using the ratio method with 

sapphire as the reference. The temperature dependent linear thermal expansion and density of 

each sample were measured using push-rod dilatometery (Netzsch 402 CD, Germany). Samples 

were tested under ultra-high purity Ar at a heating rate of 5°C/min using an alumina reference 

standard. 

 

5.3.3 OOF2 Simulations 

Object-oriented finite-element analysis version 2 (OOF2) [60-61], an open access software 

developed at the National Institute of Standards and Technology (NIST), is used for these 

simulations due to its capability to account for size, shape, and distribution of each phase within 

the microstructure.  Two-dimensional SEM micrographs were converted to multi-color images in 

post-processing. Each phase, identified by backscattered phase contract and EDS, was 

represented by a single color in order to create finite-element meshes adapted to the 

microstructure of the material, and were assigned their appropriate single phase material 
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property. Input values for the thermal conductivity as a function of temperature for each 

component were taken from experimental results on single-phase materials, as shown in Figure 

5.1. 

A thermal gradient was simulated in the vertical direction of the image by assigning a 10 

degree difference between the top and bottom boundaries, and keeping the sides adiabatic. The 

heat equation was solved by the conjugate gradient method and each node of the mesh was 

assigned an x and y heat flux component. By setting the out-of-plane (z) heat flux components to 

zero, OOF2 removed the third dimension from the problem; this is analogous to plane-stress 

analysis used in fracture mechanics. The resulting 2D heat flux was integrated along a boundary 

of the image and used to determine the effective thermal conductivity: 

keff = 
Ly  

Lx(Tbottom   Ttop)
  (5.3) 

where keff is the effective thermal conductivity of the composite, Q (watts per meter of thickness 

in z) is the OOF2 heat flux integrated across the bottom boundary, Ly and Lx are the image 

dimensions, and Tbottom and Ttop are the temperature values assigned to the bottom and top 

boundaries. The effective thermal conductivity of the composite was determined by simulating a 

thermal gradient across an image at various temperatures ranging from 373-1273 K (100-

1000˚C). Three representative SEM micrographs were used for each composition, and the typical 

variability between each simulation of the same composition was less than 1%. 
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5.4 Results and Discussion 

5.4.1 Phase and Microstructure Characterization 

Figure 5.2 shows the x-ray diffraction (XRD) patterns of both 3-phase (C-SMp) and 4-phase 

(3Y-ASM) composites. Overlapping of peaks was minimal for the C-SMp system (Figure 5.2a), 

allowing for each phase to be easily indexed. CeO2 and MgAl2O4 were indexed using JCPDS no. 

34-0394 and 21-1152 respectively, while CeMgAl11O19 was indexed using the LaMgAl11O19 

pattern, JCPDS no. 70-6968, since there is currently no star quality mark pattern for 

CeMgAl11O19 in the International Centre for Diffraction Data (ICDD) database. Numerous 

overlapping peaks in the 3Y-ASM system (Figure 5.2b) resulted in the indexing of only the 

major peaks for each phase. The existence of monoclinic ZrO2 (m-ZrO2) can be seen in the 3Y-

ASM x-ray diffraction pattern due to partial transformation from tetragonal ZrO2 (3Y-TZP) to 

the monoclinic structure.  Al2O3, LaPO4, m-ZrO2 and 3Y-TZP were indexed using JCPDS no. 

46-1212, 84-0600, 37-1484 and 60-0503 respectively.  

 
Figure 5.2 X-ray diffraction spectrum of (a) C-SMp  and (b) 3Y-ASM composites. The presence 

of both 3Y-TZP and monoclinic zirconia (m-ZrO2) was seen in 3Y-ASM. 
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The surface morphology of each composite observed by SEM is shown in Figure 5.3 for 

representative microstructures of the C-SMp and 3Y-ASM samples. In Figure 5.3a, the dark 

phase corresponds to MgAl2O4 spinel, the light phase is CeO2, and the elongated acicular grains 

are CeMgAl11O19. This asymmetrical grain growth seen in CeMgAl11O19 is due to the anisotropic 

tetragonal crystal system with a c direction lattice parameter that is more than twice as large as 

the a direction lattice parameter, as well as the preferred growth occurring in the c direction. 

Figure 5.3b shows a representative microstructure of the 3Y-ASM composite. The dark phases 

are Al2O3 or MgAl2O4, the gray phase is LaPO4 and the light phase is 3Y-TZP. The similar 

density of Al2O3 and MgAl2O4 make phase identification through phase contrast alone difficult.  

For this reason, energy-dispersive x-ray spectroscopy (EDS) was performed on each grain in the 

image to determine its chemical composition (EDS analysis was also performed on the C-SMp 

composite to ensure correct phase identification). Although the presence of some m-ZrO2 was 

observed in the XRD pattern for the 3Y-ASM composite, identification between the zirconia 

polymorphs proved unreliable by EDS and zirconia grains were assumed to be 3Y-TZP during 

computationally analysis (reasoning for this is discussed below).   
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Figure 5.3 Scanning electron microscope image in backscatter electron mode of a) 3-phase 

composite where Mg-spinel is the dark phase, Ce-MP is the gray phase and CeO2 is the light 

phase, and b) 4-phase composite where Mg-spinel and Al2O3 are the dark phases, LaPO4 is the 

gray phase and 3Y-TZP the light phase.  Energy-dispersive x-ray spectroscopy is used to 

differentiate each phase. 

5.4.2 Thermal Measurements  

The technical coefficient of thermal expansion (CTE) and density of C-SMp and 3Y-ASM 

composites, measured as a function of temperatures ranging from 373-1273 K (100-1000˚C), are 

shown in Figure 5.4. Data collected near room temperature suffered from high errors due to 

temperature gradients that developed during initial heating of the sample and were discarded. 

Typical monotonic behavior for both the CTE and density as temperature increased was 

observed for C-SMp. In the 3Y-ASM composite, a discontinuity occurred in both the CTE and 

density within the temperature range of 923-973 K (650-700˚C). This sudden jump in the CTE 

and density is usually an indication of a phase change. Upon cooling, the tetragonal to 

monoclinic phase transformation occurs at 1443 K (1170°C) for pure ZrO2.  Lower temperature 

transformations can occurs due to yttria doping and mechanical constraints of the stiff matrix 

formed by the composite. Figure 5.4b shows this sudden increase in density at the discontinuity, 

which coincides with the transformation of any included monoclinic ( =5.817 g/cm
3
) to 
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tetragonal ( =6.343 g/cm
3
) zirconia. The presence of both zirconia polymorphs is seen in the 

XRD data of Figure 5.2, suggesting that some of the 3Y-TZP transforms to monoclinic upon 

cooling after the sintering process and transformed back to tetragonal 3Y-TZP upon re-heating. 

