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ABSTRACT 

Spark plasma sintering (SPS), also known as direct current sintering (DCS) is an 

advanced sintering technique that and uses a continuous pulsed direct current to rapidly 

process materials through Joule heating and offers significant advantages and versatility 

over conventional sintering methods. The technique features in energy saving owing to 

high heating rates and is very suitable for consolidation as well as diffusion bonding of 

electrical conductive advanced ceramic materials such as ultra high temperature ceramics 

(UHTCs). However, cooling rate in SPS also plays an important role as it directly 

influences the generation of residual stress especially for specimens consist of dissimilar 

phases such as composites and laminates primarily due to CTE mismatch. Therefore, in 

order to produce high quality materials, a zirconium diboride with addition of silicon 

carbide (ZrB2-SiC) ultra high temperature ceramic composite is selected to investigate 

the effect of cooling rate in SPS on microstructure and mechanical properties. After being 

densified at the target temperature, ZrB2-25vol%SiC specimens are cooled from 1800°C 

using controlled cooling rates of 10 °C/minute to ~225.5 °C/minute (free cooling). A time 

dependent finite element analysis (FEA) model is used to simulate the temperature 

gradients across the specimens at dwell times and during the cooling processes. The 

residual stress within the specimens are experimentally verified using X-ray diffraction 

(XRD) and Raman spectrometry, and found maximum residual stress within the 

specimen cooled at 225.5 °C/minute. Peak Hardness and moderate elastic modulus is 

found for specimen sintered at 1800 °C and cooled at 100 °C/minute, which make this 

temperature and cooling rate appropriate conditions for future fabrication of UHTCs with 

similar thermal and electrical properties. These materials are of great interest for their 

excellent high-temperature capabilities, wear and corrosion resistance, and are regarded 

as material candidates for engineering applications in extreme environments. Therefore, 

development of an effective joining technique is important since near-net shape 

fabrication is challenging, and joints formed by brazing or conventional solid-state 

diffusion bonding limit the mechanical strength and high temperature applications of the 

base materials. Using SPS we have rapidly and successfully joined ZrB2 to hafnium 

diboride (HfB2) at 1750 and 1800 °C within a minute through electric current assisted 

solid-state diffusion bonding. The electric current enables localized Joule heating as well 
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as plastic deformation of the mating surface asperities, and enhances the elemental 

interdiffusion process at the HfB2/ZrB2 interfaces owing to electromigration, which leads 

to the formation of ZrxHf1-xB2 solid solution. A series of characterization and analytical 

techniques including scanning electron microscopy (SEM), wavelength dispersive 

spectroscopy (WDS), electron backscatter diffraction (EBSD), and scanning transmission 

electron microscopy (S/TEM) are employed to study the microstructure and chemical 

composition at of the HfB2/ZrB2 interfaces. Apart from enhanced diffusion as a result of 

electromigration, the applied electric current can also be use to promote plastic 

deformation in ZrB2, which does not go through gross plastic deformation due to its 

extremely high melting point and brittle nature even when elevated temperature and 

pressure are applied. Through “electroplastic effect” (an effect based on electromigration) 

the mobility and multiplication of the existing dislocations in ZrB2 is enhanced, and a 

“metal-like” primary recrystallization phenomenon in the ZrB2 is observed meaning the 

material has experienced a sufficient amount of plastic deformation and reached the 

critical dislocation density and configuration for nucleation of “strain-free” grains. The 

average grain size of the recrystallized grain is only ½ of its original value. These 

findings suggest great potentials in microstructural tailoring and grain refinement of 

conductive advanced ceramics using SPS, and provide promising ideas for future 

fabrications and applications.   
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Chapter 1: Introduction and Background 

 

1.1 Ultra high temperature ceramics (UHTCs) 

Ultra-high temperature ceramics (UHTCs) are a family of advanced ceramics 

includes a number of diborides, nitride and carbides of transition metals from the IVA 

and VA groups that have melting temperatures exceed 3000 °C 1. Examples of UHTCs 

with corresponding melting temperatures are listed in Table 1.1. Extensive researches on 

UHTCs have been carried out in the past few decades as scientists are constantly 

searching for possible material solutions that can withstand extreme environments 2. 

Many of these studies are inspired by research works led by a former Soviet Union 

scientist G.V. Samsonov, who had dedicated his career investigating material properties 

of refractory compounds and created the foundation in the field of UHTCs 3. According 

to Dr. Samsonov, UHTCs are considered as the “metal-like” refractory compounds with 

“unfilled deep d and f levels in the isolated-atom state” and a diversity of crystal 

structures and properties can be formed at stable electron configurations of the donor 

(metal) atoms 3. A combination of high electrical/thermal conductivities, hardness, 

chemical inertness as well as relatively good oxidation resistance have made UHTCs 

promising candidates to be used for aerospace and energy applications. Among the 

family of UHTCs, zirconium diboride (ZrB2) and hafnium diboride (HfB2) are of 

particular interest to researchers owning to their superior material properties especially 

the oxidation resistance and thermal stability at elevated temperatures, which make them 

potential candidates for leading edges, nose-tips, and thermal protection systems (TPS) in 

future generations’ hypersonic vehicles or reusable atmospheric re-entry vehicles 4. 
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Selected structural, mechanical, electrical, and thermal properties of ZrB2 and HfB2 are 

provided in Table 1.2 3, 5. Both ZrB2 and HfB2 possess the same hexagonal close-packed 

(hcp) crystal structure (AlB2 type, P6/mmm space group) 5. A schematic of a ZrB2 or 

HfB2 unit cell is given in Figure 1.1 (a). The hcp metal sublattice in the unit cell is the 

main source of free electrons, which ensure the high electrical conductivity comparable 

to those of metals. The graphite-like boron (B) ring located in the center of the metal 

sublattice interacts with the metal layers and provides the covalent characteristics 5. A 

major overlapping of the partial density of states in the metal-4d and B-2p results in 

strong covalent interaction between the metal and B atoms and formation of hybrid 

bonds, which determines the high melting points and thermal stabilities of ZrB2 and HfB2 

6. This dissertation will mainly focus on research works of ZrB2 and HfB2 based UHTCs 

and their composites such as ZrB2 with silicon carbide addition (i.e. ZrB2-SiC). 

Microstructures of HfB2, ZrB2, and ZrB2 – 25vol.% SiC densified with various sintering 

conditions are shown in Figure 1.1 (b), (c), and (d), respectively. 
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Table 1.1: Examples of UHTCs and their corresponding melting temperatures 3–5. 
UHTCs Tm (°C) UHTCs Tm (°C) UHTCs Tm (°C) 

HfB2 3380 TaB2 3040 NbC 3613 
ZrB2 3245 TaC 3800 TiC 3100 
TiB2 3225 HfC 3900 TaN 3087 
NbB2 3000 ZrC 3400 HfN 3385 

 

 

 

Table 1.2: Selected materials properties of ZrB2 and HfB2 3, 5. 
Material Property ZrB2 HfB2 

Crystal structure Hexagonal Hexagonal 
Space group and prototype structure P6/mmm (AlB2) P6/mmm (AlB2) 

a (Å) 3.17 3.139 
c (Å) 3.53 3.473 

Density (g/cm3) 6.119 11.212 
Melting temperature (°C) 3245 3380 
Young’s modulus (GPa) 489 480 

Bulk modulus (GPa) 215 212 
Hardness (GPa) 23 28 

Coefficient of thermal expansion (×10-6 K-1) 5.9 ~ 6.5 (RT ~ 2027 °C) 6.3 ~ 6.8 (RT ~ 2027 °C) 
RT Heat capacity (J·(mol·K)-1) 48.2 49.5 
Electrical conductivity (S/m) 1.0 × 107 9.1 × 106 

Thermal conductivity (W·(m·K)-1) 58 ~ 134 (RT ~ 2027 °C) 51 ~ 143 (RT ~ 2027 °C) 
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Figure 1.1: (a) Schematic of an AlB2-type crystal structure (e.g. ZrB2 and HfB2) with an hcp 

metal sub-lattice and a graphite-like ring of boron atoms locate in between two metal layers. (b) 

Microstructure of HfB2 sintered at 1850 °C for 5 minutes. (c) Microstructure of ZrB2 sintered at 

2000 °C for 30 minutes. (d) Microstructure of a ZrB2-25vol%SiC composite sintered at 1800°C 

for 5 minutes. 
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1.2 Spark plasma sintering (SPS) technologies for processing ceramic materials 

 

All experiments associated with electric current and pressure assisted 

densification and joining of UHTC materials are conducted inside a SPS furnace (SPS 

10-3, Thermal Technology LLC, Santa Rosa, CA) located in Corral Research Laboratory 

at the University of Arizona. And all specimens produced in SPS for this dissertation 

exhibit room temperature electrical conductivity of ~107 S/m (comparable to those of 

metals).  

 

1.2.1 Sintering/densification  

Ceramic materials, with exception of glasses are known for their high melting 

temperatures and hence are rarely processed from the melt. Sintering is a common 

processing method for ceramic materials in which dense ceramic bodies are consolidate 

from powder compacts at high temperatures below their melting points. The process of 

sintering is driven by the reduction in the total free energies associated with the volume, 

boundaries and surfaces of the grains and is realized through diffusion of atoms 7. Spark 

plasma sintering (SPS) is a promising sintering technique that features in energy saving 

and allows rapid sintering process with accurate energy control. Heat in an SPS furnace is 

solely generated via Joule heating by applying a continuous ON-OFF pulsed direct 

current with a low voltage. The temperature in SPS during heating, isotherm, and cooling 

are monitored by a proportional integral derivative (PID) controller, which calculated the 

differences between the setpoint temperature and the process value measured by an 

optical pyrometer aimed on the side of the die wall as shown in Figure 1.2 (a). The 



	

	 23	

system then adjusts the electric current input to minimize this calculated difference 8. 

Unlike SPS, conventional sintering techniques such as hot pressing (HP) requires the use 

of heating elements (e.g. induction coils) and heat the specimen indirectly via radiant 

heating 9. Figure 1.2 (a) and (b) are schematics of tooling setups that demonstrate how a 

conductive specimen is heated inside an SPS furnace via Joule heating, versus inside a 

hot press (HP) via radiant heating, respectively.  

A typical densification process by SPS can be complete within a few minutes 

owning to the high heating rates (up to 600 °C/min in SPS 10-3) especially when the 

specimen conducts electricity.  During SPS, a direct electric current flows through 

conductive powder compact as well as the graphite die, and causes localized heating at 

particle surfaces, clean up the surface oxides through dielectric breakdown 10, and 

enhance grain boundary diffusion, i.e. densification 11. Therefore, the entire densification 

process can be finished in much less time and at lower sintering temperature compared to 

a process that uses HP. Figure 1.3 (a) and (b) provide an example of the electric current 

and voltage levels during a densification process of a ZrB2 conductive ceramic powder 

compact sintered at 1800 °C for 5 minutes using a 100 °C/min heating and cooling rate. 

According to the powder shrinkage plot as shown in Figure 1.3 (c), densification of the 

powder compact initiated around 1300 °C, and finished only after about 200 seconds at 

target sintering temperature. Even if the specimen is an electrical insulator such as silicon 

nitride (Si3N4), where no current passes through the sample during sintering, rapid 

densification is still guaranteed since the specimen is heated directly through conductive 

heating from the Joule heated graphite die. As a result, grain coarsening is limited in SPS 
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owing to rapid processing time and relatively lower sintering temperature compared to 

HP, and fine microstructure can be obtained.  

 

1.2.2 Joining  

Advanced ceramics such as structural ceramics and ultra high temperature 

ceramics are regarded as attractive engineering materials for a variety of applications due 

to their excellent high-temperature capabilities as well as wear and corrosion resistances. 

As one of the earliest manufacturing techniques known to mankind, joining is employed 

in advanced ceramic manufacturing as a practical technique in order to overcome the 

challenges in fabricating near net shapes of increasing complexities, and to meet the 

growing needs of incorporating dissimilar materials to enhance performance.  

Common joining methods include fusion welding, soldering, brazing and solid-

state diffusion bonding. Among those only brazing and solid-state diffusion bonding are 

practical methods for ceramic materials since they do not require melting of the base 

ceramics, which usually possess very high melting points 12. However, neither brazing 

nor diffusion bonding is ideal. Brazing introduces an intermediate material at the joint 

that melts and solidifies to form a “weak” joint with significantly lower melting 

temperature compared to that of the base ceramics 13. And in the case of conventional 

solid-state diffusion bonding done in a hot press apparatus, although strong bond is 

formed by bringing the base ceramics into atomic contact at elevated temperature, the 

entire joining process can be very time consuming 14, 15 especially for ceramics with 

extremely high melting temperatures such as UHTCs 5.  
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Therefore, a promising and efficient diffusion bonding method that uses the 

assistance of direct electric current is employed and can be achieved in an SPS furnace. 

Bonding is completed within only a few minutes with interfaces that exhibit comparable 

mechanical strength compared to that of the base materials 16. The electric current 

assisted diffusion bonding method allows us to rapidly form seamless joining interfaces 

owing to high heating rate and localized joule heating at the mating surfaces, which 

enhances diffusional mass transport and the joining interfaces. In the case of conductive 

ceramics such as most of the UHTCs, the electric current can potentially promote local 

plastic deformation 17 of the surface asperities as well as dislocation-climb limited power 

law creep 18, and hence accelerate the bonding process. Therefore, the current assisted 

diffusion bonding method is believed to be the most suitable method for joining of 

UHTCs and retain mechanical integrities while exhibiting excellent high temperature 

capabilities.  

 

1.2.3 Finite element analysis (FEA) 

 In the field of current-assisted sintering, the current flow paths and the complexity 

of tooling design directly influence the thermal and stress distributions on the materials 

being processed, which directly control the homogeneity of the microstructure.  

Meanwhile, during the heating and cooling stages of the densification process, steady 

state is never reached and the thermal energy within the system flows in a transient mode. 

Therefore, thermal-electrical coupled finite element analysis (FEA) models are needed to 

simulate the densification process in an SPS system, and obtain reasonable predictions on 

electric current density and temperature gradient on the specimen as well as the tooling 
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stacks 19, 20. In this case, the models can be use to guide the experiments especially for 

situations with practical limitations, as well as gain insights of different stages of a 

densification process. For work discussed in this dissertation, the thermal-electrical 

coupled models are designed specifically for specimens processed in the tooling stacks of 

the SPS 10-3 furnace using an FEA software (COMSOL Multiphysics®, COMSOL Inc., 

Los Angeles, CA) 21. An electric current module and a heat transfer module each with a 

set of fundamental physical equations are employed for modeling (see Appendix A). The 

Joule heating and heat transfer during SPS are governed by the major two fundamental 

physical equations expressed by Equation (1) and (2):  

 
!!!! ∙ ∇! = ∇ ∙ !∇! + !!                         (1) 

!! = ! ∙ !                           (2) 

 
Variables used in above equations are defined in Appendix A. The average current value 

at isotherm and the time-dependent current function during heating/cooling can be used 

as input to build steady state and transient (time-dependent) models that simulate the 

current density and temperature distribution at isotherm and during heating/cooling. For 

all SPS processes discussed in this dissertation, the inner surfaces of the die wall and 

punches are lined with graphite foil (as shown in Figure 1.4) to avoid reaction between 

the sample and tooling. Hence, for modeling the graphite foil is treated as a thin layer, 

and input as a contact resistance by applying a surface impedance function. The exterior 

of the tooling stack are given equivalent emissivity values (correspond to different 

materials) for heat loss. Material properties of the graphite rams and die, steel electrodes, 

and the specimen [(as shown in Figure 1.2 (a)] used for modeling are obtained both from 
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experimental data and literature 8, 22–25, and are listed in Appendix B. Figure 1.5 

demonstrates the modeling steps (a) ~ (c) for FEA and several examples of output (d) ~ 

(h) during densification of ZrB2 electrical conductive specimens at various temperatures. 

By building the tooling geometry [as shown in part (a)], assign it with a specific finite 

element mesh size [part (b)] and different material properties [part (c)], one can obtain 

the current density in the tooling stack (d), electrical potential across the electrodes (e), 

and temperature distribution in the tooling (f); as well as the cross-sectional current 

density and temperature distribution on the sample and die wall as shown in part (g) and 

(h), respectively.  
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Figure 1.2: Schematics of experimental tooling setup of a sintering run conducted by (a) an SPS 

furnace via Joule heating, where a direct electric current passes through conductive sample and 

die to generate the heat; versus (b) an HP furnace via radiant heating, where the sample is heated 

indirectly by the induction heating coils around the die. 
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Figure 1.3: SPS densification profiles of a ZrB2 conductive ceramic powder compact sintered at 

1800 °C for 5 minutes at 100 °C/min heating/cooling rates showing (a) electric current and 

temperature as a function of time; (b) applied voltage and temperature as a function of time; and 

(c) powder shrinkage and temperature as a function of time. 
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Figure 1.4: Schematic of a graphite foil lined die for SPS to avoid reaction between the sample 

and tooling. 
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Figure 1.5: FEA modeling steps and results using COMSOL Multiphysics® showing (a) tooling 

geometry in SPS; (b) finite element mesh of the tooling; (c) assigning elements with materials; 

(d) example of a 2D slice of current density in the tooling and a ZrB2 specimen at a die wall 

temperature of 1800 °C; (e) electric potential across the tooling stack at a die wall temperature of 

1800 °C; (f) temperature distribution across the tooling stack at a die wall temperature of 1900 

°C; (g) cross-sectional current density of die wall and sample at a die wall temperature of 1800 

°C; (h) cross-sectional temperature distribution of die wall and sample at a die wall temperature 

of 1800 °C. Note that material properties of ZrB2 are assigned to the sample to get the results in 

(d) ~ (h). 
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1.3 Primary recrystallization 

 

1.3.1 Definition 

The definition of “primary recrystallization (PR)” is at variance among scientists 

from different disciplines. From a metallurgist point of view, the phenomenon is 

restricted to the nucleation and subsequent growth of “strain-free” equiaxed grains from 

previously deformed material without change in crystal structure and phase composition 

26. As a succeeding process of recovery, the driving force for primary recrystallization is 

the remaining internal strain energy gradient between the strained and unstrained regions 

within a microstructure 26. Once a critical strain level caused by plastic deformation is 

reached, this stored strain energy is released through removal of dislocations during the 

process of recrystallization, which involves with formation and migration of grain 

boundaries with misorientation greater than 10 to 15 degrees 27. Typical primary 

recrystallization processes includes static recrystallization and dynamic recrystallization. 

The former process proceeds after plastic deformation during a heat treatment, whereas 

the later one occurs concurrently with deformation at temperatures above the 

recrystallization temperature of the material 28. A schematic showing changes in 

microstructure and mechanical properties of a typical PR process in metals is given in 

Figure 1.6 26, 29.  

	
1.3.2 Nucleation mechanisms 

Researches of recrystallization on metals has been carried out since 1920’s and a 

lot of fundamental understandings about the phenomenon are based on metallic materials 

30. Through primary recrystallization, microstructure of a metal is altered, which usually 
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results in strong impacts on its mechanical properties. Hence in many times 

recrystallization is induced deliberately in metals to obtain desired material properties. 

Three major mechanisms on nucleation of recrystallization are reported for metals 

include strain induced grain boundary migration; sub-boundary migration; and sub-grain 

coalescence 30. The nucleation sites are located in heavily deformation regions such as 

transition bands and sub-grain boundaries. In the case of particle containing (secondary 

phase) metals or alloys, nucleation of “strain-free” grains are particle size, volume 

fraction, and distribution dependent. These parameters play an important role on the 

dislocation configuration and stored strain energy within a material, which directly relate 

to the driving force for recrystallization. Large particles may act as nucleation sites for 

recrystallization, while small and closely packed particles can hinder the process due to 

pinning effect 31.   
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Figure 1.6: A schematic demonstrating grain morphology of a primary recrystallization (PR) 

process in a brass alloy during annealing. The effect of annealing temperature on grain size, 

tensile strength, and ductility is plotted in the corresponding stages of the PR process (adapted 

from references 26, 29). 
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Chapter 2 Microstructural Characterization and Analytical Techniques 

 

2.1 Electron-sample interactions 

 
2.1.1 Basic concept 

Electrons are considered an ionizing radiation that is capable of interacting with 

individual atoms in a specimen and producing a variety of secondary signals from the 

specimen 32. When a beam of electrons strikes a specimen, two types of electron 

scattering events happen:  some incident electrons will get deflected by the nuclei of the 

target atoms, and the rest may knock off some low energy outer-shell electrons or tightly 

bound inner-shell electrons from the target atoms 33. A schematic of electron-sample 

interaction with the generated secondary signals from the corresponding interaction 

volumes are illustrated in Figure 2.1. 

 

2.1.2 Elastic scattering  

During elastic scattering, the trajectories of the incident electrons are significantly 

altered and result in large scattering angle (> 90 °), while the kinetic energy of the 

electrons remains unchanged (or negligible change). An important signal produced by 

elastic scattering is termed electron backscattering. The produced backscattered electrons 

are mainly used for compositional imaging based on average atomic number (Z) 34. 

Atoms with relatively large Z have greater cross section and tend to have a higher 

probability of producing an elastic collision. Accordingly, more BSE will reach the 

detector when average Z is large. And the higher the intensity of the collected BSE, the 

brighter the phase appears on the image and vice versa.  The BSE signal is also used for 
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characterizing crystallographic orientation, grain size and phase identification 35 in 

electron backscatter diffraction (EBSD).  

 

2.1.3 Inelastic scattering 

During inelastic scattering, the incident electrons lose energy to the target atoms 

in the specimens though energy transfer, yet the path of the incident beam is only slightly 

altered. Several secondary signals are generated as a result of inelastic scattering include, 

and are listed in below 34, 36: 

• Secondary electrons: generated due to the loss of low energy outer-shell electrons 

from the target atoms and mainly used for imaging surface details of the 

specimens. 

• Characteristic X-rays: generated when an electron transitions from an outer shell 

to fill an inner-shell vacancy produced by removal of tightly bound inner-shell 

electrons. The signal is mainly used for chemical analysis of the specimens.  

• Bremsstrahlung or continuum X-rays: energy lost of the incident electrons by 

deceleration in the Coulombic field of the outer-shell electrons of the target 

atoms. 

• Cathodoluminescence: visible light produced by excitation and decay of electron-

hole pairs in the target atoms. 

• Auger electrons: generated ~10 Å below the sample surface, and used for near 

surface chemical analysis.  

• Heat. 
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Figure 2.1: Schematic of electron-sample interaction and the generation of various secondary 

signals at corresponding interaction volumes (Image adapted from reference	37) 
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2.2 Scanning electron microscopy (SEM) 

 

2.2.1 Basic concept  

A scanning electron microscope (SEM) focuses a beam of high-energy electrons 

at the surface of a specimen and uses the signals generated from the electron-sample 

interactions as we mentioned in the previous section for high-resolution imaging and 

characterizations. It is a powerful and non-destructive technique that allows us to observe 

a variety of organic and inorganic materials at micrometer or even nanometer scale as 

well as performing chemical or structural analyses 36. A typical SEM instrument includes 

an electron source (gun), a beam column (optics), a sample chamber, and detectors for 

signals of interest.  

 

2.2.2 Imaging capabilities 

SEM is routinely operated under secondary electrons (SE) and backscattered 

electrons (BSE) modes for imaging. The secondary electrons are loosely bounded outer-

shell electrons that receive sufficient energy during inelastic scattering and are ejected 

near the surface (only a few microns deep) of the specimen. Images taken under the SE 

mode provides detailed information on surface morphology and topography of the area of 

interest on the specimen 36. Backscattered electrons are used for compositional contrast 

imaging based on average atomic number (Z). The number of backscattered electrons 

generated within a material is strongly dependent on the Z of the target atom, with high Z 

material appears bright and low Z material appear dark in backscattered electron images. 

They are extremely useful in identifying the different phases within a sample and their 

relationships to each other.  
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2.3 Electron backscatter diffraction (EBSD) 

 

2.3.1 Basic concept 

EBSD is a characterization technique that is capable of providing crystallographic 

information (orientation or texture) of most inorganic crystalline materials including 

metals, ceramics, semiconductors and natural minerals 38. The fundamental concept of 

electron backscatter diffraction (EBSD) was first established in 1928 by two Japanese 

scientists Seishi Kikuchi and Shoji Nishikawa as they observed “black and white lines in 

pairs due to multiple scattering and selective reflection” while performing an electron 

diffraction experiment on a calcite sample 39. Later in history, these lines are commonly 

referred to as the “Kikuchi” lines, and are the component elements of EBSD patterns.  

When a beam of incident electrons is directed to the surface of a specimen, they 

will incoherently scattered in all directions. The backscattered electrons with low loss of 

energies are diverged from the incident point just below the sample surface and incident 

on crystalline planes at angles that satisfy the Bragg’s law. These diffracted electrons will 

form a pair of cones called Kossel cones as shown in Figure 2.2 40. Since the phosphor 

screen or detector is flat and nearly normal to the incident beam, the Kossel cones appear 

on the screen as parabolas. If the regions of diffraction are close to the optic axis, these 

parabolas appear as two parallel lines (i.e. the Kikuchi lines). A pair of parallel Kikuchi 

lines forms a Kikuchi band, which represent a family of planes with (h k l) values 

correspond to the width of the band. Intersections of Kikuchi bands represent zone axes. 

And angles between bands are the angles between the corresponding planes. An EBSD 
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pattern consists of a number of Kikuchi bands and gives angular relations to calculate a 

crystal orientation 41.  

A typical setup for EBSD is illustrated in Figure 2.3. The specimen is normally 

tilted to 70° (mounted on a 52° sample holder with a 18° stage pre-tilt) to optimize the 

backscatter electron yielding and the contrast in the diffraction pattern. With the beam 

stationary, an EBSD pattern can be form on the phosphor screen at a fixed distance from 

the sample stage as shown in Figure 2.3. Surface flatness and cleanness of the specimens 

are essential for successfully acquiring a high quality EBSD pattern since the diffracted 

electrons escape from crystal planes within only a few tens of nanometers of the surface, 

and any defects or contamination could affect the signals and result in low pattern 

quality.  

2.3.2 Crystal Orientation and Strain Analysis 

To characterize orientation or texture of a specimen, reference phase(s) with the 

same crystal structure, lattice parameters and space group as the phase(s) contained in the 

specimen must be input into the indexing software for comparison. The software will 

then simulate EBSD patterns associate with all possible crystal orientations based on the 

provided information. As the beam stepping across the area of interest on the specimen 

surface, an EBSD pattern is captured at each scanning point and automatically indexed 

according to the simulated EBSD patterns and other crystallographic information of the 

reference phase(s). The orientation of each scanned point is determined from the 

corresponding EBSD pattern and represented using inverse pole figure (IPF), which is a 

stereographic projection of crystal directions with the axes of the projection sphere 

aligned with the crystal directions 31. A color-coded IPF map is commonly used to 
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indicate the crystal orientations of an area of interest. Each crystal orientation is assigned 

to a unique color according to a color legend defined for that specific crystal structure. By 

comparing the crystal orientation of an individual scanned point to its nearest neighbors 

(kernels) in a color-coded IPF map, a corresponding kernel average misorientation 

(KAM) map can be processed, which provides the degree and spatial distribution of 

average misorientation owning to plastic strain within the area of interest 42. 

2.3.3 Phase identification 

Apart from measuring crystal orientation, EBSD is commonly employed in 

conjunction with Energy dispersive spectroscopy (EDS) for phase identification 

especially for natural minerals or meteoritic specimens. Prior to EBSD, a quick EDS 

spectrum is acquired from the specimen to determine phase(s) with similar chemical 

compositions in the reference crystallographic database. Then, an IPF map is obtained 

from the specimen and compared with the reference EBSD patterns of the potential 

phases selected according to the EDS spectrum. The one(s) that match up the best 

become the candidate phase(s) contained in the specimens 38.  
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Figure 2.2: Schematics of basic concepts in formation of Kikuchi bands (figure generated by 

Liao 40) 
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Figure 2.3: Schematic of a typical EBSD setup at the University of Arizona. 

 

 

 

 

 

 

 

 

 



	

	 45	

2.4 Electron probe micro-analyzer (EPMA) 

2.4.1 Basic concept of electron probe microanalysis (EPMA) 

Electron probe microanalysis (EPMA) is a non-destructive analytical technique 

for analyzing chemical composition of small flat areas on inorganic solid specimens 33, 43.  

In general, an electron probe micro-analyzer is very similar to a scanning electron 

microscope (SEM), which consists of an electron source (gun), a beam column, a sample 

chamber and a variety of detectors for collecting secondary electrons (SE), backscattered 

electrons (BSE), cathodoluminescence (CL) and X-rays 43. Therefore, it is capable of 

acquiring SE, BSE and CL images. However, the most important capability of an electron 

micro-analyzer is to detect characteristic X-rays emitted from the specimens after beam-

specimen interactions and provide microanalysis through energy dispersive spectroscopy 

(EDS) and wavelength dispersive spectroscopy (WDS). Both EDS and WDS generate a 

spectrum with peaks correspond to X-rays emitted from specific elements. Of the two 

analytical methods, EDS is more frequently employed especially when the analysis is 

qualitative and the feature of interest on the specimen is of a few microns or larger in size 

(account for X-ray production from the excitation/interaction volume). All the x-rays are 

collected simultaneously in one EDS scan allows for a complete spectrum to be generated 

in a relatively short time, yet with sufficient information on what elements are contained 

in the specimen. Quantitative analysis is possible with EDS, but quite difficult since its 

spectral resolution and sensitivity is usually a magnitude lower compared to that of the 

WDS offers 36. Accordingly, WDS is a more suitable technique for improved quantitative 

analyses at micron size spot down to trace element levels 44, and will be discussed in 

further details in the following section. 
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2.4.2 Wavelength dispersive spectroscopy (WDS) 

Chemical analysis using WDS is considered the “primarily importance” 43 of the 

EMPA. Unlike EDS, in WDS individual X-ray peak is detected at a specific wavelength 

and the spectrum is formed sequentially as the full wavelength range is scanned 44. In a 

WD spectrometer an analytical crystal with a set of lattice spacings (d-spacings) is added 

in between the specimen and the detector to diffract X-rays of specific wavelengths into 

the detector tube. The positions of the specimen, the analytical crystal, and the detector 

are always fixed with respect to each other in a geometry called the Rowland circle 44 as 

shown in Figure 2.4. During a WDS scan, characteristic X-rays are generated from the 

specimen and send to analytical crystals at certain constant angles. The analytical crystals 

then filter out individual X-ray beam according to Bragg’s law and pass its wavelength to 

the detector one at a time. After one element is detected, the positions of the analytical 

crystal and the detector will change relative to the specimen in order to analyze a 

different characteristic X-ray generated by another element within the specimen. 

Therefore, the specimen, the analytical crystal and the detector are constantly rotating 

together around the Rowland circle at fixed positions with respect to each other. For a 

typical EPMA system, four to five spectrometers each contains two to four analytical 

crystals (with each crystal covers a pre-determined wavelength range) are mounted 

around the sample chamber in order to cover elements from boron (B) to uranium (U). 

For quantitative analysis, it is assumed that the x-ray intensity (measured in 

counts) of an element is directly proportional to its concentration in the specimen. The 

measured signal from each element of interest is then compared to the intensity measured 

from a standard that contains the same element with known concentration. A matrix of 
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standards that contain a variety of elements of known concentration is shown in Figure 

2.5. According to Castaing’s first approximation, the relation between the element of 

interest and the standard can be expressed as: 

!!"#$%&!

!!"#$%#&%! = !!"#$%&!

!!"#$%#&%!  

Where i represents the element of interest, Csample (or standard) and Isample (or standard) are the 

concentration and intensity of element i in the sample or standard, respectively. However, 

in reality this ratio affected by x-ray absorption, secondary fluorescence, electron 

backscattering, and the electron stopping power in the sample and standards. Hence, for 

accurate quantitative results the ratio needs to be corrected by the ZAF matrix correction 

factors, where Z is the atomic number, A is the absorption and F represents the secondary 

fluorescence 34. 

2.4.3 X-ray mapping using WDS 

 X-ray mapping is a powerful technique that allows imaging the 2D spatial 

distribution of individual chemical element within an unknown specimen 33. Data 

acquisition is done by either rastering the electron beam over the area of interest (for 

relatively small maps) or moving the sample stage under a fixed electron beam. The 

resolution of a map is determined by the probe size, the dwell time on each scanning 

point, as well as the concentration of the element of interest. In general, four to five maps 

(each contains one element of interest) can be acquired simultaneously using different 

spectrometers in a time duration of two to four hours depends on the resolution of the 

maps. The concentration in an X-ray mapping is display in a false color scale ranging 
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from blue (minimum concentration) to red (maximum concentration) 34. Because of this, 

different element maps can be made of the same area for comparison 45. An example of 

X-ray mapping at a diffusion-bonded ZrB2/HfB2 interface is given in Figure 2.6, where 

part (a) is a BSE image showing compositional contrast of the interface, and part (b) and 

(c) show spatial distribution of Hf and Zr caused by elemental interdiffusion during 

diffusion bonding.  
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Figure 2.4: Geometric configuration of a Rowland circle with a sample, an analytical crystal and 

a detector in fixed positions with respect to each other during a WDS scan 44. 
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Figure 2.5: A matrix of individual standards mounted on a metal block for WDS quantitative 

analysis at the University of Arizona. Each of the standard is either made of a pure element or a 

compound with known elemental concentration.  
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Figure 2.6: (a) BSE image of a ZrB2/HfB2 interface joined by diffusion bonding. (b) and (c) are 

X-ray maps showing spatial distribution of Hf and Zr at the interface, respectively. 
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2.5 Scanning/transmission electron microscope (S/TEM) 

 

2.5.1 S/TEM Specimen preparation using focused ion beam (FIB) 

Focused ion beam (FIB) is a finely focused beam of ions (usually being gallium), 

which can be used for direct, site-specific micro- and nano-scale deposition and milling 

of materials from a solid surface. Meanwhile, under relatively low beam currents, a FIB 

system operates in a similar fashion to a scanning electron microscope (SEM) for 

imaging. However, since the ions are much more massive compared to electrons, the FIB 

system is mainly dedicated to machining related applications rather than imaging 46. The 

nano-scale resolution with excellent positional accuracy makes FIB a more reliable 

technique in thinning TEM specimens compared to conventional preparation techniques 

such as ion milling or electropolishing 47. Gallium is used as the ion source due to reasons 

such as: its low melting point (Tm < 30 °C, maintains at liquid phase during operation), its 

moderate mass (heavy enough to allow milling of the heavier elements, and yet not so 

heavy that may destroy the sample), and the fact that it can be easily distinguished from 

other elements if ion implantation ever occurred 48. The final thickness of the S/TEM 

specimen needs to be less than 100 nm to enable sufficient electron transmission with 

enough intensity falls on the screen in a reasonable time and avoid effect of chromatic 

aberration 32.  

2.5.2 S/TEM Specimen preparation using ion milling 

Ion milling a physical etching technique that is widely used for S/TEM specimen 

preparation and is much more cost-effective compared to FIB. It is also used for final step 

surface polishing for SEM and EBSD analyses. A beam of inert gas ions such as argon 
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(Ar +) and slowly removes materials at the atomic level from a very low incident angle 

(e.g. ± 10°) in vacuum 49.  Various preparation modes for ion milling such as sample 

rotation, rocking, as well as sector speed thinning methods are developed over the years 

in order to obtain uniformly thin and smooth specimens 50. To avoid overheating the 

specimen, cooling is generally required to remove the heat generated by the continuous 

sputtering of ions. 

2.5.3 Basics of S/TEM 

A scanning/ transmission electron microscope (S/TEM) combines the principles 

of a TEM and a SEM and operates at high voltage (usually at 200 kV) to provide 

information on both the surface and the interior of a specimen 32. A S/TEM can be 

operated using either parallel beam (for TEM) or convergent beam (for STEM) 

illumination systems.  Diffraction and diffraction contrast imaging are the two primary 

techniques under the parallel beam mode. Diffraction patterns are primarily used to 

determine whether a specimen is crystalline or amorphous, and to determine the crystal 

structure of a specimen (provided the specimen is crystalline). Bright field (BF) and dark 

field (DF) images can be acquired by obtaining contrast from particular features (such as 

dislocations) within the specimen that diffract the beam differently from the bulk. A 

small aperture is used to select either the transmitted beam to form the BF image, or the 

diffracted beam to form the DF image. BF and DF images can also be formed in STEM 

with corresponding detectors, whereas the images in TEM are formed on lenses. Under 

the STEM mode, the converged electron beam (probe) scans parallel across the area of 

interest on the specimen and mimics the parallel beam in a TEM system. In addition to 

the BF and annular DF detectors, a high angle annular dark field (HAADF) detector is 
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equipped to form images with compositional contrast (or Z-contrast). Meanwhile, 

HAADF images are capable of showing atomic-scale resolution, when a highly focused 

electron beam scans point by point at sub-nanometer scale and scatters at atomic 

positions 51, 52.  

The S/TEM experiments discussed in this dissertation is a collaboration work 

with Dr. LeBeau’s group in the Department of Materials Science and Engineering at 

North Carolina State University, using their aberration-corrected FEI Titan G2 60-300 kV 

S/TEM and JEOL 2000 FX Conventional S/TEM. Specimens are prepared by both a 

Fischione 1050 TEM ion mill located at the North Carolina State University, and a FEI 

Helios Dual Beam SEM/FIB located here on campus.  
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Chapter 3 Effect of cooling rate on processing electrical conductive 

ceramics using spark plasma sintering 

 

Objective: to investigate how cooling rate during densification of a composite material in 

SPS influences the residual stress level due to CTE mismatch of different phases, and the 

corresponding reflections on microstructure and mechanical properties.  

 

3.1 Abstract 

SPS is an advanced sintering method that uses direct current to rapidly densify 

materials through Joule heating and offers significant advantages and versatility 

compared to conventional sintering methods. However, the effect of cooling rate in SPS 

has remained uninvestigated. ZrB2-SiC is an ideal high temperature conductive ceramic 

composite that can be used to study the processing parameters in SPS. In order to produce 

high quality materials using SPS, effect of cooling rate on microstructures and 

mechanical properties must be known. ZrB2-25vol%SiC specimens are densified at 

temperatures from 1750 °C to 2000 °C and cooled from 10 °C/minute to 225.5 

°C/minute. Finite element analysis is used to study the temperature distribution across the 

specimens, which lead to stress generation upon cooling due to CTE mismatch of ZrB2 

and SiC. The residual stress within the specimens are experimentally verified using XRD 

and Raman Spectrometry, and found maximum residual stress in the specimen cooled at 

225.5 °C/minute. Microstructure of the specimens is characterized using SEM. Peak 

Hardness (18.9 GPa) is found for specimen sintered at 1800 °C and cooled at 100 

°C/minute and elastic modulus increases with increasing cooling rate. We recommend 
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cooling rates of 100 ± 15 °C/minute for conductive specimen with similar 

thermal/electrical conductivities to achieve optimum mechanical properties with 

minimum residual stress.  