Figure 5.5 shows the thermal diffusivity and heat capacity for each composite system. For 

both compositions, the thermal diffusivity decreases monotonically as temperatures increase up 

to 1273 K (1000˚C), reaching values of 0.87 mm
2
/s and 0.84 mm

2
/s for C-SMp and 3Y-ASM, 

respectively. Similar to Figure 5.4b, a discontinuity in the heat capacity of 3Y-ASM was 

observed within the temperature range of 923-973 K (650-700˚C), which is an artifact due to the 

zirconia phase transformation. No discontinuity was seen for the thermal diffusivity of 3Y-ASM. 

These discontinuities can be explained by the monoclinic to tetragonal phase transformation, 

where the continuous decrease in the thermal diffusivity is likely due to thermal transport being 

limited by the monazite, which is the most insulating phase.  
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Figure 5.4 Density (left axis) and coefficient of thermal expansion (right axis) measured over a 

temperature range of 373-1273 K (100-1000˚C) for (a) C-SMp and (b) 3Y-ASM. 
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Figure 5.5 (a) Thermal diffusivity and (b) heat capacity measured over a temperature range of 

373-1273 K (100-1000˚C) for C-SMp and 3Y-ASM. 
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The thermal conductivity as a function of temperature for C-SMp and 3Y-ASM composite 

systems is shown in Figure 5.6. For both systems, the thermal conductivity decreases as 

temperature decreases. 3Y-ASM has a higher thermal conductivity at lower temperatures than 

the C-SMp system (25% higher at 373 K (100˚C)), but begins to converge with C-SMp as 

temperature increases (only a 5% greater thermal conductivity at 1273 K (1000˚C), falling within 

the 5% error of the measurement). This effect is primarily due to the Al2O3 phase in 3Y-ASM 

sharply decreasing in thermal conductivity.  The discontiunites observed in the density and 

specific heat capacity from 923-973 K (650-700˚C) for 3Y-ASM does not affect the thermal 

conducivity calculated by Eq. (5.2). This indicates that the large decrease in thermal diffusivity is  

the dominant factor controlling the lower thermal conductivity with increasing temperature.  

 
Figure 5.6 Thermal conductivity of C-SMp and 3Y-ASM calculated by the laser flash method 

over a temperature range of 373-1273 K (100-1000˚C). 
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5.4.3 OOF2 Simulations 

Single phase temperature-dependent thermal conductivity values, taken from Figure 5.1, 

were inputted into OOF2 software along with a solid color representation of a SEM micrograph 

in order to approximate the effective thermal conductivity for each composite system. Figure 

5.7a shows the color representation of the original SEM image of C-SMp from Figure 5.3a.   An 

adaptive mesh was fitted to the grain boundary interface of each phase (Figure 5.7b), where a 

finer mesh and higher node density can be seen along the phase interface. After the simulation, a 

heat flux map was generated (Figure 5.7c), showing regions of high and low heat flux. Aside 

from the porosity, CeMgAl11O19 appears to be the phase with the lowest heat flux, which is 

expected due to its low thermal conductivity.  The temperature-dependent thermal conductivity 

of air, which ranges from 0.023 W/m·K at 300 K to 0.083 W/m·K at 1300 K [130], was used for 

the thermal conductivity of porosity. Considering that porosity makes up <2% of the composite, 

it can be assumed to have a negligible contribution to the overall heat conduction.  

 
Figure 5.7 OOF2 images of the C-SMp composite shown in Figure 5.3a (a) color representation 

of the microstructure, (b) finite element meshing, and (c) heat flux map generated by the 

simulation. Al2O3 is represented by red, CeMgAl11O19 blue, CeO2 green and porosity black.   

 



 

87 

 

 
Figure 5.8 OOF2 images of 3Y-ASM composite shown in Figure 5.3b (a) color representation of 

the microstructure, (b) finite element meshing, and (c) heat flux map generated by the 

simulation. MgAl2O4 is represented by red, LaPO4 blue, Al2O3 green, 3Y-TZP white and 

porosity black. 

Figure 5.8 depicts a similar set of images as Figure 5.7 for the 3Y-ASM composite system.  

Blocking of heat flux pathways are observed in Figure 5.7c due to the irregular acicular 

elongated particle morphology of the CeMgAl11O19 phase. This magnetoplumbite phase is the 

lowest thermal conductivity phase in this system, and this particle morphology prevents the 

higher thermal conductivity phase of alumina from forming an interconnected network. Although 

each phase is above the percolation limit, and interconnected pathways are not present in the 2D 

representation of the microstructure, that does not rule out the existence of percolation pathways 

in 3D.  

In contrast, Figure 5.8c clearly shows heat flow pathways formed between the higher thermal 

conductivity phases, i.e. Al2O3 and MgAl2O4. These pathways are a result of all phases being 

above the percolation limit, an even distribution of each phase, and a uniform grain morphology 

seen in the microstructure. Figure 5.9 shows how Al2O3 and MgAl2O4 grains, along with small 

regions of 3Y-TZP, create a pathway for heat flow from the bottom of the image to the top. This 

contiguity of highly conducting phases allows the composite to maintain an overall high thermal 
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conductivity despite having 25 vol % LaPO4, which is well known for its extremely low thermal 

conductivity. 

 
Figure 5.9 Heat flux pathway formed by network of highly conducting Al2O3 (A) and MgAl2O4 

(S) grains, along with small regions of 3Y-TZP (Z) gains. 

5.4.4 Surrogate Comparison  

The simulated thermal conductivity of C-SMp and 3Y-ASM via OOF2 was compared to the 

experimentally determined thermal conductivity (from Figure 5.6) and are shown in Figure 5.10. 

A discrepancy between the experimental and simulated thermal conductivities for C-SMp is 

observed at the low temperature range 373-673 K (100-400°C), while above 673 K (400°C) the 

two data sets are convergent. Similarly, a low temperature discrepancy is observed in 3Y-ASM. 

For the C-SMp composite, a difference of 9.1% at 373 K (100°C) and 1.1% at 1273 K (1000°C) 

was measured between the laser flash method (LFM) and OOF2. In comparison, the 3Y-ASM 

composite showed a difference of 17.6% at 373 K (100°C) and 0.3% at 1273 K (1000°C).  One 

aspect that may contribute to the greater deviation of the 3Y-TZP compared to C-SMp at low 

temperatures is the approximation that was made in the simulation that the 3Y-TZP is completely 
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tetragonal zirconia. Above 673 K (400°C), the percent difference between LFM and OOF2 is 

<3% for both composite systems, which falls with the standard 5% error of the measurement. 