 

3.2 Introduction 

  Sintering is a synthesis technique to densify bulk material components from 

metallic or ceramic powders while applying thermal energy 53. Common sintering 

methods include hot pressing (HP), pressureless sintering (PS), and spark plasma 

sintering (SPS), which is also called field assisted sintering technique (FAST) or pulsed 

electric current sintering (PECS). SPS is a novel sintering technique that uses direct 

current and uniaxial applied pressure to consolidate or join materials through Joule 

heating, as opposed to the radiant heating used in conventional sintering method. SPS has 

received more and more attention from worldwide researchers with publications 

increasing in the last decade from about 500 to over 1300 including journal articles and 

patents. During SPS, a direct electric current flows through conductive powder compact 

as well as the graphite die, and causes localized heating at particle surfaces, clean up the 

surface oxides through dielectric breakdown 10, and enhance grain boundary diffusion, 

i.e. densification 11. In this case, the entire densification process can be complete within 

several minutes at a relatively low sintering temperature due to intense Joule heating, and 

highly controlled heating and cooling rates. Thus, densification rather than grain 

coarsening is favored and high density and fine microstructure can be obtained 54. 

Therefore, it is important to investigate SPS processing conditions in order to obtain 

optimum material properties, especially for electrically conductive materials. Most 
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publications on SPS will clearly state out the initial and intermediate stages of processing 

conditions such as heating rate, sintering temperature, dwell time and applied pressure, 

while very few of them report information related to post sintering/cooling stage 55, 56. To 

the best of our knowledge, no published data for studying cooling rate effect in spark 

plasma sintering is available. Therefore, the effect of cooling rate on material 

microstructure and mechanical properties has remained uninvestigated. 

For electrical conductive ceramics and their composites that possess electrical 

conductivities comparable to those of metals (~107 S/m) 3, the cooling process in SPS can 

be very different compared to other conventional sintering methods that use radiant 

heating. In the case of radiant heating, the cooling efficiency is strongly dependent on the 

thermal conductivity of the specimen mold (i.e. graphite die). Meanwhile, large thermal 

gradient can form easily on the specimen if the cooling rate is too fast. Sometimes an 

annealing stage is added during cooling to even out the temperature distribution on the 

sample and minimize the generation of thermal residual stress 57 . On the contrary, since 

the heat of SPS is generated within conductive specimens solely by electric current, 

current controlled cooling in SPS can be a lot more efficient than cooling in a radiant 

heating system driven by heat transfer.  

  Zirconium diboride (ZrB2) is considered a metallic ceramic with potential 

application in sharp leading edges and thermal protection systems for hypersonic vehicles 

due to its remarkable characteristics at extreme temperature 58, 59. Silicon carbide (SiC) is 

a common additive for ZrB2 to improve densification 4, 60. Literature shows that addition 

of SiC by 20 to 30 volume percent 56, 61 into ZrB2 matrix increases the relative density of 

the overall composite 62, hardness 63, room temperature flexural strength, room 
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temperature fracture toughness 64, and high temperature oxidation resistance 65. The high 

thermal 66 and electrical 67 conductivities from room temperature to elevated temperature 

make ZrB2-SiC an ideal high temperature material to study processing parameters in SPS. 

 According to a literature review provided by Eigenmann et al., the mechanical 

properties of polycrystalline ceramics and ceramic-metal composites have a strong 

dependency on resulting residual stress within the parts 68. In particular for composite 

materials, the mechanical behavior is determined by the heterogeneity in the stress state 

of different phases present 69. One of the major reasons for stress generation in ZrB2-SiC 

and most UHTC composites is the mismatch in coefficient of thermal expansion (CTE) 

between ZrB2 and SiC 70.  Watts et al. measured this CTE difference from room 

temperature to approximately 1800 °C and discovered that the CTE of ZrB2 is 

approximately 2ppm/K higher than that of the 6H polytype SiC. Therefore, ZrB2 will 

experience a faster expansion or shrinkage than SiC during variation of temperatures. 

Due to the relatively smaller CTE value, the SiC grains shrink at a slower rate and are 

“squeezed” by the surrounding ZrB2 grains. This lead to a residual compressive stress on 

SiC phase and a tensile stress on ZrB2 phase upon cooling to room temperature 71. In 

order to improve mechanical properties of ZrB2-SiC composite and use it in future 

applications, the residual stress caused by CTE misfit need to be minimized. The purpose 

of this work is to show the effects of cooling rate on microstructure and mechanical 

properties using an electrical conductive ceramic composite and to suggest proper ways 

of SPS processing to minimize residual stress generation.  
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3.3 Experimental procedure 

 

3.3.1 Powder processing 

Commercial zirconium diboride (ZrB2, Grade B, H.C. Starck, Newton, MA) and 

silicon carbide (SiC, Grade UF-10, H.C. Starck, Newton, MA) powders are mixed in 

75vol% ZrB2 to 25vol% SiC ratio. The mixed composite powders are ball milled with 

tungsten carbide (WC) media in hexane solvent for 24 hours in a high-density 

polyethylene bottle. The powders are dried using rotary evaporation (IKA® RV 10 

Digital, IKA® Werke GmbH & Co. KG, Janke u. Kunkel-Straße 10, 79219 Staufen, 

Germany) for 30 minutes at 55 °C and a rotation rate of 100 rpm. The dried composite 

powders are sieved using a 150 µm sieve. After powder processing, the composite 

powders gained 1.34 vol% of WC, which make the density of the processed powder to be 

5.41 g/cm3.  

3.3.2 SPS densification and cooling rate experiments 

ZrB2-25vol%SiC powders are prepared using 5 g of composite powers and 

packed into a graphite die (Isocarb 1-85, Electrodes, Inc., USA) with an inner diameter of 

20 mm and outer diameter of 50 mm. The inner surfaces of the graphite die and punches 

are lined with graphite foil (0.127mm thick Cupps Industrial Supply Inc., Tucson, AZ) to 

prevent reactions between the composite powders and graphite tooling. Three layers of 

graphite felts (~15mm thickness, J.C.Cole & Associates, Inc., Epping, NH) are wrapped 

around the packed die for thermal insulation. A schematic of the assembly contains the 

graphite die and the top and bottom punches are displayed in Figure 3.1(b). The entire 

assembly is load into an SPS furnace (SPS 10-3 GT Advance Technologies, Santa Rosa, 
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CA) under 5 MPa preload in vacuum. The SPS is preheated to 600 °C at 767 A, and the 

load is increased to 35 MPa at a rate of 30 MPa/minute. All specimens are heated at 100 

°C/minute to 1800 °C and held for 5 minutes based on previous works by Walker et al. 7 

and verified in this study by conducting a sintering study described below. After the 

sintering hold period, each ceramic is cooled at various cooling rates to 1000 °C. Further 

cooling is achieved by turning off the SPS furnace power supply and allowing the 

specimens to cool naturally to room temperature. The applied pressure is taken down to 5 

MPa right after the hold. The temperature in SPS during heating, isotherm, and cooling 

are monitored by a proportional integral derivative (PID) controller, which calculated the 

differences between the programmed (setpoint) temperature and the process value 

measured by an optical pyrometer (Model RAYMM1MHVF1V; Raytek, Berlin, 

Germany) aimed in a small hole (2.5 mm in diameter) 7.5 mm deep from the outer die 

wall surface as shown in Figure 3.1 (b). The system then adjusts the electric current input 

to minimize this calculated difference and maintains the temperature of the system. 

The effect of cooling rate on hardness, elastic modulus and grain size of the 

specimens is learned for samples sintered at 1800 °C held for 5 minutes (Table 3.2) and 

cooled using current controlled cooling rates ranging from 10 °C/minute to 200 

°C/minute. Cooling rates are controlled by gradually reducing the amount of current 

passing through the specimens, in order to lower specimen temperature due to joule 

heating. The specimen cooled at ~225.5 °C/minute uses natural cooling rate, which is 

achieved by powering off the SPS furnace in the end of the 5-minute hold and allow the 

specimen to free cool to room temperature. 



	

	 61	

In order to understand the densification behavior, sintered microstructure, grain 

size and average hardness of ZrB2-SiC we performed a separate sintering study using 

1800 to 2000 °C target sintering temperature with 5 minute dwell time and 100 

°C/minute cooling rate. Table 3.1 lists the sintering temperatures and final density of 

ceramics used to confirm our selection of the baseline microstructure that is used to then 

vary cooling rate.  

3.3.3 Cooling rate measurement 

The cooling rates of specimen 2-1 to 2-4 are programmed for each SPS run. In 

order to make sure the cooling period is under control, the cooling rate of each specimen 

is also calculated from the experimental temperature profile [Figure 3.1(a)] measured via 

optical pyrometer and compared with the programmed values. Natural cooling rate for 

specimen 2-5 is calculated using the same method, and an approximate rate of 225.5 

°C/minute is adopted. In a separate experiment, the same SPS processing condition used 

for specimen 2-3 is used to reheat a dense 20 mm ZrB2-25vol%SiC ceramic disc. The 

temperature of the specimen is monitored by a second optical pyrometer aimed directly 

on the side of the disc through a 2.5mm hole drilled all the way through the die wall. This 

cooling profile obtained by directly monitoring the specimen temperature is plotted in 

solid grey curve and labeled as “100 °C/minute measured” as shown in Figure 3.1 (a) for 

comparison.  

3.3.4 Microstructure characterization 

After sintering, residual graphite foil on the specimens are removed by grinding. 

Density of the specimens is measured using the Archimedes method and calculated with 

respect to the theoretical density of the processed powders. All specimens are polished 
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using resin-bonded diamond discs and polycrystalline diamond suspensions with 

polishing cloth to 1µm mirror finish for further characterization use. Microstructures of 

the specimens are obtained using scanning electron microscopy (Hitachi S-4800 Type II 

UHR-FE-SEM, Hitachi High-Technologies Corporation, Pleasanton, CA). Average Grain 

size of ZrB2-25vol%SiC composites is obtained from the SEM images of sodium 

hydroxide etched specimens by tracing the grain boundaries in Photoshop (Adobe 

Photoshop CS5 Extended, Adobe Systems Inc., San Jose, CA) and measuring the grain 

size in ImageJ (NIH, Bethesda, MD) and represented using Feret’s diameter. 

3.3.5 Finite element analysis of specimen temperature distribution 

Finite element analysis (FEA) is conducted to study the radial temperature 

distribution of ZrB2-25vol%SiC discs during isotherm and upon cooling from 1800 °C to 

1000 °C. A thermal-electrical coupled model is built using an FEA modeling software 

(COMSOL Multiphysics®, COMSOL Inc., Los Angeles, CA) to model the direct current 

induced Joule heating, heat transfer and related mechanical conditions in graphite tooling 

stack and the two water-cooled steel electrodes during spark plasma sintering. Method of 

modeling is inspired by Cincotti et al. 72 and Wang et al. 73 with some necessary 

modification to fit our SPS system. Material properties for ZrB2-SiC and tooling in SPS 

such as electrical and thermal conductivity, and emissivity are obtained from 

experimental data and literature66, 8, 74. The target sintering temperature on the specimen 

is obtained by applying a steady-state electric current or voltage (averaged value from the 

5 minutes hold). The post sintering stage (cooling) is simulated using a transient model 

with a time-dependent current input. In this case, the specimen temperature distribution is 

generated from a linear relationship, where current is a function of time. Cooling rate 
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effect on specimen temperature distribution are modeled for specimen cooled at 10 

°C/minute, 100 °C/minute and natural cooling rate (225.5 °C/minute).  

3.3.6 Residual stress measurement using x-ray diffraction and Raman spectroscopy 

X-Ray diffraction (Philips X'PERT MPD) spectrum is acquired from specimens 

2-1 (10 °C/minute cooled), 2-3 (100 °C/minute cooled), and specimen 2-5 (225.5 

°C/minute cooled) listed in Table 3.2, as well as the processed ZrB2-25vol%SiC powders 

(assumed to be stress free in this situation). A Cu Kα radiation and a 4° divergence slit is 

used for the XRD measurements. The diffraction angle 2θ is set from 33° to 40° in order 

to focus on the SiC (006) peak, which gives the highest intensity of all the SiC peaks in 

the diffraction patterns. The SiC (006) peak shifts of the three sintered composites are 

compared to the result of the powders and among themselves. Raman spectroscopy 

(Thermo Nikolet Almega microRaman system, Thermo Fisher Scientific Inc., Waltham, 

MA) is also performed for the sintered specimens mentioned above using a 532 nm solid-

state laser. Raman spectra are only obtained from SiC grains since ZrB2 is not Raman 

active. For each specimen, the spectrum is acquired from 15 individual SiC grains on 

both the circular surface and cross-sectional area. The corresponding average 

compressive stress on the SiC particles is calculated. 

3.3.7 Hardness and elastic modulus measurements 

Hardness measurements are obtained using Vicker’s microindentation (Vickers 

Tester, Buehler an ITW Company, Lake Bluff, Illinois) and each indentation uses a 2.94 

N (0.3 kgf) load applied on the polished specimen surface at a rate of 100 µm/second for 

20 seconds. Ten indentations are made on each specimen across the diameter and the 

average value is calculated. Elastic Modulus (flexural mode) is measured using 
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GrindoSonic elastic modulus tester (GrindoSonic MK6 Ultimate, J.W. LEMMENS N.V., 

Leuven, Belgium) with the impulse excitation technique based on the ASTM C1259 

standard 75. Prior to the modulus test, the specimens are machined into 2mm × 1.5mm × 

20mm bars. Tests are performed on 2~4 bars per specimen. Gentle and elastic tapings are 

made in the center of each bar to excite the fundamental flexural vibration. The generated 

impulses from each bar are collected with an acoustic microphone sensor and converted 

into electronic signals. Elastic modulus is then obtained for each bar, and the average 

elastic modulus is calculated for each specimen.  

 

3.4 Results and discussion 

Previous work by Walker et al. 56 shows that ZrB2-25vol%SiC starts to experience 

evident grain growth at 1900 °C, and >99 % relative density can be achieved above 1750 

°C using SPS. The densification behavior of the ceramic composites used in this study 

follow the same results from our prior work. However, in order to understand the effect 

of cooling rate on the baseline microstructure, it is helpful to review the results from our 

sintering study [Table 3.1 and Figure 3.2 (a)]. The sintering study shows that final density 

of our ceramic composites do not increase with increasing final sintering temperature 

from 1800- to 2000 °C. Rather, the grain size increases and the hardness decreases with 

increasing final sintering temperature. Figure 3.2 (a) shows how hardness decreases from 

19 to 15 GPa with an increase in final sintering temperature from 1800- to 2000 °C due to 

an increase in average grain size from 1.2 to 2.2 µm, respectively. Microstructures shown 

in Figure 3.3 (a) –(c) also confirm the increase in grain size with increasing sintering 

temperature. High density ZrB2-SiC composites are reported to have hardness values 
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ranging from 18~26 GPa, where higher hardness values are due to higher SiC content 60, 

63, 76. The peak hardness and smallest grain size corresponds to the ceramic sintered at 

1800 °C, 5-minute hold, 100 °C/minute cooling rate. Thus in order to study the effect of 

cooling rate we selected this optimized sintering condition as our baseline microstructure 

to modify and study the effect of cooling rate.  

Figure 3.2 (b) shows results for average hardness and average grain size as a 

function of cooling rate from 10- to 225 °C/minute. The average hardness peaked when 

the specimen is cooled at 100°C/minute. The average grain size of the composites does 

not vary with increasing cooling rate. Figure 3.2 (c) shows the average elastic modulus 

increases from 426 GPa to 480 GPa as a function of increasing cooling rate from 

10 °C/minute to ~225.5 °C/minute. These values are comparable to literature values 

reported for high density (density > 99% theoretical density) ZrB2-SiC ceramic 

composites, which are 466 GPa to 505 GPa, and values vary with differences in SiC 

content and different material processing methods 4,16, 20, 77-78. The relatively high 

standard deviation associated with the specimen cooled at 10 °C/minute and 

225 °C/minute cooling rate suggests the potential for nonuniform cooling induced 

thermal residual stress in the ceramics. The decrease in hardness values above and below 

100 °C/minute could be due to potential thermal residual stress generated upon cooling.  

Microstructures shown Figure 3.3 (d) (10 °C/minute), (e)(100 °C/minute) and (f) 

(225 °C/minute) confirm that our ceramic composites cooled with increasing cooling 

rates result in similar grain size. In general, if a two-phase ceramic composite has 

different thermal expansion coefficients in each phase, internal stresses can be developed 

upon cooling and lead to microcracks. These microcracks usually initiate at stress 
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concentration points such as the grain boundary triple points and four grain vertices 79. 

However, no microcracks are found in the microstructures of our specimens cooled with 

increasing cooling rates. According to Watts et al.80, a critical composite average grain 

size or CTE mismatch has to be satisfied in order to induce microcracking, which is not 

the case for our materials. Pan et al. 81 and Maglev et al. 82 discovered that partial residual 

stress could be released through microcracking and results in a decrease of elastic 

modulus. Since no microcracks are found in our materials, the elastic modulus values can 

be used as an indication of residual stress level with the composites.  

In order to investigate the effect of cooling rate on thermal residual stress 

generation within the ceramic during cooling, a finite element analysis approach is used 

to simulate the temperature distribution within the ceramic when the die wall temperature 

is cooled from 1800- to 1000 °C as a function of cooling time. Figure 3.4 (a) shows 

sample temperature gradient (Tcenter -Tedge) curves as a function of cooling time for 

ceramics cooled at 10, 100 and 225 °C/minute. After the sintering hold time of 5 minutes 

at 1800 °C is complete, the center of each ceramic is ~14 °C hotter than its edge prior to 

the cool down period. As the cooling process proceeds, the temperature gradient across 

the ceramic disc decreases as a function of increasing cooling time for ceramics cooled at 

three different cooling rates. The ceramic disc cooled at, 10 °C/minute, is hotter at the 

center than the edge of the disc during the entire cool down time period. The ceramic disc 

cooled at 100 °C/minute shows a temperature gradient across the diameter of the disc that 

decreases to 0 °C after 5 minutes of cooling and continues to cool uniformly with zero 

temperature gradient toward the end of the cool down period. The ceramic disc cooled at 

225 °C/minute, shows a sharp decrease in temperature gradient to 0 °C in 15 seconds. 
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Due to the fast cooling rate, a negative temperature gradient is experienced during the 

rest of the cooling process, which leads to a higher specimen edge temperature than the 

center. Based on this analysis and results for grain size, hardness and modulus of 

elasticity, there is strong evidence to suggest that thermal residual stresses induced by 

rapid or slow cooling are found in ceramic discs cooled at 225 and 10 °C/minute. Now 

we can further analyze the effect on the thermal residual stress in the atomic arrangement 

of SiC grains within the composites using X-Ray diffraction and Raman spectroscopy 

methods to measure peak shifts for SiC after cooling.   

X-Ray diffraction patterns showing SiC (006) peak positions for ball milled ZrB2-

25vol%SiC powders and sintered ceramics after SPS using a, 10-, 100- and 

225 °C/minute, cooling rate are given in Figure 3.4 (b). Compared to the processed 

powders, the SiC (006) peaks of the sintered specimens are shifted to a higher diffraction 

angle. Being a discontinuous secondary phase with the smaller coefficient of thermal 

expansion between the two, compressive stress is being generated on the SiC grains 

within the ZrB2 matrix after SPS. Upon comparing the SiC (006) peak positions for 

sintered composites, the ceramic cooled using 225 °C/minute cooling rate has the greatest 

peak shift among the three, which indicate the highest residual stress within the 

composite due to the most rapid cooling. This also corresponds well with our FEA model, 

which suggests the ceramic cooled using 225 °C/minute also exhibits the greatest thermal 

cycle during cooling. In order to verify these results obtained using X-Ray diffraction, we 

also use Raman spectroscopy to detect SiC peak shifts.   

According to Liu et al., the transverse optic (TO) and linear optic (LO) Raman 

mode frequencies for 6H-SiC increases with increasing pressure up to 95 GPa 83. Even 



	

	 68	

though the TO mode Raman peak gives higher intensity, the LO mode provides a 

stronger dependency on applied pressure. Equation 136 is the relationship used to couple 

applied pressure P and the corresponding LO mode wavenumber ωLO. Using the 

measured LO peak positions of selected specimens cooled at increasing cooling rate, we 

are able to develop equation 2 to calculate the internal compressive stress on SiC particles 

within each sintered composite 84. The calculated average compressive stress as well as 

the corresponding average LO peak shift with respect to the standard position (969 cm-1) 

for each specimen is given in Figure 3.4 (c). The calculated residual stress from Raman 

spectroscopy data shows good agreement to what we observed using X-Ray diffraction 

results. The specimen cooled using natural cooling rate (225°C/minute) has the highest 

residual stress within the composite due to non-uniform cooling.  