However, the disagreement between the experimental and computational results at low 

temperatures for both systems could be partially due to the Kapitza interfacial resistance between 

two phases, which was not taken into consideration in the OOF2 simulations. This would affect 

the models in two ways. First, the Kapitza resistance is higher at lower temperatures, which 

could contribute to the low temperature discrepancy. Second, the Kapitza is also typically higher 

for interfaces between dissimilar phases [131]. Work is currently underway incorporate grain 

boundary and interface effects into the OOF2 simulations. 

 
Figure 5.10 Thermal conductivities simulated by OOF2 and measured through the laser flash 

method (LFM) for C-SMp and 3Y-ASM. A good agreement between both methods is observed 

at temperatures above 400°C. 

Hypothetical composites, labeled U-SMp and U-ASM for the 3-phase and 4-phase 

compositions, respectively, were simulated. The UO2 single phase thermal conductivity values 

replaced CeO2 in the C-SMp composite, and 3Y-TZP in the 3Y-ASM composite. The thermal 

conductivity over the temperature range 373-1273 K (100-1000˚C) for the two hypothetical 

composites was determined by OOF2 using the same procedures described above. Figure 5.11 
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shows the results of the OOF2 simulations and includes the thermal conductivity of single phase 

UO2 for comparison. U-SMp had an even lower thermal conductivity than single phase UO2 

from 373-973 K (100-700˚C), and less than a 6% increase in thermal conductivity compared to 

pure uranium oxide above 973 K (700°C). The non-uniform morphology and low thermal 

conductivity of CeMgAl11O19 is clearly detrimental to overall thermal conductivity of the 

composite system. In contrast, the composite UO2-Al2O3-MgAl2O4-LaPO4 had a 12-16% 

increase in thermal conductivity from 673-1273 K (400-1000˚C) compared to single phase UO2. 

Even in this case, the use of the extremely low thermal conductivity LaPO4 phase limits the 

magnitude of the increase in conductivity, and therefore a composition with alternate phases to 

monazite is currently being evaluated. 

 
Figure 5.11 OOF2 simulated composites where UO2 is substituted for CeO2 in C-SMp (U-SMp) 

and 3Y-TZP in 3Y-ASM (U-ASM). A single phase thermal conductivity of UO2 is shown for 

comparison. 
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5.5 Conclusions 

In this paper, inert matrix 3-phase and 4-phase ceramic composites to be used as surrogate 

nuclear fuels were prepared and characterized using CeO2 or 3Y-TZP as surrogate phases for 

UO2. Thermal properties such as temperature dependent density, thermal expansion coefficient, 

specific heat capacity, thermal diffusivity and thermal conductivity were reported for each 

system. Computational simulations using OOF2 were used to calculate the effective thermal 

conductivity and showed good agreement with experimental methods within the error of the 

experimental technique at temperatures above 673 K (400°C) for both composite systems. The 

ability to predict the thermal behavior of UO2 incorporated nuclear fuel composites, without the 

need for synthesis of a diverse set of sample compositions, makes this approach valuable to 

screen non-fissile material candidates and to construct various microstructural designs. 
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Chapter 6: Water Vapor Enhanced Diffusion in Alumina 
 

6.1 Abstract 

Experimental results indicate effective faster diffusion of oxygen in alumina exposed to 

water vapor at high temperatures. Polycrystalline -Al2O3 containing Ni metal particles was 

exposed to either dry air or humid environments at 1573 K (1300°C) for up to 20 hours.  

Oxidation of Ni in -Al2O3 to form NiAl2O4 was used to determine oxygen diffusion depth from 

the surface.  The apparent kinetic rate-constant for oxygen diffusion in the presence of water 

vapor was 79% higher compared to that of a dry atmosphere at 1573 K (1300°C) (1.4x10
-13

 m
2
/s 

for 0.2 atm PH2O versus 7.9x10
-14

 m
2
/s for dry air).  (OH

-
) ions are smaller, have a lower charge 

than (O
2-

),
 
and

 
are more polarizable, which would be expected to lead to faster diffusion. This 

effect may impact sintering, creep, corrosion, oxidation, and the performance of thermal barrier 

coatings (TBC). 
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6.2 Introduction 

 The controlling mechanism in many ceramic processes is grain-boundary diffusion, which in 

alumina is greatly diminished in the presence of certain cations, e.g. reducing creep rates [132] or 

slowing TBC bond coat oxidation [133].  One might wonder if there are anion impurities or the 

equivalent which actually enhance grain boundary diffusion; (OH
-
), which can be up to 20% 

smaller than (O
2-

) [52], comes naturally to mind. It is well known that oxide surfaces easily 

adsorb water, forming superficial (OH
-
).  There are numerous reports of accelerated reaction 

kinetics, more rapid coarsening/grain growth, and faster densification for ceramic oxides in the 

presence of high temperature water vapor [41; 43-44; 46; 134].    

 Herein we offer an experiment to test if water vapor has an effect on grain boundary 

diffusion of oxygen in a technologically relevant ceramic, viz. -Al2O3. Alumina is used for 

many high temperature structural applications and is produced as a thermally-grown oxide 

(TGO) at metallic bond coats for thermal barrier coatings on Ni-based turbine blades.  Most 

experiments on -Al2O3 show oxygen is the slower diffusing ion compared to aluminum [135]. 

In this experiment, Ni-particles are embedded in a dense -Al2O3 matrix [36; 136-137] and 

subsequently exposed to an oxidizing environment.  The oxidation of Ni via formation of 

NiAl2O4 is measured in dry and humid oxidizing environments at elevated temperatures, and 

correlated to oxygen diffusion values. 
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6.3 Experimental Procedures 

High-purity α-alumina powder (Baikowski Inter. Corp., Charlotte, NC) and nickel oxide 

powder (Alfar Aesar, Ward Hill, MA) were milled, dried, sieved, then heated at 973 K (700°C) 

for 5 hours in 4% H2-Ar at a flow rate of 50 cm
3
/min to reduce NiO to elemental Ni. Cylindrical 

specimens were cold isostatic pressed at 380 MPa and sintered at 1773 K (1500°C) for 3 hours in 

a reducing environment of 4% H2-Ar.  Density was measured by Archimedes method. Sintered 

samples were polished to a 0.1 µm finish.   Oxidation at 1573 K (1300°C) was conducted for 5, 

10, 15 or 20 hours.  Ultra-pure zero grade dry air was used for dry oxidation, while bubbling dry 

air through a water bath created water vapor, with a flow rate for both of 50 cm
3
/min. By 

adjusting the temperature of the water bath, the water vapor partial pressure was varied from 0.2 

atm PH2O to 0.83 atm PH2O.   

X-ray diffraction (XRD) analysis with a SmartLab X-ray Diffractometer (Rigaku, Tokyo, 

Japan) used Cu-kα radiation and scans steps of 0.05° from 20° to 90°.  Scanning electron 

microscopy (SEM) and energy dispersive spectroscopy (EDS) was performed on a Magellan 400 

(FEI, Eindhoven, The Netherlands).  Grain size was measured using ImageJ (NIH, Bethesda, 

Maryland).  Backscatter electron imaging was used to differentiate between nickel aluminate 

spinel (NiAl2O4) and unreacted Ni and to measure the oxidation depth x.  To obtain an average 

depth of oxidation value for each sample, at least 1 mm parallel to the surface was imaged and 

measured in increments of 100 m along the surface with a depth of 150 m.       
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6.4 Results and Discussion 

While -Al2O3 and NiO are the only phases in the initial powder, Ni is formed and NiO 

peaks disappear after reduction (Figure 6.1).  The sintered compacts retain Ni metal but 

subsequent oxidation forms NiAl2O4 (Figure 6.1(d)) in regions near the surface probed by XRD.  

The d-spacings for -Al2O3 do not change, correlating with limited solid solubility of Ni in bulk 

alumina [138]. 

Density of the sintered -Al2O3/0.5 vol% Ni was 97-98% theoretical density (4.07 g/cm
3
).  

The average alumina grain size is 1.2 ± 0.5 μm.  There is a reasonably homogeneous distribution 

of Ni particles throughout the -Al2O3 matrix prior to oxidation (Figure 6.2(a)), with submicron 

Ni particles typically located at -Al2O3 grain boundaries (Figure 6.2(b)). 

 

Figure 6.1 XRD pattern of (a) milled Al2O3 + NiO powder before reduction, (b) Al2O3 + 0.5 

vol% Ni powder after reduction, (c) sintered Al2O3 + 0.5 vol% Ni sample and (d) a sample 

exposed to dry oxidation for 20 hours at 1573 K.  (A=Al2O3, S=NiAl2O4 spinel and * signifies an 

overlap with Al2O3) 
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Figure 6.2 SEM (a) backscattered electron image at low magnification showing random 

distribution of Ni particles and (b) secondary image showing a Ni particle in Al2O3. 
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Figureure 6.3 compares oxidation depths in dry and humid environments. The difference 

in oxygen chemical potential between the surface and the interior drives oxygen inward and 

oxidizes the Ni, producing NiAl2O4. The depth of Ni-spinel formation acts as a measurement of 

oxygen grain boundary diffusion.  When water vapor is present, there is a significant increase in 

oxidation depth for Ni-spinel formation for the same time and temperature (Figure 6.3).   For 

example, after 5 hours at 1573 K (1300°C), the oxidation depth is 43% greater for humid 

oxidation (0.2 atm PH2O) versus dry air.     

A depleted zone between the Ni and NiAl2O4 zones (Figure 6.3(a)) was often observed and 

these regions had a lower overall Ni concentration determined by EDS, while oxidized regions 

with spinel formation had higher concentrations of Ni than in the bulk. The depletion zone is 

irregular and more obvious in dry air samples. The presence of this depleted zone implies faster 

outward diffusion of Ni than inward diffusion of oxygen, as also documented by researchers 

studying Ni diffusion through TGO alumina in TBCs [139]. 

   

Figure 6.3 Average depth of oxidation x from top free surface for the time lengths of 5, 10, 15 

and 20 hours at 1300°C under (a) dry and (b) humid (0.2 atm PH2O) atmospheres. 
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The square of the average oxidation depth is plotted against annealing time in Figure 6.4. 

The depth of oxidation is an averaged value between the end depth for formation of NiAl2O4 

particles and the beginning depth for residual unoxidized Ni particles.  A parabolic rate law is 

used to model the diffusion-controlled reaction processes to form spinel in order to determine 

oxidation kinetics.  The kinetic rate constants are calculated by determining the slope of each 

line.  The rate constant for dry oxidation at 1573 K (1300°C) was kdry= 7.93x10
-14

 m
2
/s, within 

8% of the value reported previously at that temperature for oxidation of Ni in alumina forming 

spinel in air [36]. The rate constant for each level of humidity was k0.2 atm PH2O = 1.42x10
-13

 m
2
/s 

and k0.83 atm PH2O = 1.46x10
-13

 m
2
/s. The negligible difference in oxidation depth for 0.2 atm PH2O 

and 0.83 atm PH2O suggests that 0.2 atm PH2O is close to the saturation point for incorporation of 

hydroxyl ions. Such saturation has also been observed for TBC lifetime reduction in humid 

environments [139]. The rate constant at 1573 K (1300°C) for humid oxidation is 79% higher 

than dry oxidation. The presence of water vapor significantly accelerates inward oxygen 

diffusion and subsequent oxidation of the Ni particles forming Ni-spinel.  

 
Figure 6.4 Square of the average oxidation depth versus annealing time for dry oxidation and 

humid oxidation at 0.2 atm PH2O and 0.83 atm PH2O environments at 1573 K.  (Trend line fitted 

using least squares regression.) 



 

100 

 

 

The enhanced oxygen mobility likely can be attributed to the smaller size and lower valence 

of the hydroxyl ion; perhaps slightly counterintuitive is that the size of an (O
2-

) anion in an oxide 

lattice shrinks by approximately 20% when a proton is within it (forming (OH
-
)). The repulsions 

in the p-electron cloud of the oxygen ion are decreased due to the embedded proton [140].  In 

addition the hydroxyl ion can be more easily polarized [51], resulting in an ion that could more 

easily squeeze through interstitial sites. A simplistic, albeit straightforward, consequence would 

be that oxygen ions with associated protons (forming hydroxyl ions) can diffuse more readily 

due to their smaller size, decreased charge, and flexible shape.  Surface diffusion of hydroxyl 

ions is known to be significantly faster than oxygen ion diffusion for alumina [141], so it should 

come as no surprise that the same would be true for hydroxyl ions diffusing along grain 

boundaries.   (OH
-
) is not likely to enter the bulk alumina lattice due to valence imbalance, while 

grain boundaries are more accommodating.   

Protons are strongly bonded within oxygen anions in alumina [142], so coupled diffusion as 

hydroxide is reasonable.  Proton hopping from oxygen to oxygen ion and tunneling also occurs 

[143]. This would increase oxygen transport via proton-assisted accelerated diffusion of one 

mobile oxygen ion and then another. Each time a proton hops and forms a bond within an 

oxygen ion, the anion becomes smaller, diffusing more easily.  Enhanced diffusion of hydroxide 

ions has also been proposed as a reason for faster oxidation of metals that form oxide scales in 

the presence of water vapor at high temperatures [144].  During the oxidation of metals, 

researchers have suggested that water vapor can easily be incorporated in oxide films as (OH
-
) 

with faster diffusion via proton hopping and an increase in cation vacancies [145]. 