 

!!" !"!! = 970.1+ 3.83! − 0.013!!                        (Equation. 1) 

 

! (!"#) =  !.!"! !".!!"#!!.!"# (!!"!!"#.!) 
!.!"#                         (Equation. 2) 

 

3.5 Conclusion  

ZrB2-25vol% SiC is densified over a range of sintering temperatures from 1800 

°C to 2000 °C using spark plasma sintering. As expected, the grain size of the 

specimens increases with increasing sintering temperature and the hardness decreases 

as a result of grain growth. Post densification (cooling) process in spark plasma 

sintering is mainly controlled by the amount of current passing through the system, 

thermal conductivities of the tooling materials and geometry of the tooling design. 
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Specimens cooled with increasing cooling rate (from 10 °C/minute up to ~225.5 

°C/minute) end up with similar grain sizes.  However, variation in mechanical 

properties is observed from each ceramic. Peak hardness (~18.9 GPa) is observed 

when the specimen is cooled at 100 °C/minute. The average elastic modulus increases 

with increasing cooling rate. A finite element modeling study shows different cooling 

rates lead to different thermal gradient across the specimens during cooling, and result 

in a different amount of residual stress within the parts. X-Ray diffraction patterns 

indicate the specimen cooled with natural cooling rate (225.5 °C/minute) has the 

highest thermal residual stress and also goes through the greatest thermal cycle during 

cooling from FEA models. Compressive stresses on SiC particles in specimens cooled 

with increasing cooling rates are calculated from Raman spectroscopy shifts. 

Specimen cooled with natural cooling rate has the highest residual stress and the 

specimen cooled with 100 °C/minute has the lowest residual stress the composites.  

It is clear that cooling rates have a strong influence on material properties of 

the final ceramic and considerable for conductive ceramics, such as ZrB2-SiC, 

composites. The temperature gradient between the center and the edge of a specimen 

directly controls the amount of residual stress generated during cooling 69, which then 

determines the mechanical properties of the specimen. In the case of conductive 

ceramic composite such as ZrB2-SiC, controlled cooling is achieved by gradually 

decrease the direct current passing through the specimen in order to reduce heat 

generation. According to the experimental results, one should minimize residual stress 

generation by controlling the cooling rate so that the temperature gradient on the 

specimen can approach zero fast enough without turning negative. Finite element 



	

	 70	

modeling simulations suggest that specimens with electrical and thermal conductivities 

greater than 4×105 (Ω·m)-1 and 20 (W·K-1) respectively at elevated temperature, can 

cool at 100 ± 15 °C/minute and achieve this goal. A precondition for this model to be 

valid is the specimen should always be more conductive (thermally/electrically) than 

the graphite tooling. These ranges are predicted by comparing the thermal and 

electrical conductivities of the conductive specimens with the ones of graphite tooling, 

and adjusting the model to find the lowest thermal and electrical conductivities that 

satisfy the precondition, while minimizing the temperature gradient on the specimen 

during cooling.  Other conductive ultra-high temperature ceramic (UHTC) composite 

systems including zirconium or hafnium based borides and nitrides with additives such 

as carbides 85, 86,  silicides 87-88 oxides 89, and nitrides 90, 91 that satisfied the 

electrical/thermal conductivities can consider using cooling rates within the range 

(provided similar processing conditions, tooling material and design, and specimen 

geometry are applied). For insulating ceramics such as Si3N4 and Al2O3 based material 

systems, the cooling process is fairly similar to the situation in radiant heating (the 

electrical conductivity of the specimen is lower than that of the graphite tooling). 

Therefore, slower cooling rates using SPS are recommended to avoid residual stress 

induced cracking. 
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Table 3.1: A range of sintering temperature used to investigate the effect of temperature 
on hardness and grain size for ZrB2-25vol%SiC composite. 

Material Sample Sintering 
Temperature (ºC) 

Hold Time (at the sintering 
temperature) (minute) 

Cooling Rate 
(ºC/minute) 

Density 
(%RD) 

ZrB2-
25vol%SiC 

1-1 1800 

5 100 

99.6%RD 
1-2 1900 98.9%RD 
1-3 1950 98.9%RD 
1-4 2000 99.1%RD 

 
* Note that “RD” stands for relatively density to the processed composite powder. 
 
 
 
 
Table 3.2: A range of cooling rate used to investigate cooling rate effects on hardness 
and grain size for ZrB2-25vol%SiC composite. 

Material Sample Sintering 
Temperature (ºC) 

Hold Time (at the sintering 
temperature) (minute) 

Cooling Rate 
(ºC/minute) 

Density 
(%RD) 

ZrB2-
25vol%SiC 

2-1 

1800 5 

10 98.9%RD 
2-2 50 99.2%RD 
2-3 100 99.6%RD 
2-4 200 99.2%RD 
2-5 225.5 99.1%RD 
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Figure 3.1: (a) SPS temperature profiles for ZrB2-25vol%SiC specimens sintered at 1800 °C 

for 5 minutes under 35 MPa and cooled at increasing cooling rates to 1000 °C. (b) A 

schematic of a powder compact inside the graphite tooling assembly during spark plasma 

sintering. 
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Figure 3.2: (a) Average hardness and grain size for ZrB2-25vol%SiC specimens sintered at 

1800 °C~2000 °C held for 5 minutes under 35 MPa and cooled at 100 °C/minute. (b) Average 

hardness and grain size for ZrB2-25vol%SiC specimens sintered at 1800 °C held for 5 minutes 

under 35 MPa and cooled at 10 °C/minute ~225.5 °C/minute. (c) Average elastic modulus for 

selected ZrB2-25vol%SiC specimens cooled at increasing cooling rates. 
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Figure 3.3: (a)~(c) Microstructures of ZrB2-25vol%SiC sintered at 1900 °C, 1950 °C and 

2000 °C held for 5 minutes under 35 MPa and cooled at 100 °C/min; (d)~(f) microstructures 

of ZrB2-25vol%SiC sintered at 1800 °C held for 5 minutes under 35 MPa, and cooled at 10 

°C/min, 100 °C/min and 225.5 °C/min. 

 

 

 

 

 

 

 

 

 

 

 
  

5µm 

(a) (b) (c) 

(d) (e) (f) 



	

	 76	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: (a) Finite element analysis showing specimen temperature gradient (Tcenter – Tedge) 

during the cooling period for selected specimens cooling at increasing cooling rate. (b) X-Ray 

diffraction patterns of SiC grains in selected specimens cooled at increasing cooling rates, and 

ball milled ZrB2-25vol%SiC powders. (c) Raman LO peak shifts with respect to the standard 

position and the corresponding average compressive stress for 6H-SiC grains in selected 

specimens cooled at increasing cooling rates. 
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Chapter 4 Rapid and localized diffusion bonding of ultra high 

temperature ceramics (UHTCs) using direct current heating 

 

* Research work discussed in this chapter is in collaboration with Dr. Jame M. LeBeau and Dr. 

Joseph Houston Dycus in the Materials Science and Engineering Department from North 

Carolina State University. The corresponding manuscript is in preparation of an article for 

submission to Journal of the American Ceramic Society. 
 

Objectives: 

• To research novel joining method for advanced ceramics including UHTCs without 

using filler materials as joining aid.  

• To investigate the effect of current density and time on elemental interdiffusion at the 

electrical current assisted diffusion bonded HfB2/ZrB2 interface. 

 

4.1 Abstract 

Ultra high temperature ceramics (UHTCs) are a group of advanced ceramic 

materials with melting point greater than 3000 °C. Their excellent capabilities and 

refractory characteristics make them very suitable for extreme environment engineering 

applications and hence sophisticated structures need to be formed by joining due to 

excessive challenges in fabricating near-net shapes. Common joining methods for 

UHTCs including brazing and conventional diffusion bonding, which either form 

inhomogeneous joints that limit the mechanical strength and high temperature properties 

of the base materials, or can be very time consuming. Therefore, novel and efficient 

technique to properly bond UHTCs is needed. Using an electric current assisted solid-

state diffusion bonding method, we have rapidly and successfully joined zirconium 

diboride (ZrB2) and hafnium diboride (HfB2) through localized Joule heating of the 



	

	 78	

mating surfaces at 1750 and 1800 °C for a duration of 1 and 60 seconds, respectively. A 

series of characterizations are done at selected interfaces using techniques including 

SEM, WDS, EBSD and S/TEM. Interdiffusion of Zr and Hf is observed at each 

HfB2/ZrB2 interface and the diffusion depth increases with joining temperature and dwell 

time. Formation of ZrxHf1-xB2 solid solution is observed at the HfB2/ZrB2 interface 

bonded at 1800 °C for 60 seconds. Highly coherent transition with perfect lattice 

alignment at atomic scale from ZrB2 to HfB2 is observed using S/TEM meaning that he 

two materials are brought to atomic contact.  

 

4.2 Introduction 

From hand-held flints 12 to Kyocera knifes 92, from clay bricks to space shuttle 

tiles 93, the developments in ceramic processing and applications have been revolutionary. 

In fact, ceramic materials nowadays have gradually become promising alternatives to 

metals and plastics owing to the advances made in manufacturing techniques, which 

highlight their amazing material properties and refractory characteristic. These ceramic 

materials of high quality and performance are termed “advanced ceramics” 94 and are no 

longer limited to applications around the households, but a variety of industries including 

electronics 95, aerospace 96, 97 and defence 98. More and more sophisticated structures and 

assemblies such as laminates 99, 100, ball bearings 101, and turbine blades 102 are being 

made either with or out of advanced ceramics. For this reason, joining is employed in 

advanced ceramic manufacturing as a practical technique in order to encounter the 

challenges in fabricating near net shapes of increasing complexities, and to meet the 

growing needs of incorporating dissimilar materials to enhance performance.  
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A number of diborides, nitrides and carbides of transition metals from the IVA, 

VA group belong to a group of advanced ceramics known as ultra high temperature 

ceramics (UHTCs) owing to their extremely high melting temperatures (>3000 °C) 4, 58. 

Among the family of UHTCs, zirconium diboride (ZrB2) and hafnium diboride (HfB2) 

are the most oxidation resistant and exhibit high thermal and electrical conductivity 103, 104. 

Both ZrB2 and HfB2 possess the same hexagonal close-packed (hcp) crystal structure 

(AlB2 type, P6/mmm space group) 5. A schematic of a ZrB2 or HfB2 unit cell is given in 

Figure 4.1 (a). The hcp metal sublattice in the unit cell is the main source of free 

electrons, which ensure the high electrical conductivity comparable to those of metals. 

The graphite-like boron (B) ring located in the center of the metal sublattice interacts 

with the metal layers and provides the covalent characteristics 5. A major overlapping of 

the partial density of states in the metal-4d and B-2p results in strong covalent interaction 

between the metal and B atoms and formation of hybrid bonds, which determines the 

high melting points and thermal stabilities of ZrB2 and HfB2 6. The superior material 

properties of ZrB2 and HfB2 in extreme environment make them potential candidates for 

leading edges, nose-tips 58, 104  and thermal protection systems (TPS) 97, 105, 106 in future 

generations’ hypersonic vehicles. Therefore, practical joining techniques for ZrB2- and 

HfB2-based UHTCs are always of particular interest to scientists and engineers in the 

aerospace industry. 

Brazing 107 and solid state diffusion bonding 108 are typical joining methods for 

advanced ceramics including UHTCs and do not involve with melting of the base 

materials as opposed to fusion welding, which is frequently used to join metallic 

materials 1. During brazing, a melt of a metallic or glass braze is distributed into the small 
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gap in between the mating surfaces through capillary force and solidified to form bond 12. 

However, the introduction of the intermediate braze materials will always result in a 

heterogeneous microstructure in the joint region in contrast with the base materials 

despite the quality and nature of the formed bond. And since the braze materials melt at 

significant lower temperatures compared to the melting points of the base UHTCs 109–112, 

the joint region usually become “a source of local weakness” 13 in the joined structure, 

and may affect the overall performance of the final product. In the case of solid state 

diffusion bonding, base materials are brought into atomic level contact at elevated 

temperature by a low uniaxial load (3 to 10 MPa) to avoid macro-deformation 113 and 

bonded together through local plastic deformation and interdiffusion of the contacting 

surfaces 12. Unlike brazing, mating surfaces are closed to form interfaces with structural 

continuity during diffusion bonding, and the bonded region usually preserves comparable 

mechanical strength and material properties to that of the base materials 114. The high 

quality joints formed by diffusion bonding make it the most suitable technique to join 

UHTCs for aerospace applications. However, conventional solid state diffusion bonding 

of ceramic materials are very time consuming. Typical bonding processes for ordinary 

structural ceramics at elevated temperatures can easily take several hours 14, 15, not to 

mention if UHTCs were to be involved in the processes. Meanwhile, clean and fine 

surface finish is crucial for formation of high quality bonds. According to Dunkerton 113, 

a surface asperities of 0.4 µm or less is required to ensure good contacts between the 

mating surfaces. In addition, filler materials are frequently added to the contacting 

surfaces as necessary diffusion aids or reaction promoters when ceramic materials are 

being bonded to themselves, in order to ease the difficulties of bonding owing to their 
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refractory and brittle nature. Therefore, a promising and efficient diffusion bonding 

technique is needed in order to effectively join UHTCs such as ZrB2 and HfB2, so that the 

final products can retain the excellent high temperature capabilities of UHTCs while 

exhibiting mechanical integrities during severe aerothermal heating. 

In this study, we will be presenting an electric current assisted diffusion bonding 

method that allows us to rapidly form seamless interfaces between ZrB2 and HfB2 

through electric current enhanced power law creep (or dislocation climb-glide creep 18) of 

surface asperities and localized heating at the mating surfaces. Recall the definition of 

conventional solid state diffusion bonding mentioned in the previous context, the intricate 

process can be nailed down two major mechanisms: (1) plastic deformation of the surface 

asperities after initial contact; follow by (2) diffusion phenomena similar to that of 

pressure sintering as well as power law creep 108. Taking the advantage of “metal-like” 

electrical conductivities of ZrB2 and HfB2, the bonding process can be benefit from 

current-based effects such as Joule heating 16 and electroplastic effect 17, 115 based on 

electromigration. Joule heating at the mating surfaces also plays a significant role for 

promoting rapid diffusion bonding since no external heat source is employed for the 

process. High current density at relatively fine contacting regions of the surface asperities 

especially during the early stage of the bonding process allows for effective localized 

heating. The heat generated is believed to provide sufficient activation energy for local 

plastic deformation of the surface asperities and the subsequent diffusional mass 

transport. Apart from joule heating, the electric current can also accelerate the bonding 

process by enhancing dislocation motion and multiplication at the mating surfaces 17. 

According to Kalish and coworkers 103, the highly covalent nature of ZrB2 and HfB2 
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results in high Peierls–Nabarro barriers and makes them extremely difficult to strain, 

hence, barely experience any gross plastic deformation even at high temperature. 

However, the applied electric field and drift electrons can interact with the atoms at 

dislocation cores and exerts forces on existing dislocations that enables them to glide and 

climb 115, 116. As a result, “local plastic deformation” of surface asperities as well as the 

subsequent power law creep is enhanced, which lead to yielding and removal of voids to 

form seamless interfaces. In addition, the effective activation energy for elemental 

interdiffusion is found to be inverse proportional to the applied electric current, and the 

width of interdiffusion region increases with increasing current density 117.  

 

4.3 Materials and Experimental Methods 

 

4.3.1 Powder processing 

Commercial zirconium diboride (ZrB2, Grade B, H.C. Starck, Munich, Germany) 

and hafnium diboride (HfB2, - 325 mesh, Grade A, H. C. Starck, Munich, Germany) 

powders are ball milled in two separate polypropylene bottles with tungsten carbide 

(WC) media in hexane solvent for 24 hours. The two processed powders are dried 

separately using rotary evaporation, and sieved to 150 µm average particle size prior to 

densification.  

4.3.2 Densification of base material substrates 

For densification, processed ZrB2 or HfB2 powder is packed into a graphite die  

(Isocarb 1-85, Electrodes, Inc., Milford, CT) with the inner surfaces of the die and 

punches lined with graphite foil (0.127mm thick Cupps Industrial Supply Inc., Tucson, 
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AZ) to prevent reactions between the die and the ceramic powders. Three layers of 

graphite felt (~15mm thickness, J.C.Cole & Associates, Inc., Epping, NH) are wrapped 

around the packed die for thermal insulation. Densification of ZrB2 and HfB2 powder 

compacts (20 mm in diameter) is conducted in a direct current sintering furnace (SPS 10-

3, Thermal Technology LLC, Santa Rosa, CA). The furnace is preheated to 600 °C at an 

initial current of 765 A, and then heated to a target sintering temperature at a heating rate 

of 100 °C/min, followed by a designated dwell time under a 35 MPa uniaxial load. ZrB2 

powder compacts are sintered at 2000 °C for 30 minutes, whereas HfB2 powder compacts 

are sintered at 1850 °C for 5 minutes. Applied load is reduced to 5 MPa right after the 

dwell time. Cooling of each specimen is controlled at 100 °C/min to 1000 °C. Additional 

cooling to room temperature is achieved by shutting off the SPS power supply and allow 

for natural cooling. The amount of electric current input during densification is monitored 

by a proportional–integral–derivative (PID) controller and the temperature of the 

specimens is measured using an optical pyrometer (Model RAYMM1MHVF1V; 

Raytek®, Berlin, Germany) by aiming at a small hole (2.5 mm in diameter and 7.5mm 

deep) drilled from the outer die wall as shown in the experimental setup in Figure 4.1(b). 

After densification, graphite foil is removed from the specimens by surface grinding. 

Density of each specimen is measured using the Archimedes’ method to ensure it 

achieves 99+ % theoretical density.  

4.3.3 Electric current assisted diffusion bonding 

HfB2 is joined to ZrB2 in the SPS furnace mentioned above with the same 

experimental setup as the individual ceramic disc is densified as shown in the schematic 

in Figure 4.1(b). The circular mating surfaces in the substrates are polished to 15 µm 
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surface finish and cleaned with acetone. The inner surface of the graphite die, the 

graphite foil used to line the die and the radial surfaces of the two graphite punches are 

coated with an electrical insulating layer, in order for all the electric current to go through 

the specimen rather than the die wall during joining. The edge of individual discs is 

slightly grounded to make sure they can fit in the coated graphite die. Two sets of 

HfB2/ZrB2 joints are resistively heated to die wall temperatures of 1750 and 1800 °C for 

1 and 60 seconds, respectively. Temperature and electric current during joining is 

monitored in the same manner as the densification processes of the two materials. To 

avoid brittle failure of the ceramic substrates, a fairly low uniaxial pressure of 3MPa is 

applied during the entire joining process. Detailed processing conditions for the two 

joining runs are listed in Table 4.1.  