There are several caveats to this simple interpretation. Eutectic liquid films formed by 

impurities can enhance diffusion at grain boundaries. It is conceivable that (OH
-
) could produce 



 

101 

 

thin liquid films at grain boundaries by the interaction with impurities already present.  It is also 

known that high temperature water vapor may remove diffusion-inhibiting anion impurities 

(such as Cl
- 
[146]) from grain boundaries. The impurity anion concentration is not known. (OH

-
) 

additionally provides a charge compensating mechanism for the presence of Ni
2+

 replacing Al
3+

 

in the grain boundaries as nickel diffuses outward.  Charge compensation will affect diffusion 

values.   

This result of accelerated diffusion in the presence of water vapor at high temperatures has 

significance for alumina films and coatings (especially thermal barrier coatings), as this predicts 

enhanced penetration of oxygen under such conditions. This effect may also be related to the 

enhancement of creep rates in alumina in the presence of water vapor [50; 147]. More extensive 

studies are in progress, including with a range of temperatures to determine activation energies, a 

range of grain sizes, and the deuterium effect. 
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6.5 Conclusions 

The incorporation of hydroxyl groups from water vapor at high temperatures is believed to 

enhance grain boundary oxygen diffusion in aluminum oxide, as evidenced by oxidation of 

marker Ni metal particles in -Al2O3 to form NiAl2O4. This result certainly implies that other 

diffusional phenomena relating to (OH
-
) incorporation, such as sintering, creep, and corrosion, 

are anticipated to be affected. 
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Chapter 7: Conclusions and Future Work 
 

7.1 Summary and Conclusions 

The objective of this research was to explore the potential use of ceramic composite systems 

as replacements for the single phase components found in solid-state oxygen sensors and nuclear 

fuel rods. This was achieved by utilizing a combination of experimental and computational 

techniques. Each of the above studies evaluated the advantages and disadvantages characteristic 

of their proposed composite systems, and provided a quantitative analysis for the assessment of 

each system’s performance. Additionally, a novel ceramic/metal composite was used to study the 

grain boundary diffusion of oxygen as a function of oxidation environment. A brief summary 

and the significant results of each study are presented below.          

In Chapter 3, the addition of 20 vol% alumina had the greatest effect on the thermal shock 

resistance of 8YSZ, achieving an increase of 55%, over single phase 8YSZ. This increase was 

correlated to the increase in thermal conductivity of the composite, suggesting that the addition 

of higher thermal conductivity second phases has a greater effect on the thermal shock resistance 

than the material properties included in the thermal shock resistance parameter alone. 

Electrochemical impedance measurements showed that the specific grain boundaries in 8YSZ 

with alumina additions (10 and 20 vol%) were as conductive as pure 8YSZ, suggesting that the 

reduction (54% for 20 vol%) in the total conductivity was a result of the decrease in grain size of 

8YSZ, which created a higher density of grain boundaries. Given these results, a trade-off 

between the increase in the thermal shock resistance and the decrease in the ionic conductivity 

must be considered and understood before a complete evaluation of these composite systems can 

be made.    
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In Chapter 4, a comparison between analytical models, computational simulations, and 

experimental techniques was considered in the evaluation of the thermal conductivity of four 

ceramic composite systems. The experimental evaluation of the thermal conductivity for each 

composite system, as well as a single-phase control system, was performed by the 3ω method, 

which was used as the baseline for comparison.  The linear Rule of Mixtures model exceeded 

100% error in some cases, while the other two analytical models were within 8% (Maxwell 

Garnett) and 2.5% (Bruggeman) error of the 3ω measurements. OOF2 simulations provided a 

good approximation of only 1.5 % error. Dimensionless sensitivity analysis was performed to 

better understand the sensitivity to variations each method had in the evaluations of the thermal 

conductivity in 2-phase composite systems. Additionally, the Maxwell Garnett model, 

Bruggeman model, and OOF2 simulations all showed that Sk2 decreases with increasing k2. 

Indicating that a composite with a high thermally conducting second (k2) phase will be less 

sensitive to small perturbations in k2 when trying to calculate the effective thermal conductivity 

of the composite. The above comparison of each model, coupled with the sensitivity analysis, 

allows for greater confidence when predicating the effective thermal conductivity of 2-phase 

composite systems, and further indicates that OOF2 will provide the most accurate 

approximation when microstructural information is available.        

In Chapter 5, 3-phase and 4-phase ceramic composites were examined as potential 

replacements for materials currently being used as nuclear fuel. Surrogate phases (CeO2 or 3Y-

TZP) were used as stand-ins for UO2. The thermal behavior, specifically the temperature 

dependent thermal conductivity, was determined for each system. Computational simulations, 

via OOF2, were performed to calculate the thermal conductivity of each system. A comparison 

of the experimental and computational elevation of the thermal conductivity was performed and 
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showed the two methods to be in good agreement, having less than a 3% deviation above 673 K 

(400°C).  The incorporation of UO2 into OOF2 allowed for the simulation of a hypothetical 

composite fuel system. This four-phase composite showed a 12-16% increase in thermal 

conductivity, compared to single phase UO2. The results of this study offer an approach for 

screening non-fissile material candidates without the need of sample fabrication during the 

development stages of composite nuclear fuel design.  

In Chapter 6, a ceramic/metal composite system was used to explore the effects that water 

vapor, specifically (OH)- ions, have on the grain boundary diffusion of oxygen. A test platform 

where Ni-particles are imbedded in a dense Al2O3 matrix was fabricated for this purpose. This 

system takes advantage of a unique reaction where the oxidation of Ni in the presence of Al 

forms NiAl2O4, which acts as a marker for determining the penetration depth (i.e. diffusion) of 

oxygen. Exposing the ceramic/metal composite system to different oxidizing environments (e.g. 

dry and humidified air) allowed for the reaction kinetics of each environment to be studied. 

Keeping the oxidation temperature constant at 1573 K (1300°C) and varying only oxidation 

time, the kinetic rate-constant for oxygen diffusion in the presence of dry air was determined to 

be 7.9x10
-14

 m
2
/s. In the presence of water vapor and keeping all other parameters constant, the 

kinetic rate-constant for oxygen diffusion was determined to be 1.4x10
-13

 m
2
/s, a 79% increase 

over the dry air condition. This increase in kinetics for the humid oxidizing condition, which is 

related to the inward diffusion of oxygen, is believed to be due to the (OH)- ions 1) being 

smaller, 2) having a lower charge than (O
2-

), and 3) being more polarizable.  
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7.2 Future Work 

Suggested future work to compliment the above research is as follows: 

Chapter 3 

 Determine what decrease in conductivity is acceptable, if any, in exchange for an 

increase in thermal shock resistance.  

 Explore different material systems with better single phase material properties (e.g. 

the use of 10YSZ for the matrix phase or ZnO as the particulate phase) relative to the 

shock resistance parameter. 

Chapter 4 

 Expand the materials systems evaluated to include 30, 40 and 50 vol% Al2O3 to better 

understand how the different models predict composite systems when the second 

phase is above the percolation limit.  

 Derive the Maxwell Garnett and Bruggeman equations for 3 and 4-phase composite 

systems (this may already be in the literature), and derive their accompanying 

sensitivity equations to evaluate how the addition of more phases could alter the 

systems’ response to perturbations.  

Chapter 5 

 Create hypothetical or “ideal” microstructures for 3 and 4-phase composite systems, 

evaluate their temperature dependent thermal conductivities via OOF2, compare them 

to SEM based microstructure and 3ω method, and evaluate their accuracy.  

 Use current 4-phase composite microstructure model to screen non-fissile material 

candidates to determine which composition of phases will yield desired results.  
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Chapter 6 

 Determine the kinetic rate-constant for 1400°C and 1500°C for both dry and humid 

conditions so that the activation energies of oxygen diffusion can be calculated.  

 Replace the pure water used to create the humid environment with D2O. This will 

allow for the protonic transport mechanism (i.e. hopping or tunneling) to be studied. 

 Perform oxidation test at lower temperatures to determine if the enhanced diffusion 

rates seen by the water vapor environment is temperature dependent.   
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Appendices 
 

Appendix A: Sample OOF2 Code 

This code was developed to determine the thermal conductivity of the multiphase ceramic 

composites described in Chapter 5. The below script is meant to be loaded into the terminal 

feature of OOF2.  More information on how to run OOF2 in text mode can be found at 

http://www.ctcms.nist.gov/oof/oof2/ 

OOF.Microstructure.Create_From_ImageFile(filename='/data/users/jangle/3Y-ASM.png', 

microstructure_name='3Y-ASM.png', height=automatic, width=automatic) 

OOF.Image.AutoGroup(image='3Y-ASM.png:3Y-ASM.png', name_template='%c') 

OOF.PixelGroup.Rename(microstructure='3Y-ASM.png', group='#0000ff', new_name='Monazite') 
OOF.PixelGroup.Rename(microstructure='3Y-ASM.png', group='#ffffff', new_name='Zirconia') 

OOF.PixelGroup.Rename(microstructure='3Y-ASM.png', group='#ff0000', new_name='Spinel') 

OOF.PixelGroup.Rename(microstructure='3Y-ASM.png', group='#00ff00', new_name='Alumina') 

OOF.PixelGroup.Rename(microstructure='3Y-ASM.png', group='#000000', new_name='Porosity') 

OOF.Material.New(name='Monazite_Material', material_type='bulk') 

OOF.Material.New(name='Spinel_Material', material_type='bulk') 

OOF.Material.New(name='Alumina_Material', material_type='bulk') 

OOF.Material.New(name='Zirconia_Material', material_type='bulk') 

OOF.Material.New(name='Porosity_Material', material_type='bulk') 

OOF.Property.Copy(property='Thermal:Conductivity:Isotropic', new_name='Alumina_Therm') 

OOF.Property.Copy(property='Thermal:Conductivity:Isotropic:Alumina_Therm', new_name='Monazite_Therm') 
OOF.Property.Copy(property='Thermal:Conductivity:Isotropic:Monazite_Therm', new_name='Spinel_Therm') 

OOF.Property.Copy(property='Thermal:Conductivity:Isotropic:Spinel_Therm', new_name='Zirconia_Therm') 

OOF.Property.Copy(property='Thermal:Conductivity:Isotropic:Zirconia_Therm', new_name='Porosity_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Alumina_Therm(kappa=26.2651044923341) 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Monazite_Therm(kappa=2.49358974358974) 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Spinel_Therm(kappa=14.7353082465973) 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Zirconia_Therm(kappa=3.125) 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Porosity_Therm(kappa=0.025700000000000001) 

OOF.Material.Add_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Material.Assign(material='Zirconia_Material', microstructure='3Y-ASM.png', pixels='Zirconia') 

OOF.Material.Add_property(name='Spinel_Material', property='Thermal:Conductivity:Isotropic:Spinel_Therm') 
OOF.Material.Assign(material='Spinel_Material', microstructure='3Y-ASM.png', pixels='Spinel') 

OOF.Material.Add_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Material.Assign(material='Monazite_Material', microstructure='3Y-ASM.png', pixels='Monazite') 

OOF.Material.Add_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Material.Assign(material='Alumina_Material', microstructure='3Y-ASM.png', pixels='Alumina') 

OOF.Material.Add_property(name='Porosity_Material', property='Thermal:Conductivity:Isotropic:Porosity_Therm') 

OOF.Material.Assign(material='Porosity_Material', microstructure='3Y-ASM.png', pixels='Porosity') 

OOF.Skeleton.New(name='skeleton', microstructure='3Y-ASM.png', x_elements=46, y_elements=40, 

skeleton_geometry=QuadSkeleton(left_right_periodicity=False,top_bottom_periodicity=False)) 
OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 

modifier=Refine(targets=CheckHomogeneity(threshold=0.96999999999999997),criterion=Unconditionally(),degree

=Trisection(rule_set='conservative'),alpha=0.5)) 

OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 

modifier=Refine(targets=CheckHomogeneity(threshold=0.93000000000000002),criterion=Unconditionally(),degree

=Trisection(rule_set='conservative'),alpha=0.5)) 
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OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 

modifier=Refine(targets=CheckHomogeneity(threshold=0.90000000000000002),criterion=Unconditionally(),degree

=Trisection(rule_set='conservative'),alpha=0.5)) 

OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 

modifier=SnapNodes(targets=SnapHeterogenous(threshold=0.90000000000000002),criterion=AverageEnergy(alph

a=1))) 
OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 

modifier=SnapNodes(targets=SnapHeterogenous(threshold=0.90000000000000002),criterion=AverageEnergy(alph

a=1))) 

OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 

modifier=Rationalize(targets=AllElements(),criterion=AverageEnergy(alpha=0.90000000000000002),method=Auto

maticRationalization())) 

OOF.ElementSelection.Select_by_Homogeneity(skeleton='3Y-ASM.png:skeleton', 

threshold=0.90000000000000002) 

OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 

modifier=Anneal(targets=FiddleSelectedElements(),criterion=AverageEnergy(alpha=0.90000000000000002),T=0.0