4.3.4 Characterizations 

A series of characterization techniques including scanning electron microscopy 

(SEM), wavelength-dispersive spectroscopy (WDS), electron backscattered diffraction 

(EBSD) and scanning transmission electron microscopy (S/TEM) are employed here to 

investigate the HfB2/ZrB2 joining interfaces. Each specimen listed in Table 4.1 is sliced 

in half along the diameter parallel to the uniaxial pressure axis, and the cross-sectional 

areas are finely polished and cleaned for subsequent characterizations. Images of 

microstructures are acquired using a SEM (Helios NanoLab 660 Dual Beam, FEI, 

Hillsboro, OR) in both secondary electron (SE) mode and backscattered electron (BSE) 

mode to check the quality of the joints and detect potential diffusion events across each 

HfB2/ZrB2 interface. Quantitative analysis of chemical composition across the two 

HfB2/ZrB2 interfaces is performed using an electron probe microanalyzer (CAMECA 
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SX100, CAMECA SAS, Gennevilliers Cedex, France) by performing a WDS line-scan 

perpendicular to the HfB2/ZrB2 interface. Each scanned line is approximately 100 µm in 

length with a step size of 1.24 µm starting from the HfB2 side of the interface and end in 

the ZrB2 side. Inverse pole figure (IPF) maps with information on crystal orientation are 

collected at the two HfB2/ZrB2 interface by an EBSD camera (Hikari Pro, EDAX 

AMETEK, Mahwah, NJ) using hexagonal scanning grid at a step size of 1.5 µm. [0 0 0 

1], [1 1 -2 0] and [2 -1 -1 0] are used as standard zone axis directions for mapping. A 15 

µm × 12 µm × 100 nm thin section that contains approximately half ZrB2 and half HfB2 

is sectioned out from a selected region of the HfB2/ZrB2 interface joined at 1800 °C for 

60 seconds (specimen no. 2) using focused ion beam (FIB, Helios NanoLab 660 Dual 

Beam, FEI, Hillsboro, OR). High angle annular dark-field (HAADF) and bright field 

(BF) images are acquired using an aberration corrected S/TEM (FEI Titan G2 60-300 kV 

S/TEM, Thermo Fisher Scientific, Hillsboro, Oregon) operated at 200 kV. The Espirit 

software (Esprit, Bruker corporation, Billerica, MA) is used for EDS acquisition with a 

FEI Super-X detector with drift correction applied between each frame. A three-pixel 

smoothing filter was applied to reduce noise in the elemental maps. Selected area 

diffraction patterns are acquired at [-1 2 -1 0] zone axis using a conventional S/TEM 

(2000FX S/TEM, JEOL, Ltd., Akishima, Tokyo, Japan) operated at 200 kV. 

 

4.4 Results and discussions 

After joining and being cooled to room temperature, the ZrB2 and HfB2 substrates 

in specimens HfB2/ZrB2 -1 (1750 °C – 1second) and HfB2/ZrB2 -2 (1800 °C – 60 

seconds) are physically inseparable. No noticeable seam is found after carefully 
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examining the two HfB2/ZrB2 joining interfaces under the SEM, which indicates that 

seamless interface can be formed rapidly after only 1 second at a die wall temperature of 

1750 °C. To verify our observation, joining resistance (R) at each HfB2/ZrB2 interface is 

measured in a separate experiment using the exact same experimental setup and 

HfB2/ZrB2 specimen as it is heated to a die wall temperature of 1800 °C for 5 minutes. 

Resistance of the tooling in the furnace is pre-measured to calibrate this trial. A 

secondary pyrometer (Model RAYMR1SCSF, Raytek®, Everett, WA) located on the 

opposite side of the pyrometer shown in Figure 4.1 (b) is employed during the process 

and aims directly on the edge of the specimen through a small hole drilled all the way 

through the die wall thickness. According to Figure 4.2 (a), each HfB2/ZrB2 interface 

exhibit measurable joining resistance during heat up and the value gradually decreases as 

the joining process approaches completion. Complete joint is formed at a die wall 

temperature of 1750 °C, which corresponds to a temperature of 1830 °C at the edge of the 

specimen measured by the secondary pyrometer. The actual temperature at the joining 

interface should be even higher owing to the localized joule heating between the 

contacting areas of the surface asperities. The amount of heat generated at each joining 

interface as a result of the applied electric current and the joining resistance is the area 

under the Joule heating power (P = I2R) curve plotted in Figure 4.2 (b). This localized 

heating effect significantly reduce the time for diffusion bonding compared to the time 

needed for a conventional diffusion bonding process conducted in a hot press furnace that 

uses radiant heating method 113. Since diffusion is a thermally activated process, the heat 

generated at the mating surfaces plays an important role of accelerating interdiffusion of 

Hf and Zr as well as diffusional creep including Nabarro-Herring creep and Coble creep 
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18 at elevated temperatures. Moreover, it promotes plastic deformation of the surface 

asperities in addition to the electroplastic effect during the initial bonding stage. 

Using the BSE mode of the SEM, we observed a chemical composition gradient 

at each of the two HfB2/ZrB2 interfaces in the two joined specimens, which suggest 

potential interdiffusion of Hf and Zr across the interface during joining of the two 

materials as shown in Figure 4.3 (a) and (b). Meanwhile, the average width of the 

interdiffusion zones (indicated by the white double-headed arrows) increases as the 

joining conditions changes from 1750 °C for 1second to 1800 °C for 60 seconds. And 

diffusion of Hf along the boundaries of several relatively small ZrB2 grains near the 

HfB2/ZrB2 interface is clearly observed in Figure 4.3 (b), potentially due to Coble creep 

caused grain boundary diffusion 18. Figure 4.3 (c) and (d) are plots of interdiffusion 

profiles of Hf and Zr across the interfaces in the corresponding diffusion regions 

indicated in Figure 4.3 (a) and (b), respectively. In each plot, the HfB2/ZrB2 joining 

interface is located at position, where the diffusion profiles of Hf and Zr intersect and the 

distance from the joining interface is zero. Abrupt change in the amount of Hf and Zr is 

observed at the HfB2/ZrB2 interface in Figure 4.3 (c), whereas more gradually developed 

Hf and Zr diffusion profiles are observed in Figure 4.3 (d) as the joining temperature and 

dwell time gets higher and longer. Since the heat for diffusion bonding is provided solely 

by the applied electric current, increasing of temperature from 1750 °C to 1800 °C also 

indicates an augmentation of current density level at the specimens. To verify the effect 

of electric current on elemental interdiffusion apart from the thermal effect caused by 

Joule heating, a side experiment is conducted using a different tooling configuration than 

diffusion bonding of specimens HfB2/ZrB2 -1 and 2 listed in Table 4.1. For HfB2/ZrB2 -1 
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and 2, a “direct heating” configuration [Figure 4.4 (a)], where all the current flow through 

the joining substrates is applied. However, as shown in Figure 4.4 (b), instead of passing 

though electric current through the HfB2 and ZrB2 substrates, electrical insulation layers 

are applied on the inner ends of the graphite punches to block off the current flow. In this 

case, the current can only go through the graphite die around the specimen and heat it up 

via conductive heating (or “die-heating”).  A die wall temperature of 1880 °C is used for 

joining of a HfB2/ZrB2 specimen independent of the assistance of electric current to 

account for the temperature difference between the die wall and sample edge caused by 

Joule heating and measured by pyrometer A (sample edge) and B (die wall) as shown in 

Figure 4.4 (a) and (b). According to the BSE image in Figure 4.4 (d), a seamless 

HfB2/ZrB2 interface is formed after 60 seconds at 1880 °C. However, elemental 

interdiffusion of Hf and Zr is not as pronounced, when compared to the diffusion profiles 

at the current assisted diffusion bonded HfB2/ZrB2 interface as shown in Figure 4.4 (c), 

even though the two specimens have the same sample edge temperature. Figure 4.4 (c) 

clearly shows the diffusion of Hf into the ZrB2 side of the interface, especially along the 

grain boundaries, where atoms are not tightly bound to any individual lattice site and can 

move under the presence of an electric current through momentum transfer between the 

drift electrons and atoms, i.e. electromigration 118. Similar observation are made by Zhao 

and colleagues in a interdiffusion study of a Cu-Ni system, where they observed an 

increase of width of interdiffusion region (enhanced atomic diffusion at interface) due to 

increasing current density 117. 
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In addition, the interdiffusion regions and profiles in both the BSE images and 

plots in Figure 4.3 are asymmetric with respect to the joining interface. For instance, by 

comparing Figure 4.3 (c) and (d), the diffusion of Hf into ZrB2 seems to be a much faster 

process compared to diffusion of Zr into HfB2, provided the mass conservation across the 

interface is maintained. According to Fahrenholtz and Hilmas 5, ZrB2 possesses the 

largest metal (M) atom, the longest B-B and M-B bonds, and hence the largest unit cell 

volume 119 among the diboride family. Meanwhile, the more stable M-B bond in HfB2 

compared to that of ZrB2 owing to the higher charge density and charge transfer between 

the metal and boron atoms makes HfB2 more thermally stable and possesses much higher 

melting temperature than ZrB2 6. Therefore, during interdiffusion at elevated temperature, 

the relatively smaller Hf atoms should enter the ZrB2 lattice and move around with ease 

as opposed to the situation, where larger Zr atoms trying squeeze through the relatively 

smaller and rigid Hf lattice. In addition, since HfB2 has a significantly smaller as-sintered 

average grain size than that of ZrB2 (see Table 4.1), it is more susceptible to diffusional 

creep during diffusion bonding at elevated temperature. To prevent formation of voids 

among HfB2 grains, grain boundary sliding must occur to accommodate the diffusion 

creep rate 18, which could potentially interfere and retard the diffusion of Zr atoms into 

HfB2.  

Figure 4.5 (a) and (b) are inverse pole figure (IPF) maps showing crystal 

orientation and grain morphology of a part of an HfB2/ZrB2 interface joined at 1750 °C 

for 1 second and 1800 °C for 60 seconds, respectively. Every color in the map 

corresponds to a specific crystal orientation of hcp lattice of ZrB2 or HfB2 given in the 

colored sector on the upper right corner of each map. For simplicity, crystallographic 
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information on the oxide contained in the ZrB2 and HfB2 matrix is excluded during 

mapping, hence, the oxide particles are denoted either by the color black or sprinkles of 

color(s) that are different from the uniform background. Due to the different densification 

conditions used for the two materials, the relatively large grains in the top half of each 

map are grains of ZrB2, and the fine-grained HfB2 is located in the bottom half of the 

map. Note that for both maps the HfB2/ZrB2 interface is not located at where the large 

grains and small grains meet, but slightly above that position and transect the first row of 

the large grains as indicated by the black dashed line. This row of “large grains” is where 

interdiffusion of Hf and Zr took place during diffusion bonding, and consists of both 

materials with the upper half being mainly ZrB2 and the lower half being mainly HfB2. 

Even though HfB2 possesses much smaller grains far away from the joining interface as 

shown in Figure 4.5 (a) and (b), no clearly defined boundary are observed for HfB2 in this 

region of interdiffusion owing to localized heating caused diffusional creep and grain 

growth. Also, almost a solid color (with negligible shade variation) is assigned to each of 

these “large grains” transected by the joining interface in Figure 4.5 (a) and (b), meaning 

that the ZrB2 and HfB2 within these regions share the same crystal orientation across the 

joining interface. Knowing the high miscibility between ZrB2 and HfB2 according to 

Hume-Rothery rules 120, it is positive to conclude that the two materials have formed 

ZrxHf1-xB2 solid solutions 121 within the regions of interdiffusion.  

To further investigate the diffusion bonding process between ZrB2 and HfB2, a 

thin chip is sectioned out from a selected region on the HfB2/ZrB2 interface bonded at 

1800 °C for 60 seconds and examined by S/TEM. Regions of ZrB2, HfB2 and ZrxHf1-xB2 

in the chip can be clearly distinguished from the annular dark field image in Figure 4.6 
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(a), as well as the corresponding EDS maps provided in Figure (b) and (c). An atomic 

scale high angle annular dark field (HAADF) image in <1 1 -2 0> orientation is obtained 

from the area inside the red box on the HfB2/ZrB2 interface as shown in Figure 4.6 (a) 

and displayed in Figure 4.6 (d). Uniform transition across the HfB2/ZrB2 interface with 

perfect lattice alignment is observed from one material to the other. In the mean time, 

numerous dislocations are observed especially from the HfB2 side of the HfB2/ZrB2 

interface indicated in the upper left corner of Figure 4.6 (a), potentially due to lattice 

strain caused by the presence of relatively large Zr atoms as shown in the EDS map in 

Figure 4.6 (b). Figure 4.6 (e) is an atomic scale image of a dislocation across the 

HfB2/ZrB2 interface causing deviation from the perfect structure in order to accommodate 

the strain owing to lattice mismatch. Selected area diffraction patterns are obtained from 

the ZrB2, HfB2 and ZrxHf1-xB2 regions and displayed in Figure 4.6 (f), (g) and (h), 

respectively. The three patterns appear identical with negligible difference in lattice 

parameter. During the image acquisition process of the atomic scale images and the 

diffraction patterns, no tilting of zone axes is found needed meaning that the three regions 

(i.e. ZrB2, HfB2 and ZrxHf1-xB2) exhibit the same crystal orientation, which agrees with 

our observation from the EBSD maps provided in Figure 4.5. Since the mechanisms of 

diffusion bonding are very similar to pressure sintering 108, this observation implies that 

the electric current can potentially tailor the crystal orientation and chemistry across grain 

boundaries during sintering and promote rapid densification through enhanced diffusion. 

Meanwhile, recall the electric current driven interdiffusion (via electromigration) 

observed in Figure 4.4, there is a promising prospect to promote formation of solid 

solutions of ZrB2 with other dissimilar diboride compounds such as NbB2, TiB2, VB2, 
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and TaB2 that exhibit relatively large miscibility gaps (with ZrB2) compared to HfB2 121. 

Of course, factors include current density and cooling rate during processing need to be 

well controlled in order to stabilize the electronic structure of the solid solution and 

minimize the decomposition rate. With the above observations made by S/TEM, it is 

confirmed that the ZrB2 and HfB2 substrates are bonded completely down to atomic level 

with formation of ZrxHf1-xB2 solid solutions at certain regions near the HfB2/ZrB2 

interfaces as a result of Zr and Hf interdiffusion. 

 

4.5 Summary 

Using electric current assisted diffusion bonding method, we are able to rapidly 

and successfully join HfB2 and ZrB2 at 1750 °C for 1 second, and at 1800 °C for 60 

seconds. Measureable joining resistance at the mating surfaces, which leads to localized 

Joule heating plays an important role in accelerating the bonding process in terms of 

enhancing Hf and Zr interdiffusion and creep at the HfB2/ZrB2 interfaces. The applied 

electric current can potentially enhance plastic deformation of the surface asperities and 

the subsequent elemental interdiffusion at the joining interface thereby reduces the time 

of the bonding process. The width of the interdiffusion zone is found to increase with 

joining temperature and dwell time. Meanwhile, the diffusion depth of Hf into ZrB2 is 

relatively larger compared to when Zr diffuses into HfB2 at each HfB2/ZrB2 interface 

potentially due to the differences in unit cell volume and average grain size of the two 

materials. The ZrB2 and HfB2 within the interdiffusion zone are found to share the same 

crystal orientation across the joining interfaces and have formed ZrxHf1-xB2 solid solution 

in certain areas along the interfaces due to Hf and Zr interdiffusion. Coherent transition 
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from one material to the other at atomic scale is observed across the joining interfaces, 

which indicates that the current assisted diffusion bonding is both efficient and effective. 

In addition, the results also suggest the potential to tailor crystallographic orientation and 

chemistry across grain boundaries with the presence of an electric current during 

sintering and densification. 
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Table 4.1: substrates and joining conditions for HfB2/ZrB2 structures. 

Specimens 

Average grain size 
of as-sintered 

substrate (µm) 
Temperature 

(°C) 
Dwell 

Time (s) 
Heating/cooling 
rates (°C/min) 

Pressure 
(MPa) 

ZrB
2
 HfB

2
 

HfB2/ZrB2 -1 40.398 ± 
14.284  

1.701 ± 
0.864  

1750 1 
100 3 

HfB2/ZrB2 -2 1800 60 
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Figure 4.1: (a) A schematic showing the experimental setup of the HfB2 and ZrB2 joining 

substrates inside a graphite die in the SPS furnace. The specimen is heated solely by a DC current 

to target joining temperature under an applied uniaxial pressure. (b) Schematic of the AlB2-type 

crystal structure with an hcp metal (Zr or Hf) sub-lattice and a graphite-like ring of boron (B) 

atoms locate in between two metal layers. 
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Figure 4.2: (a) HfB2/ZrB2 interface exhibit measurable resistance that decreases as the joint is 

formed. Joining is complete around a die wall temperature of 1750 °C, which corresponds to a 

sample edge temperature of 1830 °C due to localized Joule heating at the joining interface. (b) 

Joule heating at each HfB2/ZrB2 interface as a result of the applied electric current and joining 

resistance is plotted as a function of time, and the amount of heat generated in Joules is the area 

under the P = I2R curve. 
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Figure 4.3: (a) and (b) are BSE images of HfB2/ZrB2 interfaces joined at 1750 °C for 1 second 

and at 1800°C for 60 seconds, respectively. The “white arrows” represent the average width of 

diffusion zone at each interface. Interdiffusion profiles of Hf and Zr across the HfB2/ZrB2 

interfaces joined at (c) 1750 °C for 1 second and (d) at 1800°C for 60 seconds are plotted 

underneath the corresponding BSE images. 
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Figure 4.4:  (a) and (b) are schematics showing electric current flowing paths in the tooling 

configurations for diffusion bonding of HfB2/ZrB2 interfaces with (direct heating), and without 

(die heating) the electric current flowing though the specimens, respectively. The red arrows 

represent the direction of electric current, and the white lines represent electrical insulation layers 

for blocking off the current flow. (c) and (d) are corresponding BSE images of interfaces joined 

using tooling configurations in (a) and (b), respectively, showing (c) the HfB2/ZrB2 interface in 

specimen HfB2/ZrB2 -2 joined at 1800 °C (via Joule heating) for 60 seconds, and (d) an 

HfB2/ZrB2 interface joined at 1880 °C (via conductive heating from Joule heated graphite die) for 

60 seconds.  
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Figure 4.5: Inverse pole figure (IPF) maps showing crystal orientation near the HfB2/ZrB2 

interfaces joined (a) at 1750 °C for 1 second and (b) at 1800 °C for 60 seconds. 
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Figure 4.6: (a) An HAADF image of an S/TEM thin section made at the HfB2/ZrB2 interface 

joined at 1800 °C for 60 seconds contains regions of ZrB2, HfB2 and ZrxHf1-xB2 solid solution. 

The horizontal streaks on the bottom left corner are caused by “curtaining effect” in FIB. The 

corresponding Zr and Hf content (in count) are indicated in the EDS maps in (b) and (c), 

respectively. (d) An atomically resolved HAADF image taken at the HfB2/ZrB2 interface inside 

the red box in part (a) indicates highly coherent transition with perfect lattice alignment from 

ZrB2 to HfB2 down to nanometer scale. (e) An atomically resolved HAADF image showing a 

dislocation (pointed by the red arrows) at the HfB2/ZrB2 interface due to strain caused by lattice 

mismatch. Selected area diffraction patterns are obtained from regions of ZrB2, HfB2 and ZrxHf1-

xB2 in part (a) and displayed (f), (g) and (h), respectively. 
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Chapter 5 Electric current assisted primary recrystallization in 

electrical conductive ceramic materials 
 

* Proprietary work discussed in this chapter is in collaboration with Dr. Jame M. LeBeau and 

Dr. Joseph Houston Dycus in the Materials Science and Engineering Department from North 

Carolina State University. The corresponding manuscript is in preparation of an article for 

submission Nature, and is in the process of patent application. An invention disclosure has been 

submitted to Tech Launch Arizona at the University of Arizona. 

 

Objectives: 

• To investigate the effect of electric current on defect mobility in electrical 

conductive ceramic materials such as ZrB2. 

• To research novel technique in microstructure tailoring of conductive ceramic 

materials based on electric current driven mechanisms. 

 

5.1 Abstract 

Primary recrystallization (PR), in terms of solid-state microstructural change is 

observed in materials such as metals, ceramics 122, 123 and natural minerals 124. The 

phenomenon was first discovered in some plastic deformed and annealed zinc strips back 

in the 19th century, and has been thoroughly studied for metallic materials over decades. 