,delta=1.0,iteration=ConditionalIteration(condition=AcceptanceRate(acceptance_rate=5),extra=15,maximum=50))) 

OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 
modifier=Rationalize(targets=AllElements(),criterion=AverageEnergy(alpha=0.90000000000000002),method=Auto

maticRationalization())) 

OOF.ElementSelection.Clear(skeleton='3Y-ASM.png:skeleton') 

OOF.Skeleton.PinNodes.Pin_Internal_Boundary_Nodes(skeleton='3Y-ASM.png:skeleton') 

OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 

modifier=Rationalize(targets=AllElements(),criterion=AverageEnergy(alpha=0.80000000000000004),method=Auto

maticRationalization())) 

OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 

modifier=MergeTriangles(targets=AllElements(),criterion=LimitedUnconditional(alpha=0.5,homogeneity=0.90000

000000000002,shape_energy=0.5))) 

OOF.Skeleton.Modify(skeleton='3Y-ASM.png:skeleton', 
modifier=Smooth(targets=AllNodes(),criterion=AverageEnergy(alpha=0.59999999999999998),T=0.0,iteration=Con

ditionalIteration(condition=AcceptanceRate(acceptance_rate=30),extra=15,maximum=50))) 

OOF.Skeleton.PinNodes.UnpinAll(skeleton='3Y-ASM.png:skeleton') 

OOF.Mesh.New(name='mesh', skeleton='3Y-ASM.png:skeleton', element_types={'D2_2', 'T3_3', 'Q4_4']) 

OOF.Subproblem.Field.Define(subproblem='3Y-ASM.png:skeleton:mesh:default', field=Temperature) 

OOF.Subproblem.Field.Activate(subproblem='3Y-ASM.png:skeleton:mesh:default', field=Temperature) 

OOF.Subproblem.Equation.Activate(subproblem='3Y-ASM.png:skeleton:mesh:default', equation=Heat_Eqn) 

OOF.Subproblem.Equation.Activate(subproblem='3Y-ASM.png:skeleton:mesh:default', 

equation=Plane_Heat_Flux) 

OOF.Mesh.Boundary_Conditions.New(name='bc', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=95.0),boundary='top')) 
OOF.Mesh.Boundary_Conditions.New(name='bc<2>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=105.0),boundary='bottom')) 

OOF.Mesh.Boundary_Conditions.New(name='bc<3>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=NeumannBC(flux=Heat_Flux,profile=ConstantProfile(value=0.0),boundary='right',normal=False)) 

OOF.Mesh.Boundary_Conditions.New(name='bc<4>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=NeumannBC(flux=Heat_Flux,profile=ConstantProfile(value=0.0),boundary='left',normal=False)) 

OOF.Subproblem.Set_Solver(subproblem='3Y-ASM.png:skeleton:mesh:default', 

solver_mode=BasicSolverMode(time_stepper=BasicStaticDriver(),matrix_method=BasicIterative(tolerance=1e-

10,max_iterations=100000))) 

OOF.Mesh.Solve(mesh='3Y-ASM.png:skeleton:mesh', endtime=0.0) 
OOF.Mesh.Analyze.Integral(mesh='3Y-ASM.png:skeleton:mesh', time=latest, 

data=getOutput('Flux:Invariant',invariant=Magnitude(),flux=Heat_Flux), 

domain=SkeletonEdgeBoundaryDomain(boundary='top',side='LEFT'), 
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sampling=StatElementSegmentSampleSet(n_points=25), 

destination=OutputStream(filename='/data/users/jangle/3Y-ASM_Z_1_inter_100C',mode='w')) 

OOF.Material.Remove_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Alumina_Therm(kappa=20.2300501495914) 

OOF.Material.Add_property(name='Alumina_Material', 
property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Material.Remove_property(name='Spinel_Material', 

property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Spinel_Therm(kappa=12.2221628838451) 

OOF.Material.Add_property(name='Spinel_Material', property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Material.Remove_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Zirconia_Therm(kappa=3.03333333333333) 

OOF.Material.Add_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Material.Remove_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Monazite_Therm(kappa=2.09090909090909) 

OOF.Material.Add_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=195.0),boundary='top')) 

OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=205.0),boundary='bottom')) 

OOF.Mesh.Solve(mesh='3Y-ASM.png:skeleton:mesh', endtime=0.0) 

OOF.Mesh.Analyze.Integral(mesh='3Y-ASM.png: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=OutputStream(filename='/data/users/jangle/3Y-ASM_Z_1_inter_200C',mode='w')) 

OOF.Material.Remove_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Alumina_Therm(kappa=16.1805719735346) 

OOF.Material.Add_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Material.Remove_property(name='Spinel_Material', 

property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Spinel_Therm(kappa=10.425414997138) 
OOF.Material.Add_property(name='Spinel_Material', property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Material.Remove_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Zirconia_Therm(kappa=2.94166666666666) 

OOF.Material.Add_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Material.Remove_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Monazite_Therm(kappa=1.82467532467532) 

OOF.Material.Add_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 
OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=295.0),boundary='top')) 
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OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=305.0),boundary='bottom')) 

OOF.Mesh.Solve(mesh='3Y-ASM.png:skeleton:mesh', endtime=0.0) 

OOF.Mesh.Analyze.Integral(mesh='3Y-ASM.png: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=OutputStream(filename='/data/users/jangle/3Y-ASM_Z_1_inter_300C',mode='w')) 

OOF.Material.Remove_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Alumina_Therm(kappa=13.384599223625) 

OOF.Material.Add_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Material.Remove_property(name='Spinel_Material', 

property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Spinel_Therm(kappa=9.07695390781563) 

OOF.Material.Add_property(name='Spinel_Material', property='Thermal:Conductivity:Isotropic:Spinel_Therm') 
OOF.Material.Remove_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Zirconia_Therm(kappa=2.79166666666666) 

OOF.Material.Add_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Material.Remove_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Monazite_Therm(kappa=1.64285714285714) 

OOF.Material.Add_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='3Y-ASM.png:skeleton:mesh', 
condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=395.0),boundary='top')) 

OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=405.0),boundary='bottom')) 

OOF.Mesh.Solve(mesh='3Y-ASM.png:skeleton:mesh', endtime=0.0) 

OOF.Mesh.Analyze.Integral(mesh='3Y-ASM.png: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=OutputStream(filename='/data/users/jangle/3Y-ASM_Z_1_inter_400C',mode='w')) 

OOF.Material.Remove_property(name='Alumina_Material', 
property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Alumina_Therm(kappa=11.411641945269) 

OOF.Material.Add_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Material.Remove_property(name='Spinel_Material', 

property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Spinel_Therm(kappa=8.02761692650334) 