30 From a metallurgist point of view, primary recrystallization is restricted to the 

nucleation and subsequent growth of “strain-free” equiaxed grains from the previously 

deformed material at 0.3 to 0.5 of its melting temperature 26. Seeing the inseparable 

relationship between a microstructure and the corresponding material properties, 

recrystallization is often induced deliberately in metals to obtain desired properties and 

grain morphology 31. However, being well known for possessing high melting point and 
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brittle nature, such deformation response is extremely difficult to induce in the bulk of 

ceramic materials, unless elevated temperatures and pressures are applied 122. Here, we 

describe a “metal-like” primary recrystallization phenomenon in polycrystalline 

zirconium diboride (ZrB2), which is a refractory ceramic known for its ultra high melting 

temperature and has an electrical conductivity comparable to those of metals 125. Plastic 

deformation in ZrB2 is being enhanced after heating the material with a direct electric 

current. The current assisted recrystallization not only reduces the defect density within 

the material, but also effectively limits the subsequent grain growth. Our findings suggest 

a great potential in microstructural tailoring and grain refinement of ceramic materials, 

and provide promising ideas for future fabrications and applications.   

 

5.2 Introduction and background 

As a succeeding process of recovery, during which dislocations rearrange and 

annihilate, primary recrystallization (PR) occurs once a critical dislocation density and 

configuration caused by plastic deformation is reached. The driving force for the process 

is the internal energy gradient between the deformed and relatively unstrained regions 

within a material 26. Upon recrystallization, the stored energy owing to plastic strain is 

released as “strain-free” nuclei form from the deformed regions and grow into 

recrystallized grains via migration of high angle (>10 to 15 °) grain boundaries 30. PR is a 

fairly common phenomena observed in metals with moderate recovery rates 18 through 

which a lot of microstructure refinement processes are realized after deformation and 

annealing. PR does occur in various nonmetals such as ceramics (even though not as 

common), and the development is believed to be very similar to those observed in 
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deformed metals 123. However, the plasticity of ceramic materials is limited by the high 

fraction of covalent and ionic bonds, and brittle failure generally occurs before the 

material is plastically deformed. According to Oleinik and Danilenko 122, only when 

extremely high temperature (approaching melting point) and pressure are applied can PR 

be induced in certain ceramics.  

ZrB2 belongs to a group of refractory materials known as ultra high temperature 

ceramics (UHTCs) owing to their extremely high melting points (> 3000 °C) and 

excellent capabilities in extreme environment. As a potential candidate for leading edge 

materials of next generation’s hypersonic vehicles, ZrB2 are of particular interest to 

scientists and engineers in the aerospace industry. Massive researches have been carried 

out over the years in order to control and optimize its material properties 125. A schematic 

of a ZrB2 unit cell is given in Figure 5.1 (a). The hexagonal close-packed (hcp) Zr 

sublattices in the unit cells of ZrB2 are the main source of free electrons, which ensure its 

high electrical conductivity comparable to those of metals (~107 S/m). The graphite-like 

boron (B) ring located in the center of each metal sublattice interacts with the metal 

layers and provides its covalent characteristics. A major overlapping of the partial density 

of states in the metal-4d and B-2p results in strong covalent interaction between the metal 

and B and formation of hybrid bonds, which determines its high melting point and 

hardness 126. This highly covalent nature of ZrB2 also leads to a high Peierls–Nabarro 

barrier and makes it extremely difficult to strain. A study carried out by Kalish and 

coworkers 103 shows that the material does not experience any gross plastic deformation 

up to 1400 °C. Knowing the refractory character of ZrB2, this behavior will probably 



	

	 105	

carry on to even higher temperatures. In fact, being difficult to strain is considered the 

main obstacle for ZrB2 to recrystallize 127.  

Among the few literatures 122, 127–130 found discussing the “metal-like” PR 

phenomenon in ZrB2 and other UHTCs , all of them are induced by applications of 

external mechanical forces such as milling and grinding. For instance, Kushtalova and 

Ivanov 128  investigated the incipient recrystallization temperatures for a series of UHTCs 

including ZrB2 by surface grinding and roughing with abrasive discs. PR phenomenon is 

detected using x-ray diffraction photography from the surface (deformed) layer of the 

ZrB2 specimen at about one half (½) of its melting temperature. However, the PR 

phenomenon mentioned in above literatures is volume limited and does not apply to the 

bulk of the material. And hence, does not seems to be promising if such method were to 

be used for microstructure tailoring. Meanwhile, no microstructure of recrystallized ZrB2 

similar to what we have observed in Figure 2(a) is provided, where regions of different 

stages of PR can be easily identified. 

 

5.3 Experimental Approach 

Taking the advantage of “metallic conduction” of ZrB2, we decided to approach 

the critical plastic strain for recrystallization by inducing a phenomenon termed 

“electroplastic effect” 115, which will enhance plastic deformation in the material in the 

presence of a direct electric current. According to Troitskii and Rozno 115, electric current 

(drift electrons) can reduce the flow stress for plastic deformation by interacting with the 

dislocations and therefore enhance their mobility and multiplication. When an electric 

current passes through conductive materials that contain defects, a net “microscopic 
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force” with two opposing components is exerted on each atom that is out of its 

equilibrium positions 17. One component, termed Fdirect, is an electrostatic force due to the 

direct action of the applied electric field, E, on the positively charged ion core and is 

orientated in the same direction of the electric field. This force can be expressed as 17:  

 

!!"#$%& = !"#                                                              (1) 

 

with Z being the actual valence of the bare ion, and e being the elementary charge (1.602 

× 10-19 C). The second component of the microscopic force arises from scattering of drift 

electrons on atoms around imperfections such as grain boundaries, vacancies and 

dislocations.  During electron scattering, drift electrons collide with an atom inside a 

defect cause a momentum transfer from the moving electrons to the atom, and exert a 

force on the atom in the direction of the flowing electrons – electron wind. Since drift 

electrons flow in the opposite direction as the electric current, the electron wind force, 

Fwind, opposes Fdirect and is given by 17: 

 

!!"#$ = − !!
!!

!!
! !"                                                        (2)  

 

where, ρd is the resistivity per defect, Nd is the defect density, ne is the density of drift 

electrons, and ρ is the total resistivity of the conductor. In general, Fwind is the dominant 

component of the net effect, and is directly proportional to the current density in the 

material. Accordingly, we propose an “electric current induced PR” in ZrB2, which the 

critical plastic strain for recrystallization is caused by dislocations generated by drift 
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electrons. A schematic of Fdirect and Fwind being exerted on a Zr atom at an edge 

dislocation core is illustrated in a callout in Figure 5.1 (b). Using an edge dislocation 

[Figure 5.1(b)] at a common slip system 1010 < 1120 > reported for ZrB2 131 as an 

example, when the dislocation line is perpendicular to the current flowing direction, a net 

force exerted on the atom at dislocation core can cause the dislocation to glide. In the 

situation, where the current flow is tangent to the dislocation line, the net force will 

simply propel the motions of ions and vacancies along the dislocation core and cause 

diffusional mass transport 132. Dislocation climb is also observed for edge dislocations 

and prismatic loops under uniform electric current, in which more dislocations are 

generated and their mobility is controlled by the applied electric field 116. For simplicity, 

boron atoms are not drawn out in the defect structures in Figure 5.1 (b).  

To investigate the “electroplastic effect” in ZrB2, a 20 mm specimen (99+ % 

dense discs sintered from commercially available powders) is heated in a proprietary 

tooling assembly using a direct current sintering furnace. The assembly is heated to target 

temperature under 3 MPa uniaxial pressure solely via resistive heating. Several 

specimens are made for this study as shown in Table 5.1. The proprietary tooling 

assembly is employed to deliver sufficient electric current into ZrB2 to induce plastic 

deformation, while maintains the temperature of the ZrB2 for recrystallization.   

 

5.4 Results and Discussion 

 

5.4.1 Microstructure of “metal-like” PR 
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Microstructure characterizations and material property measurements are done on 

the cross-sectional area of the ZrB2 by slicing it in half along the diameter. Conspicuous 

smaller average grain size compared to those of the as-sintered ZrB2 substrates are 

observed either near the center or across the entire thickness of ZrB2 substrates in 

specimens ZB-1 and ZB-3. In Figure 5.2 (a), grain morphology of half thickness (the 

other half being symmetric) of ZrB2 in ZB-1 is demonstrated in the microstructure and its 

corresponding grain schematic from which regions of recovery, recrystallization and 

grain growth can be easily identified when compared to a typical microstructure of a 

recrystallizing metal 26. Recrystallized grains are observed from the center of the ZrB2 

substrate and the average grain size (26.017 ± 9.901 µm) is almost one half of the value 

measured from the recovery region (47.975 ± 20.407 µm) as shown in the plot in Figure 

5.2 (a). Along with the change in average grain size after PR, a slight reduction (~1 GPa) 

in the average hardness value is observed. This result agrees with the general trend 

(becoming “softer”) for recrystallized metals 26, as well as Kushtalova and Ivanov’s 

observations on recrystallized UHTCs 128. Meanwhile, for ceramic materials such as ZrB2, 

reduction in hardness could potentially mean an augmentation in fracture toughness and 

change the fracture behavior 133, 134.  

5.4.2 Deformation mechanisms during PR 

Apart from the variations of average grain size and hardness after PR, it is worth 

noting that in the region of recovery a lot of the oxide particles (composition studied 

elsewhere 135) are located within grains, whereas majority of them are found at tri-

junctions and grain boundaries of the recrystallized grains as if they were “relocated” 

during the process of PR [see microstructure in Figure 5.2 (a)]. This “rearrangement ” of 
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oxide particles after PR is also noticed when comparing the microstructures of an as-

sintered ZrB2, ZB-2 and ZB-3 as shown in Figure 5.3 (a), (b) and (c), respectively. The 

three microstructures capture the grain morphology of ZrB2 before resistive heating 

[Figure 5.3 (a)], during resistive heating while approaching the critical dislocation 

configuration for PR [Figure 5.3 (b)], and after the occurrence of PR [Figure 5.3 (c)]. 

Specimens ZB-2 and ZB-3 are of the exact same geometric assembly processed with the 

same resistive heating conditions except a 30 seconds longer dwell time at 1800 °C for 

ZB-3 (see details in Table 5.1). However, this extra 30 seconds lead to a dramatic change 

in the microstructure across the entire thickness of ZB-3 with smaller average grain size 

and different oxides distribution as shown in Figure 5.3 (b) and (c). And the 

rearrangement of oxide particles after PR seems to be more pronounced compared to the 

situation in the microstructure in Figure 5.2 (a). During a PR process of a deformed metal 

with non-deformable secondary particles, Humphreys 136 observed a “particle stimulated 

nucleation (PSN)” event in which regions in the vicinity of particles contain large lattice 

misorientation and act as potential nucleation sites for “strain-free” grains in addition to 

other deformation zones. Inspired by this observation, we performed electron backscatter 

diffraction (EBSD) spectroscopy on the as-sintered ZrB2, ZB-2 and ZB-3. Inverse pole 

figure (IPF) maps with information on crystal orientation are acquired for the three ZrB2 

substrates mentioned here and displayed in Figure 5.3 (d), (e) and (f), respectively. Every 

color in the map corresponds to a specific crystal orientation of hcp lattice of ZrB2 

provided in the colored sector on the upper right corner of each map. For simplicity, 

crystallographic information on oxide particles is excluded during mapping, and the 

oxide particles are denoted either by the color black or sprinkles of color(s) that are 
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different from the uniform background. Kernel average misorientation (KAM) maps in 

Figure 5.3 (g), (h) and (i) are processed from the corresponding IPF maps in Figure 5.3 

(d), (e) and (f) by comparing each scanned point in the map with its nearest neighbors 

(kernels) and calculate the degree of misorientation owing to plastic strain 42. According 

to Figure 5.3 (g) and (h), an increase in average misorientation (i.e. strain) in the ZrB2 

matrix especially around the oxide particles is observed as the material is heated by a 

direct electric current. After PR, the build-up dislocations are removed through the 

formation of “strain-free” grains indicated by a reduction in average misorientation 

values in Figure 5.3 (i). Figure 5.3 (j-1) to (j-3) are bright and dark field images of 

dislocations (shown as black/while lines in the images) taken from ZB-2 by a scanning 

transmission electron microscope (STEM). These remaining dislocations after recovery 

are found mainly around the oxide particles. A dislocation configuration similar to “rows 

of prismatic loops” 31 that is commonly observed in deformed particle-containing metals 

is captured in Figure 5.3 (j-3) in the red dashed oval. These results are in agreement with 

the KAM map in Figure 5.3 (h) as well as Humphreys’ observations mentioned earlier, 

which suggest a high possibility on regions around the oxide particles being the preferred 

nucleation sites for PR in our ZrB2. The number of nuclei formed at each particle is 

particle size and spacing dependent, which could potentially influence the final 

recrystallized microstructure. 31 Other nucleation mechanisms that are more common for 

deformed metals and involve with formation of transition bands seem less possible in our 

case 137, since no noticeable crystal orientation gradients are observed in the IPF maps in 

Figure 5.3.  
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5.4.3 Effects of electric current 

With the assistance of electric current, PR is efficiently induced in an ultra high 

temperature ceramic within minutes as opposed to the PR processes occurred in other 

ceramic materials at much higher pressures and homologous temperatures 122, 123 owing to 

current enhanced plastic deformation. Conrad et al. 138 investigated the effect of an 

applied electric current on annealing of copper and observed “an increased rates in 

recovery and recrystallization” due to enhanced dislocation motions including glide, 

cross-slip and climb. In a separate experiment, ZB-4 is made using a conductive heating 

method independent of electric current application as a comparison for ZB-3. The tooling 

assembly of ZB-4 is indirectly heated by resistive heated graphite die to an equivalent 

target temperature as the one used for ZB-3 to account for the thermal effect caused by 

Joule heating. Note that ZB-3 and ZB-4 are of the exact same geometry, processing 

temperature, and dwell time except for the different heating methods. No prominent PR 

phenomenon is observed in ZB-4 as opposed to the entire ZB-3 experienced PR with a 

reduction in average grain size and rearrangement of oxide particles, which confirms the 

idea and feasibility of “electroplastic effect” in ZrB2. Not only does the electric current 

promote PR, it limits the grain growth of the recrystallized grains. According to Doherty 

139 , during PR only the subgrains with high angle boundaries (>10 to 15 °) could grow 

into recrystallized grains due to the much lower mobility of the low angle grain 

boundaries. However, the applied electric current can accelerate the process for subgrains 

to achieve the required misorientation for growing into recrystallized grains. In this case, 

subgrains coalescence is hampered and more “strain-free” grains are formed after PR 138. 



	

	 112	

Silveira and co-workers 140 corroborated the idea and discovered that the average 

recrystallized grain size decreases with increasing current density. 

5.4.4 Nucleation mechanism of PR 

With all the observations made in this study, an electric current assisted PR 

process in ZrB2 is summarized in a series of schematics in Figure 5.2 (b) � to �. An as-

sintered ZrB2 microstructure is represented by schematic �. Upon resistive heating the 

material experiences grain growth and electric current enhanced recovery process with 

accelerated dislocation annihilation and rearrangement. However, the dislocation density 

around the oxide particles embed in the ZrB2 matrix can only recover to a certain extent 

owing to the differences between their deformation responses and thermal expansion 

coefficients. Hence, like in grain boundaries, dislocations tend to concentrate in the 

vicinity of oxide particles such as oxide/ZrB2 interfaces, and will eventually reach the 

critical plastic strain for PR. Microstructure of ZrB2 approaching the critical plastic strain 

level for PR is demonstrated in schematic �. Once a critical plastic strain level (enough 

driving force) for PR is reached, “strain-free” ZrB2 nuclei are generated in the recovered 

microstructure as shown in schematic �, which explains their final locations being at the 

tri-junctions and grain boundaries in the recrystallized microstructure. In schematic �, 

the recrystallized grains grow at the expense of the surrounding deformed matrix through 

migration of high angle grain boundaries. Meanwhile, the oxides that are not surrounded 

by recrystallized grains get “picked up” by the migrating high angle grain boundaries 

during grain growth and will end up in tri-junctions and grain boundaries as the deformed 

matrix is fully consumed. A recrystallized ZrB2 microstructure is demonstrated in 

schematic �.  
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5.5 Conclusions and future perspectives 

We have successfully and efficiently recrystallized an ultra high temperature 

ceramic (ZrB2) through the application of a direct electric current. The mechanism of 

“electroplastic effect” not only allows us to overcome the challenges associated with PR 

of ceramic materials, but also limits the potential of grain coarsening in the recrystallized 

microstructure. Prominent average grain size reduction after PR is observed in the 

recrystallized ZrB2 microstructures. Nucleation of the “strain-free” grains is believed to 

mainly initiate in the vicinity of the oxide particles embed in the ZrB2 matrix, where high 

lattice misorientation and dislocation density is observed. The oxide particles that are 

originally inside the as-sintered ZrB2 grains are found in the tri-junctions and boundaries 

of the recrystallized grains. Through one simple process, a promising method for 

microstructural tailoring of ceramic materials is provided. For future works, this “current 

enhanced PR” will be tested on other conductive ceramics, or even heavily doped 

semiconductors and insulators to ensure high electrical conductivity approaching those of 

metals. Good contacts within the tooling assembly that contains the ZrB2 specimen is 

important, as a path of low resistance for electron transport is essential to promote 

motions and multiplications of dislocations. In addition, the recovery rate along with 

factors that may influence the distribution of dislocations (such as grain size, particles) 

need to be carefully controlled to ensure there is enough driving force to initiate 

nucleation of the “strain-free” grains.  
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Table 5.1: Material parameters and processing conditions for ZrB2 specimens in 
proprietary tooling assembly. 

Specimen 
Number 

Average grain 
size of as-sintered 
ZrB2 (µm) 

Target 
temperatures 

(°C) 

Avg. current 
density at target 

temperatures 
(A/cm

2
) 

Dwell time at 
target 

temperatures 
(min) 

ZB-1 
40.398 ± 14.284 1800 340 

20 
ZB-2 0.5 
ZB-3 1 
ZB-4 Equivalent T 0 1 
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Figure 5.1: (a) A schematic of ZrB2 unit cell indicating the (0 0 0 1) basal plane and a (1 0 -1 0) 

[1 -2 1 0] prismatic slip system. (b) Schematics of an edge dislocation in ZrB2 during {1 0 -1 

0}<1 -2 1 0> prismatic slip. A net force is exerted on the dislocation core, with its components 

due to interaction between the drift electrons and Zr atoms shown in the callout. For simplicity, 

boron (B) atoms are not drawn out in both parts. 

 

 

(a)	

(b)	
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Figure 5.2: (a) Microstructure of ZrB2 (image is processed to reveal grain boundaries) and a 

schematic of its grain morphology showing phenomena of “metal-like” recovery and 

recrystallization followed by grain growth. Average hardness and grain size are plotted above the 

corresponding regimes. For the purpose of simplicity, oxide particles are neglected in the 

schematic. (b): schematics of a proposed PR process in ZrB2: �an as-densified ZrB2 
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microstructure; � upon resistive heating ZrB2 experiences slight grain growth and current 

enhanced plastic deformation and eventually approaches the critical plastic strain level for PR; � 

nucleation of “strain-free” grains around the oxide particles and at grain boundaries; �

recrystallized grains grow at the expense of the surrounding deformed grains;	�Deformed 

microstructure is fully consumed during grain growth of the recrystallized grains. 
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Figure 5.3: Microstructures (a) ~ (c), crystal orientation (d) ~ (f), and levels of plastic strain (g) ~ 

(i) of the cross-sections of as-densified ZrB2 [show in (a) (d) (g), respectively], ZB-2 approaching 

the critical plastic strain level for PR [show in (b) (e) (h), respectively], and recrystallized ZB-3 

[show in (c) (f) (i), respectively]. Numerous dislocations (white and black lines) are observed in 

ZB-2, especially around oxide particles as shown in the STEM bright/dark field images in (j-1), 

(j-2) and (j-3). A dislocation configuration similar to “rows prismatic loops” is observed and 

circled in the red dashed oval. 
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Chapter 6 Comprehensive Summary 

 
6.1 Effect of cooling rate on processing electrical conductive ceramics using spark 

plasma sintering 

Spark plasma sintering (SPS) features in rapid densification allows desired 

microstructure and mechanical properties to be obtained under accurately controlled 

processing conditions. In order to produce high quality materials using SPS, the effect of 

cooling rate on the final product must be known as it directly determines the residual 

stress level primarily caused by coefficient of thermal expansion (CTE) mismatch for 

specimens contain more than one phase, such as composites and laminated structures. 

In this study, the influence of cooling rate during densification of ZrB2-25vol.%SiC 

composite is investigated. Upon heating and cooling over the temperature range of 25 to 

1800 °C, the relatively higher CTE value (ΔCTE ≈ 2ppm/K) of the ZrB2 matrix causes it 

to expand and shrink faster than the embedded SiC grains, which lead to residual 

compressive stress on the SiC phase and tensile stress on ZrB2 phase once the composite 

is cooled to room temperature. Mechanical properties and residual stress are measured 

from specimens cooled at increasing cooling rates. Finite element analysis (FEA) is also 

employed to gain insight of the temperature distribution across the specimen (circular 

surface) at isotherm (steady state model) and during cooling (transient model). Major 

findings of this work are listed below: 

 
• The ZrB2-25vol%SiC specimens densified at the same temperature and dwell time 

but cooled with increasing cooling rates at 10 °C/min, 50 °C/min, 100 °C/min, 
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200 °C/min, and ~225.5 °C/min (natural cooling) result in similar average grain 

size and microstructure. 

• Cooling rates greater than 100 °C/min result in reduction of average hardness.  

• No obvious microcracks were found in the microstructures and the average elastic 

modulus of the specimens increases with increasing cooling rates.  

• FEA indicates the center of each specimen is initially 14 °C hotter than the edge 

at isotherm, and the temperature difference changes to zero at different rates for 

specimens cooled at increasing cooling rates.  

• The temperature difference on the specimen cooled with natural cooling rate 

decreases rapidly from 14 °C to -5°C within only a few seconds after cooling 

started, which may thermally shock the material and results in high residual stress.   

• X-ray diffraction (XRD) and Raman spectroscopy measurements indicate the 

specimen cooled with natural cooling has the highest residual stress level, and the 

specimen cooled at 100 °C/min has the minimum residual stress. 

 

6.2 Rapid and localized diffusion bonding of ultra high temperature ceramics 

Ultra high temperature ceramics (UHTCs) are promising material candidates for 

aerospace and energy applications in extreme environment. Therefore, effective and 

efficient joining technique is required for fabricating sophisticated assemblies and for 

structural integration. Electrical current assisted diffusion bonding of UHTCs carried out 

in a spark plasma sintering furnace offers significant advantages over brazing and 

conventional solid state diffusion bonding, and forms seamless joints with identical 

mechanical strength and oxidation resistance at elevated temperature compared to the 
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base UHTC substrates. For this study, a ZrB2 substrate is joined to an HfB2 substrate 

under applied DC current to resistively heat the specimens to 1750 °C for 1 second and 

1800 °C for 1 minute, respectively. A series of characterization and analytical techniques 

are employed to examine the quality, microstructure, and chemistry of the joining 

interfaces. Following are the major findings associated with this research:  

 
• Seamless HfB2/ZrB2 joining interfaces are formed rapidly under both SPS 

conditions (i.e. 1750 °C – 1second and 1800 °C – 1minute). 

• The HfB2 and ZrB2 mating surfaces exhibit measureable joining resistance upon 

heating and leads to localized Joule heating at the surface asperities, which plays 

important roles in accelerating the bonding process in terms of enhancing Hf and 

Zr interdiffusion and creep at the joining interfaces. 

• The applied DC current can potentially enhance plastic deformation of the surface 

asperities and the subsequent elemental interdiffusion at the joining interface, 

thereby reduces the time of the bonding process. 

• The ZrB2 and HfB2 grains on both side of the interface share the same crystal 

orientation after joining is complete. 

• Hf and Zr elemental inter-diffusion and formation of ZrxHf1-xB2 solid solution is 

observed at HfB2/ZrB2 interface. 

• The width of the Hf and Zr elemental inter-diffusion profiles increases with 

temperature (current density at the sample) and time due to electromigration.  

• Highly coherent transition (with perfect lattice alignment at atomic scale) between 

ZrB2 and HfB2 proved that we have successful joined the two substrates through 

diffusion bonding and bring them into atomic contact. 
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6.3 Electric current assisted primary recrystallization in electrical conductive 

ceramic materials 

Primary recrystallization (PR) is a phenomenon that is commonly observed in 

metals and describes the nucleation and subsequent growth of “strain-free” equiaxed 

grains from the previously plastic-deformed regions at 0.3 to 0.5 of its melting 

temperature through migration of high angle (> 10 to 15 °C) grain boundaries. However, 

being well known for possessing high melting point and covalent nature, plastic 

deformation hardly occurs in the bulk of ceramic materials without brittle failure. And the 

critical strain level needed to initiate nucleation of strain-free grains is extremely difficult 

to achieve. Hence, such deformation response (i.e. PR) is rarely observed in ceramics 

unless elevated temperatures and pressures are applied. Through the application of a 

direct electric current, plastic deformation is greatly enhanced in an electrical conductive 

ceramic (ZrB2), and a recrystallized microstructure similar to what one would observed 

for recrystallized metals is observed. To our knowledge, this is the first time that a 

“metal-like” PR microstructure including regions of recovery, recrystallization, and grain 

growth is observed in the bulk of a ceramic material. Key findings associated with this 

work are listed below: 

 
• The applied electric current (drift electrons) can reduce the flow stress for plastic 

deformation by interacting with the dislocations and therefore enhance their 

mobility and multiplication, which enables the material to reach the critical strain 

level for nucleation of “strain-free” grains. 

• The average grain size of recrystallized ZrB2 is significantly smaller (~ ½ of the 

original value) compared to the grains from the recovery region. 
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• The average hardness experiences a slight decrease (~1GPa) after PR.  

• The oxide particles within the ZrB2 matrix that are originally inside the as-

sintered ZrB2 grains are observed in the tri-junctions and boundaries of the 

recrystallized grains.  

• Nucleation of the “strain-free” grains is believed to mainly initiate in the vicinity 

of the oxide particles embed in the ZrB2 matrix, where high lattice misorientation 

and dislocation density is observed. 

• Our findings suggest a great potential in microstructural tailoring and grain 

refinement for ceramic materials.  
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Chapter 7: Ongoing and Future work 

 

7.1 Diffusion bonding and mechanical testing of advanced ceramics 

Using current assisted diffusion bonding method we have successfully bond 

several advanced ceramics including ZrB2-SiC, HfB2-SiC, SiC, B4C and Si3N4 either to 

themselves or to dissimilar substrates. Seamless interfaces are formed in all the joints 

mentioned here as shown in Figure 7.1. Flexural strength is measured for SiC and B4C on 

the baseline substrate and the joints. Both materials exhibit almost identical flexural 

strength at the joints compared to the baseline substrates as shown in Table 7.1. For 

future work, mechanical tests will be performed on joints formed with other advanced 

ceramics and the results will be used in preparation of manuscripts.  

Meanwhile, as mentioned in Chapter 4, we have brought HfB2 and ZrB2 to atomic 

contact and formed ZrxHf1-xB2 near the HfB2/ZrB2 interfaces. However, the two materials 

are considered very similar in terms of material properties and crystal structure. 

Therefore, the high lattice continuity between the two mating materials should results in 

relatively lower interfacial energies compared to materials with large differences 12. For 

future work, we would like to characterize interfaces formed among dissimilar UHTCs 

(and their composites), graphite, and metals and investigate the effect of lattice continuity 

on interdiffusion at the interfaces. In the mean time, we would like to use the current 

assisted diffusion bonding method to form bond between a conductor and an insulator 

such as ZrB2/Si3N4 and study how electric current affect the diffusion and bonding 

mechanisms. 
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7.2 Primary recrystallization of ceramics 

Seeing the great potential of microstructure tailoring results from electric current 

enhanced primary recrystallization discussed in chapter 5, we tested our method on a 

“fine-grained” ZrB2. A ZrB2 substrate with an as-densified grain size of 6.823 ± 2.940 

µm is heated in the proprietary tooling design to create the exact same assembly 

mentioned previously in Chapter 5. The fine-grained ZrB2 is also specially made with 

relatively low oxygen content (processing method discussed elsewhere 135) since the large 

grain boundary area and high oxygen content may lead to a uniform distribution of 

dislocations and stagnated the nucleation for recrystallization due to the lack of driving 

force. After resistive heating of 30 seconds at 1800 °C, recrystallized microstructure is 

observed near the center (half thickness) of the ZrB2 substrate with average recrystallized 

grain size is 4.804 ± 2.190 µm as shown in Figure 7.1. Meanwhile we have observed a 

slight increase (~1 GPa) in average hardness for the recrystallized region potentially due 

to the large grain boundary area that impedes dislocation motion. However, several 

problems remain unclear and need to be solved during future work. For example, the 

influence of oxygen content on nucleation mechanisms of “strain-free” grains, as well as 

the relationship between the average grain size, thickness of ZrB2 and the time needed for 

recrystallization. In addition, we would like to try recrystallizing different UHTCs and 

their composites as well as other structural ceramic materials with low electrical 

conductivities such as Si3N4, SiC, and B4C.  
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7.3 Finite element analysis models on time-dependent heating and cooling processes 

With the previous developed thermal-electrical coupled steady-state model, we 

are able to make reasonable predictions on temperature distribution at target isotherm 

during densification of ultra-high temperature ceramic composite using our spark plasma 

sintering (SPS) system. However, during heating and cooling of the densification process, 

steady state for heat conduction is never reached and the thermal energy within the 

system flows in a transient mode. Therefore, a time-dependent framework based on the 

existing transient model discussed in Chapter 3 will be developed to capture the 

temperature gradients on the assembly (tooling and sample) for conductive ZrB2-based 

materials (and eventually for insulators) during heat up and cool down at temperatures up 

to 1800 °C. In addition to the calibrated and optimized materials’ properties used in the 

existing model, our next step is to modify the heat capacity (Cp) of the graphite tooling 

and accessories so that the simulated and experimentally measured temperatures match 

up at different stages of heating/cooling. 
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Table 7.1: Flexural strength of SiC and B4C measured at the baseline substrates and the 

joints.  

Materials Flexural Strength (MPa) 
Baseline Joint 

SiC 377 ± 51 MPa 386 ± 66 MPa 
B4C 400 ± 42 MPa 393 ± 38 MPa 
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Figure 7.1: Seamless interfaces formed in current assisted diffusion bonded advanced ceramics in 

the Corral Lab at the University of Arizona. 
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Figure 7.2: Microstructure of fine-grained ZrB2 showing recovery and grain recrystallization 

followed by grain growth after being heated at 1800 °C for 30 seconds. Average hardness and 

grain size are plotted above the corresponding regimes in the microstructure. 
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APPENDIX A – Fundamental Physical Equations for FEA 

Reported here are the fundamental physical equations used for finite element 

analysis (FEA) in the modeling software (COMSOL Multiphysics®, COMSOL Inc., Los 

Angeles, CA). 

Electric Currents Module:  

• Current Conservation:  

∇ · ! = !! 
 
! = !!+ !! 
 
! = −∇! 

• Electrical Insulation:  

 ! · ! = 0 

• Normal Current Density:  

−! · ! = !! 

• Contact Impedance:  

! ∙ !! = !
!!

!! − !!    
 

Variables:   

J: Current density [A·m-2]  

E: Electric potential [V]  

σ: Electrical conductivity [S·m-1]  

ρs: Surface resistance [Ω·m2]  

V: Voltage [V]  

n: Normal vector 

 
Heat Transfer Module:  
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• Heat Transfer in Solids:  

!!!! ∙ !" = ! ∙ !"# + ! 

• Heat Flux:  

−! ∙ −!!! = ℎ ∙ !!"# − !  

• Thin Layer:  

−!! ∙ −!!!!! = − !! − !!
!!

 

 
−!! ∙ −!!!!! = − !!!!!

!!
  

 
!! = !!

!!
   

 
*The subscripts u and d represent the upside and downside interfaces in the SPS tooling assembly. 

• Diffuse Surface: 

−! ∙ −!!! = !!! !!"#! − !!   

Variables:   

ρ: Density [kg·m-3]  

Cp: Specific heat capacity [J·kg-1·K-1]  

u: Fluid velocity where convection is present (generally negligible in the SPS 

system 8) [m·s-1]  

k: Thermal conductivity [W·m-1·K-1]  

h: Heat transfer coefficient [W·m-2·K-1]  

Q: Heat flux [W·m-2]  

σb: Stefan-Boltzmann’s constant  

ε: Emissivity (surface of the SPS tooling 8) 

Text: temperature of the cooling fluid 
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Rs: thermal resistance 

ds: thickness of the graphite foil layer 

ks: thermal conductivity of the graphite foil layer 

Tamb: ambient temperature of the SPS furnace chamber 8 

 

Thermal-Electrical Coupling:  

• Electromagnetic Heat Source: 

!!!! ∙ ∇! = ∇ ∙ !∇! + !! 

!! = ! ∙ ! 

• Boundary Electromagnetic Heat Source:  

−! ∙ −!!! = !! 

Variables:   

Qe: Heat generated per unit volume [W·m-3]  

Qb: Heat flux at boundary [W·m-3]  
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APPENDIX B – Material Properties of Graphite, Steel, and ZrB2-SiC  

Reported here are thermal, electrical, and mechanical properties used in the FEA 

model. Each material is defined with properties as a function of temperature in piecewise 

format for materials requiring temperature dependence during simulation.  

Graphite 

• Thermal Conductivity [W/(m·K)]: 

110.12 - 0.135 T + 8E-5 T2 - 1E-8 T3
                                                       

(273<T<673) 

78 - 0.046 T + 1E-5 T2                                                            (673<T<1600) 

39 – 0.006 T                                                                            (1600<T<3000)  

• Electrical Conductivity [σ(S/m)]:  

2.147E4 + 2.1589 T - 0.159 T2 + 4.0E-5 T3 - 3.0E-9 T4        (273<T<2200)  

1.7E5 - 40.406 T                                                                      (2200<T<3500)  

• Heat Capacity [J/(kg·K)]:  

491.9 Log (T) – 2016                                                                (273<T<3000)  

• Density [kg/m3]:  

1850         

• Emissivity:  

0.85 

 

ZrB2-SiC 

• Thermal Conductivity [W/(m·K)]: 

83.42 + 0.00135 T - 4.29E-6 T2 + 9.90 T3   (293<T<2273) 
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• Electrical Conductivity [S/m]: 

 5.0E-6 - 3760 T + 0.958 T2     (293<T<1900) 

 1.56E6 -100 T       (1900<T<3000) 

• Heat Capacity [J/(kg·K)]: 

 585.45 + 0.156 T - 1.30E7 T2     (283<T<1200) 

 

321H Stainless Steel 

• Thermal Conductivity [W/(m·K)]: 

0.298 + 0.152 T - 6.87E-4 T2 + 1.163E-6 T3   (273<T<1672) 

• Electrical Conductivity [S/m] 

 (4.873E-7 + 9.825E-10 T - 3.252E-13 T2  

- 4.485E-17 T3 + 3.914E-20 T4)-1   (293<T<1672) 

• Heat Capacity [J/(kg·K)] 

 235.65 + 1.3 T - 0.0019 T2 + 1.348E-6 T3  

- 3.343E-10 T4     (300<T<1500)  

     

• Density [kg/m3]:  

7960  

• Emissivity:  

0.5        

 

 

 

 



	

	 136	

References 
 

1  W.G. Fahrenholtz, E.J. Wuchina, W.E. Lee, and Y. Zhou, Ultra-High Temperature 

Ceramics: Materials for Extreme Environment Applications. John Wiley & Sons, 

2014. 
2  D. Glass, “Physical Challenges and Limitations Confronting the Use of UHTCs on 

Hypersonic Vehicles;” in 17th AIAA Int. Space Planes Hypersonic Syst. Technol. 

Conf. American Institute of Aeronautics and Astronautics, 2011. 
3  G.V. Samsonov and I.M. Vinitskii, Handbook of refractory compounds. IFI/Plenum, 

1980. 
4  J.F. Justin and A. Jankowiak, “Ultra High Temperature Ceramics : Densification, 

Properties and Thermal Stability.,” AerospaceLab, [3] 1–11 (2011). 
5  W.G. Fahrenholtz, G.E. Hilmas, I.G. Talmy, and J.A. Zaykoski, “Refractory Diborides 

of Zirconium and Hafnium,” J. Am. Ceram. Soc., 90 [5] 1347–1364 (2007). 
6  X. Zhang, X. Luo, J. Han, J. Li, and W. Han, “Electronic structure, elasticity and 

hardness of diborides of zirconium and hafnium: First principles calculations,” 

Comput. Mater. Sci., 44 [2] 411–421 (2008). 
7  J.S. Reed, Principles of Ceramics Processing, 2nd Edition, 2 edition. Wiley-

Interscience, New York, 1995. 
8  D. Pham, “Processing High Purity Zirconium Diboride Ultra-High Temperature 

Ceramics: Small-to-Large Scale Processing;” Doctoral Dissertation, The University of 

Arizona, Tucson, Arizona, 2016. 
9  T. Masao, “Spark plasma sintering (SPS) method, systems and applications;” pp. 

1149–1177 in Handb. Adv. Ceram. Elsevier, 2013. 
10  C.S. Bonifacio, J.F. Rufner, T.B. Holland, and K. van Benthem, “In situ transmission 

electron microscopy study of dielectric breakdown of surface oxides during electric 

field-assisted sintering of nickel nanoparticles,” Appl. Phys. Lett., 101 [9] 93107 

(2012). 
11  T. Mizuguchi, S. Guo, and Y. Kagawa, “Transmission electron microscopy 

characterization of spark plasma sintered ZrB2 ceramic,” Ceram. Int., 36 [3] 943–946 

(2010). 
12  M.G. Nicholas, Joining Processes. Springer Science & Business Media, 1998. 



	

	 137	

13  R.W. Messler Jr., “Chapter 1 - Introduction to Joining: A Process and a Technology;” 

pp. 3–44 in Join. Mater. Struct. Butterworth-Heinemann, Burlington, 2004. 
14  H. Ferkel and W. Riehemann, “Bonding of alumina ceramics with nanoscaled alumina 

powders,” Nanostructured Mater., 7 [8] 835–845 (1996). 
15  B.V. Cockeram, The Diffusion Bonding of Silicon Carbide and Boron Carbide Using 

Refractory Metals. Bettis Atomic Power Lab., West Mifflin, PA (US), 1999. 
16  W.R. Pinc, M. Di Prima, L.S. Walker, Z.N. Wing, and E.L. Corral, “Spark Plasma 

Joining of ZrB2–SiC Composites Using Zirconium–Boron Reactive Filler Layers,” J. 

Am. Ceram. Soc., 94 [11] 3825–3832 (2011). 
17  H. Conrad and A.F. Sprecher, “The Electroplastic Effect in Metals;” in Dislocations 

Solids Vol. 8 Basic Probl. Appl. Edited by F.R.N. Nabarro. Elsevier Science 

Publishing Company, Inc., 1989. 
18  T.H. Courtney, Mechanical Behavior of Materials: Second Edition. Waveland Press, 

2005. 
19  F. Chen, S. Yang, J. Wu, J.A. Galaviz Perez, Q. Shen, J.M. Schoenung, E.J. Lavernia, 

and L. Zhang, “Spark Plasma Sintering and Densification Mechanisms of Conductive 

Ceramics under Coupled Thermal/Electric Fields,” J. Am. Ceram. Soc., 98 [3] 732–

740 (2015). 
20  G. Antou, G. Mathieu, G. Trolliard, and A. Maître, “Spark plasma sintering of 

zirconium carbide and oxycarbide: Finite element modeling of current density, 

temperature, and stress distributions,” J. Mater. Res., 24 [2] 404–412 (2009). 
21  COMSOL Multiphysics®. COMSOL Inc., Stockholm, Sweden, 1986. 
22  D. Pham, L.S. Walker, and E.L. Corral, Reducing Current Density and Temperature 

Gradients During Scale-Up of ZrB2 Using Finite Element Analysis Modeling, (2015). 
23  Specialty graphite materials for sintering, (2011). 
24  J.W. Zimmermann, G.E. Hilmas, W.G. Fahrenholtz, R.B. Dinwiddie, W.D. Porter, and 

H. Wang, “Thermophysical Properties of ZrB2 and ZrB2–SiC Ceramics,” J. Am. 

Ceram. Soc., 91 [5] 1405–1411 (2008). 
25  R.H. Bogaard, P.D. Desai, H.H. Li, and C.Y. Ho, “Thermophysical properties of 

stainless steels,” Thermochim. Acta, 218 [Supplement C] 373–393 (1993). 