OOF.Material.Add_property(name='Spinel_Material', property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Material.Remove_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Zirconia_Therm(kappa=2.70833333333333) 
OOF.Material.Add_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Material.Remove_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 
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OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Monazite_Therm(kappa=1.5) 

OOF.Material.Add_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=495.0),boundary='top')) 
OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=505.0),boundary='bottom')) 

OOF.Mesh.Solve(mesh='3Y-ASM.png:skeleton:mesh', endtime=0.0) 

OOF.Mesh.Analyze.Integral(mesh='3Y-ASM.png: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=OutputStream(filename='/data/users/jangle/3Y-ASM_Z_1_inter_500C',mode='w')) 

OOF.Material.Remove_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Alumina_Therm(kappa=9.99546872309267) 
OOF.Material.Add_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Material.Remove_property(name='Spinel_Material', 

property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Spinel_Therm(kappa=7.1878107457899) 

OOF.Material.Add_property(name='Spinel_Material', property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Material.Remove_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Zirconia_Therm(kappa=2.64166666666666) 

OOF.Material.Add_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 
OOF.Material.Remove_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Monazite_Therm(kappa=1.4090909090909) 

OOF.Material.Add_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=595.0),boundary='top')) 

OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=605.0),boundary='bottom')) 

OOF.Mesh.Solve(mesh='3Y-ASM.png:skeleton:mesh', endtime=0.0) 
OOF.Mesh.Analyze.Integral(mesh='3Y-ASM.png: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=OutputStream(filename='/data/users/jangle/3Y-ASM_Z_1_inter_600C',mode='w')) 

OOF.Material.Remove_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Alumina_Therm(kappa=8.96490901820976) 

OOF.Material.Add_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Material.Remove_property(name='Spinel_Material', 
property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Spinel_Therm(kappa=6.50047393364929) 

OOF.Material.Add_property(name='Spinel_Material', property='Thermal:Conductivity:Isotropic:Spinel_Therm') 



 

128 

 

OOF.Material.Remove_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Zirconia_Therm(kappa=2.55833333333333) 

OOF.Material.Add_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Material.Remove_property(name='Monazite_Material', 
property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Monazite_Therm(kappa=1.35064935064935) 

OOF.Material.Add_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=695.0),boundary='top')) 

OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=705.0),boundary='bottom')) 

OOF.Mesh.Solve(mesh='3Y-ASM.png:skeleton:mesh', endtime=0.0) 

OOF.Mesh.Analyze.Integral(mesh='3Y-ASM.png: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=OutputStream(filename='/data/users/jangle/3Y-ASM_Z_1_inter_700C',mode='w')) 

OOF.Material.Remove_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Alumina_Therm(kappa=8.20648215531756) 

OOF.Material.Add_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Material.Remove_property(name='Spinel_Material', 

property='Thermal:Conductivity:Isotropic:Spinel_Therm') 
OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Spinel_Therm(kappa=5.92754010695187) 

OOF.Material.Add_property(name='Spinel_Material', property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Material.Remove_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Zirconia_Therm(kappa=2.44166666666666) 

OOF.Material.Add_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Material.Remove_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Monazite_Therm(kappa=1.29870129870129) 

OOF.Material.Add_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 
OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=795.0),boundary='top')) 

OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=805.0),boundary='bottom')) 

OOF.Mesh.Solve(mesh='3Y-ASM.png:skeleton:mesh', endtime=0.0) 

OOF.Mesh.Analyze.Integral(mesh='3Y-ASM.png: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=OutputStream(filename='/data/users/jangle/3Y-ASM_Z_1_inter_800C',mode='w')) 

OOF.Material.Remove_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Alumina_Therm(kappa=7.64307268579348) 
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OOF.Material.Add_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Material.Remove_property(name='Spinel_Material', 

property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Spinel_Therm(kappa=5.44264116013576) 

OOF.Material.Add_property(name='Spinel_Material', property='Thermal:Conductivity:Isotropic:Spinel_Therm') 
OOF.Material.Remove_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Zirconia_Therm(kappa=2.40833333333333) 

OOF.Material.Add_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Material.Remove_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Monazite_Therm(kappa=1.25974025974025) 

OOF.Material.Add_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const
antProfile(value=895.0),boundary='top')) 

OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=905.0),boundary='bottom')) 

OOF.Mesh.Solve(mesh='3Y-ASM.png:skeleton:mesh', endtime=0.0) 

OOF.Mesh.Analyze.Integral(mesh='3Y-ASM.png: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=OutputStream(filename='/data/users/jangle/3Y-ASM_Z_1_inter_900C',mode='w')) 

OOF.Material.Remove_property(name='Alumina_Material', 
property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Alumina_Therm(kappa=7.22120709136832) 

OOF.Material.Add_property(name='Alumina_Material', 

property='Thermal:Conductivity:Isotropic:Alumina_Therm') 

OOF.Material.Remove_property(name='Spinel_Material', 

property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Spinel_Therm(kappa=5.0269340974212) 

OOF.Material.Add_property(name='Spinel_Material', property='Thermal:Conductivity:Isotropic:Spinel_Therm') 

OOF.Material.Remove_property(name='Zirconia_Material', 

property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Zirconia_Therm(kappa=2.35833333333333) 

OOF.Material.Add_property(name='Zirconia_Material', 
property='Thermal:Conductivity:Isotropic:Zirconia_Therm') 

OOF.Material.Remove_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Property.Parametrize.Thermal.Conductivity.Isotropic.Monazite_Therm(kappa=1.25974025974025) 

OOF.Material.Add_property(name='Monazite_Material', 

property='Thermal:Conductivity:Isotropic:Monazite_Therm') 

OOF.Mesh.Boundary_Conditions.Edit(name='bc', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const

antProfile(value=995.0),boundary='top')) 

OOF.Mesh.Boundary_Conditions.Edit(name='bc<2>', mesh='3Y-ASM.png:skeleton:mesh', 

condition=DirichletBC(field=Temperature,field_component='',equation=Heat_Eqn,eqn_component='',profile=Const
antProfile(value=1005.0),boundary='bottom')) 

OOF.Mesh.Solve(mesh='3Y-ASM.png:skeleton:mesh', endtime=0.0) 

OOF.Mesh.Analyze.Integral(mesh='3Y-ASM.png:skeleton:mesh', time=latest, 

data=getOutput('Flux:Invariant',invariant=Magnitude(),flux=Heat_Flux), 
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domain=SkeletonEdgeBoundaryDomain(boundary='top',side='LEFT'), 

sampling=StatElementSegmentSampleSet(n_points=25), 

destination=OutputStream(filename='/data/users/jangle/3Y-ASM_Z_1_inter_1000C',mode='w')) 
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