	

	 138	

26  W.D. Callister and D.G. Rethwisch, Fundamentals of materials science and 

engineering. Wiley New York, 2013. 
27  R.D. Doherty, D.A. Hughes, F.J. Humphreys, J.J. Jonas, D.J. Jensen, M.E. Kassner, 

W.E. King, T.R. McNelley, et al., “Current issues in recrystallization: a review,” 

Mater. Sci. Eng. A, 238 [2] 219–274 (1997). 
28  G. Gottstein and L.S. Shvindlerman, Grain Boundary Migration in Metals: 

Thermodynamics, Kinetics, Applications, Second Edition. CRC Press, 2009. 
29  G. Sachs and K.R. Van Horn, “Practical metallurgy: applied physical metallurgy and 

the industrial processing of ferrous and nonferrous metals and alloys,” Am. Soc. Met., 

139 (1940). 
30  P.R. Rios, F. Siciliano Jr, H.R.Z. Sandim, R.L. Plaut, and A.F. Padilha, “Nucleation 

and growth during recrystallization,” Mater. Res., 8 [3] 225–238 (2005). 
31  A. Rollett, G.S. Rohrer, and J. Humphreys, Recrystallization and Related Annealing 

Phenomena. Newnes, 2017. 
32  D.B. Williams and C.B. Carter, “The Transmission Electron Microscope;” pp. 3–17 in 

Transm. Electron Microsc. Springer, Boston, MA, 1996. 
33  N. Chatterjee, Electron Microprobe Analysis-Course Notes-MIT Electron Microprobe 

Facility, (2012). 
34  K. Domanik, Electron Microprobe Notes 1-Univeristy of Arizona Electron Microprobe 

Laboratory, (2001). 
35  D. Stojakovic, “Electron backscatter diffraction in materials characterization,” 

Process. Appl. Ceram., 6 [1] 1–13 (2012). 
36  J. Goldstein, D.E. Newbury, P. Echlin, D.C. Joy, A.D.R. Jr, C.E. Lyman, C. Fiori, and 

E. Lifshin, Scanning Electron Microscopy and X-Ray Microanalysis: A Text for 

Biologists, Materials Scientists, and Geologists. Springer Science & Business Media, 

2012. 
37  Electron Interaction with matters 

(https://upload.wikimedia.org/wikipedia/commons/4/49/Electron_Interaction_with_M

atter.svg), (2013). 
38  A.J. Schwartz, M. Kumar, B.L. Adams, and D.P. Field, Electron Backscatter 

Diffraction in Materials Science. Springer Science & Business Media, 2013. 



	

	 139	

39  W. Zhou and Z.L. Wang, Scanning Microscopy for Nanotechnology: Techniques and 

Applications. Springer Science & Business Media, 2007. 
40  Y. Liao, Practical Electron Microscopy and Database. GlobalSino, 2007. 
41  S. Shashank, Introduction to Electron Backscattered Diffraction (TEQIP Workshop 

HREXRD), (2016). 
42  S.I. Wright, M.M. Nowell, and D.P. Field, “A Review of Strain Analysis Using 

Electron Backscatter Diffraction,” Microsc. Microanal., 17 [3] 316–329 (2011). 
43  J. Goodge, Electron probe micro-analyzer (EPMA), Geochem. Instrum. Anal., (2017). 
44  H. Darrell and J. Goodge, Wavelength-dispersive spectroscopy (WDS), Geochem. 

Instrum. Anal., (2016). 
45  J. Goodge, Element mapping, Geochem. Instrum. Anal., (2016). 
46  N. Yao, Focused Ion Beam Systems: Basics and Applications. Cambridge University 

Press, 2007. 
47  L.A. Giannuzzi and F.A. Stevie, “A review of focused ion beam milling techniques for 

TEM specimen preparation,” Micron, 30 [3] 197–204 (1999). 
48  L.A. Giannuzzi and N.C.S. University, Introduction to Focused Ion Beams: 

Instrumentation, Theory, Techniques and Practice. Springer Science & Business 

Media, 2006. 
49  L.D. Hanke, K.H. Schenk, and D.R. Scholz, “Broad Beam Ion Milling for 

Microstructure Characterization,” Mater. Perform. Charact., 5 [5] 767–779 (2016). 
50  Á. Barna, B. Pécz, and M. Menyhard, “TEM sample preparation by ion 

milling/amorphization,” Micron, 30 [3] 267–276 (1999). 
51  D.B. Williams and C.B. Carter, “The Instrument;” pp. 141–169 in Transm. Electron 

Microsc. Springer, Boston, MA, 1996. 
52  D.B. Williams and C.B. Carter, “Amplitude Contrast;” pp. 371–388 in Transm. 

Electron Microsc. Springer, Boston, MA, 1996. 
53  S.-J.L. Kang, Sintering: Densification, Grain Growth and Microstructure. 

Butterworth-Heinemann, 2004. 
54  J.E. Garay, “Current-Activated, Pressure-Assisted Densification of Materials,” Annu. 

Rev. Mater. Res., 40 [1] 445–468 (2010). 



	

	 140	

55  V. Medri, F. Monteverde, A. Balbo, and A. Bellosi, “Comparison of ZrB2-ZrC-SiC 

Composites Fabricated by Spark Plasma Sintering and Hot-Pressing,” Adv. Eng. 

Mater., 7 [3] 159–163 (2005). 
56  L.S. Walker, W.R. Pinc, and E.L. Corral, “Powder Processing Effects on the Rapid 

Low-Temperature Densification of ZrB2–SiC Ultra-High Temperature Ceramic 

Composites Using Spark Plasma Sintering,” J. Am. Ceram. Soc., 95 [1] 194–203 

(2012). 
57  M.N. Rahaman, Ceramic Processing and Sintering. CRC Press, 2003. 
58  E. Wuchina, E. Opila, W. Fahrenholtz, and G. Talmy, “UHTCs: Ultra-High 

Temperature Ceramic Materials for Extreme Environment Applications,” the 

electrochemical society interface, 16 [4] 30–36 (2007). 
59  Q. Liu, W. Han, X. Zhang, S. Wang, and J. Han, “Microstructure and mechanical 

properties of ZrB2-SiC composites,” Mater. Lett., 63 [15] 1323–1325 (2009). 
60  I. Akin, M. Hotta, F.C. Sahin, O. Yucel, G. Goller, and T. Goto, “Microstructure and 

densification of ZrB2–SiC composites prepared by spark plasma sintering,” J. Eur. 

Ceram. Soc., 29 [11] 2379–2385 (2009). 
61  J. Han, P. Hu, X. Zhang, and S. Meng, “Oxidation behavior of zirconium diboride–

silicon carbide at 1800°C,” Scr. Mater., 57 [9] 825–828 (2007). 
62  S.S. Hwang, A.L. Vasiliev, and N.P. Padture, “Improved processing and oxidation-

resistance of ZrB2 ultra-high temperature ceramics containing SiC nanodispersoids,” 

Mater. Sci. Eng. A, 464 [1–2] 216–224 (2007). 
63  A. Rosenberger, L. Stanciu, and B. Callegari, “ZrB2-SiC and ZrB2-ZrC Ceramics with 

High Secondary Phase Content,” Int. J. Appl. Ceram. Technol., n/a-n/a (2014). 
64  E.W. Neuman, G.E. Hilmas, and W.G. Fahrenholtz, “Mechanical behavior of 

zirconium diboride–silicon carbide ceramics at elevated temperature in air,” J. Eur. 

Ceram. Soc., 33 [15–16] 2889–2899 (2013). 
65  W.G. Fahrenholtz, “Thermodynamic Analysis of ZrB2–SiC Oxidation: Formation of a 

SiC-Depleted Region,” J. Am. Ceram. Soc., 90 [1] 143–148 (2007). 
66  J.W. Zimmermann, G.E. Hilmas, W.G. Fahrenholtz, R.B. Dinwiddie, W.D. Porter, and 

H. Wang, “Thermophysical Properties of ZrB2 and ZrB2–SiC Ceramics,” J. Am. 

Ceram. Soc., 91 [5] 1405–1411 (2008). 



	

	 141	

67  S.-Q. Guo, “Densification of ZrB2-based composites and their mechanical and 

physical properties: A review,” J. Eur. Ceram. Soc., 29 [6] 995–1011 (2009). 
68  B. Eigenmann, B. Scholtes, and E. Macherauch, “Determination of residual stresses in 

ceramics and ceramic-metal composites by X-ray diffraction methods,” Mater. Sci. 

Eng. A, 118 1–17 (1989). 
69  P.J. Withers, “Residual stress and its role in failure,” Rep. Prog. Phys., 70 [12] 2211 

(2007). 
70  T.H. Squire and J. Marschall, “Material property requirements for analysis and design 

of UHTC components in hypersonic applications,” J. Eur. Ceram. Soc., 30 [11] 2239–

2251 (2010). 
71  A.L. Chamberlain, W.G. Fahrenholtz, G.E. Hilmas, and D.T. Ellerby, “High-Strength 

Zirconium Diboride-Based Ceramics,” J. Am. Ceram. Soc., 87 [6] 1170–1172 (2004). 
72  A. Cincotti, A.M. Locci, R. Orrù, and G. Cao, “Modeling of SPS apparatus: 

Temperature, current and strain distribution with no powders,” AIChE J., 53 [3] 703–

719 (2007). 
73  C. Wang, L. Cheng, and Z. Zhao, “FEM analysis of the temperature and stress 

distribution in spark plasma sintering: Modelling and experimental validation,” 

Comput. Mater. Sci., 49 [2] 351–362 (2010). 
74  P.K. Neff, “Development of an Experimentally Validated Finite Element Model for 

Spark Plasma Sintering of High Temperature Ceramics;” Master Thesis, The 

University of Arizona, Tucson, Arizona, 2016. 
75  Standard Test Method for Dynamic Young’s Modulus, Shear Modulus, and Poisson’s 

Ratio for Advanced Ceramics by Impulse Excitation of Vibration-ASTM International, 

(2014). 
76  G.-J. Zhang, Z.-Y. Deng, N. Kondo, J.-F. Yang, and T. Ohji, “Reactive Hot Pressing 

of ZrB2–SiC Composites,” J. Am. Ceram. Soc., 83 [9] 2330–2332 (2000). 
77  A. Rezaie, W.G. Fahrenholtz, and G.E. Hilmas, “Effect of hot pressing time and 

temperature on the microstructure and mechanical properties of ZrB2–SiC,” J. Mater. 

Sci., 42 [8] 2735–2744 (2007). 



	

	 142	

78  J.W. Zimmermann, G.E. Hilmas, W.G. Fahrenholtz, F. Monteverde, and A. Bellosi, 

“Fabrication and properties of reactively hot pressed ZrB2–SiC ceramics,” J. Eur. 

Ceram. Soc., 27 [7] 2729–2736 (2007). 
79  J.B. Wachtman, W.R. Cannon, and M.J. Matthewson, Mechanical Properties of 

Ceramics. John Wiley & Sons, 2009. 
80  J. Watts, G. Hilmas, and W.G. Fahrenholtz, “Mechanical Characterization of ZrB2–

SiC Composites with Varying SiC Particle Sizes,” J. Am. Ceram. Soc., 94 [12] 4410–

4418 (2011). 
81  M.-J. Pan, P.A. Hoffman, D.J. Green, and J.R. Hellmann, “Elastic Properties and 

Microcracking Behavior of Particulate Titanium Diboride–Silicon Carbide 

Composites,” J. Am. Ceram. Soc., 80 [3] 692–698 (1997). 
82  D.J. Maglev, R.A. Winholtz, and K. t. Fabe, “Residual Stresses in a Wo-Phase 

Microcracking Ceramic,” J. Am. Ceram. Soc., 73 [6] 1641–1644 (1990). 
83  J. Liu and Y.K. Vohra, “Raman Modes of $6H$ Polytype of Silicon Carbide to 

Ultrahigh Pressures: A Comparison with Silicon and Diamond,” Phys. Rev. Lett., 72 

[26] 4105–4108 (1994). 
84  J. Watts, G. Hilmas, W.G. Fahrenholtz, D. Brown, and B. Clausen, “Stress 

measurements in ZrB2–SiC composites using Raman spectroscopy and neutron 

diffraction,” J. Eur. Ceram. Soc., 30 [11] 2165–2171 (2010). 
85  D. Sciti, S. Guicciardi, and M. Nygren, “Densification and Mechanical Behavior of 

HfC and HfB2 Fabricated by Spark Plasma Sintering,” J. Am. Ceram. Soc., 91 [5] 

1433–1440 (2008). 
86  H.J. Brown-Shaklee, W.G. Fahrenholtz, and G.E. Hilmas, “Densification Behavior and 

Microstructure Evolution of Hot-Pressed HfB2,” J. Am. Ceram. Soc., 94 [1] 49–58 

(2011). 
87  A. Bellosi, F. Monteverde, and D. Sciti, “Fast Densification of Ultra-High-

Temperature Ceramics by Spark Plasma Sintering,” Int. J. Appl. Ceram. Technol., 3 

[1] 32–40 (2006). 
88  S. Guo, Y. Kagawa, T. Nishimura, and H. Tanaka, “Elastic properties of spark plasma 

sintered (SPSed) ZrB2–ZrC–SiC composites,” Ceram. Int., 34 [8] 1811–1817 (2008). 



	

	 143	

89  W.-M. Guo, Z.-G. Yang, and G.-J. Zhang, “Comparison of ZrB2–SiC ceramics with 

Yb2O3 additive prepared by hot pressing and spark plasma sintering,” Int. J. Refract. 

Met. Hard Mater., 29 [4] 452–455 (2011). 
90  F. Monteverde and A. Bellosi, “Beneficial Effects of AlN as Sintering Aid on 

Microstructure and Mechanical Properties of Hot-pressed ZrB2,” Adv. Eng. Mater., 5 

[7] 508–512 (2003). 
91  F. Monteverde, S. Guicciardi, and A. Bellosi, “Advances in microstructure and 

mechanical properties of zirconium diboride based ceramics,” Mater. Sci. Eng. A, 346 

[1–2] 310–319 (2003). 
92  Y. Nishigaki and T. Nishihara, Ceramic cutting knife; US20060207110 A1, 2006. 
93  D.E.M. Myers, Parametric Weight Comparison of Advanced Metallic, Ceramic Tile, 

and Ceramic Blanket Thermal Protection Systems. 2000. 
94  M. Belmonte, “Advanced Ceramic Materials for High Temperature Applications,” 

Adv. Eng. Mater., 8 [8] 693–703 (2006). 
95  E.P. Gusev, D.A. Buchanan, E. Cartier, A. Kumar, D. DiMaria, S. Guha, A. Callegari, 

S. Zafar, et al., “Ultrathin high-K gate stacks for advanced CMOS devices;” p. 20.1.1-

20.1.4 in Int. Electron Devices Meet. Tech. Dig. Cat No01CH37224. 2001. 
96  L.S. Walker, V.R. Marotto, M.A. Rafiee, N. Koratkar, and E.L. Corral, “Toughening 

in Graphene Ceramic Composites,” ACS Nano, 5 [4] 3182–3190 (2011). 
97  E.L. Corral and R.E. Loehman, “Ultra-High-Temperature Ceramic Coatings for 

Oxidation Protection of Carbon–Carbon Composites,” J. Am. Ceram. Soc., 91 [5] 

1495–1502 (2008). 
98  J. C. Huie, C. B. Dudding, and J. Mccloy, Polycrystalline Yttrium Aluminum Garnet 

(YAG) for IR Transparent Missle Domes and Windows. 2007. 
99  H. Wang, B. Fan, L. Feng, D. Chen, H. Lu, H. Xu, C.-A. Wang, and R. Zhang, “The 

fabrication and mechanical properties of SiC/ZrB2 laminated ceramic composite 

prepared by spark plasma sintering,” Ceram. Int., 38 [6] 5015–5022 (2012). 
100  C. Wei, X. Zhang, and S. Li, “Laminated ZrB2–SiC/graphite ceramics with 

simultaneously improved flexural strength and fracture toughness,” Ceram. Int., 40 [3] 

5001–5006 (2014). 



	

	 144	

101  K. Tanimoto, K. Kajihara, and K. Yanai, Hybrid Ceramic Ball Bearings for 

Turbochargers. SAE Technical Paper, Warrendale, PA, 2000. 
102  C.H.J. Liebert, Durability of zirconia thermal-barrier ceramic coatings on air-

cooled turbine blades in cyclic jet engine operation. 1976. 
103  D. Kalish, E.V. Clougherty, and K. Kreder, “Strength, Fracture Mode, and 

Thermal Stress Resistance of HfB2 and ZrB2,” J. Am. Ceram. Soc., 52 [1] 30–36 

(1969). 
104  T.H. Squire and J. Marschall, “Material property requirements for analysis and 

design of UHTC components in hypersonic applications,” J. Eur. Ceram. Soc., 30 [11] 

2239–2251 (2010). 
105  A. Passerone, M.L. Muolo, L. Morbelli, E. Ferrera, M. Bassoli, and C. Bottino, 

“Joining of bulk refractory ceramics: interactions, wetting and interfacial structure. In 

Hot Structures and Thermal Protection Systems for Space Vehicles (Vol. 521, p. 

295).,” Hot Structures and Thermal Protection Systems for Space Vehicles, 521 

(2003). 
106  R. Tandon, H.P. Dumm, E.L. Corral, R.E. Loehman, and P.G. Kotula, Ultra High 

Temperature Ceramics for Hypersonic Vehicle Applications. Sandia National 

Laboratories, 2006. 
107  O.M. Akselsen, “Advances in brazing of ceramics,” J. Mater. Sci., 27 [8] 1989–

2000 (1992). 
108  O.M. Akselsen, “Diffusion bonding of ceramics,” J. Mater. Sci., 27 [3] 569–579 

(1992). 
109  M. Singh and R. Asthana, “Joining of zirconium diboride-based ultra high-

temperature ceramic composites using metallic glass interlayers,” Mater. Sci. Eng. A, 

460 [Supplement C] 153–162 (2007). 
110  R. Asthana and M. Singh, “Joining of ZrB2-based ultra-high-temperature ceramic 

composites using Pd-based braze alloys,” Scr. Mater., 61 [3] 257–260 (2009). 
111  M. Singh and R. Asthana, “Joining and integration of ZrB2-based ultra-high 

temperature ceramic composites using advanced brazing technology,” J. Mater. Sci., 

45 [16] 4308–4320 (2010). 



	

	 145	

112  G. Wang, P. Xiao, Z. Huang, and R. He, “Brazing of ZrB2–SiC ceramic with 

amorphous CuTiNiZr filler,” Ceram. Int., 42 [4] 5130–5135 (2016). 
113  S.B. Dunkerton, “Diffusion bonding-an overview;” pp. 1–11 in Diffus. Bond. 

Edited by D.J. Stephenson. Elsevier Applied  Science, 1991. 
114  N.F. Kazakov, Diffusion Bonding of Materials. Elsevier, 2013. 
115  O.A. Troitsky and A.G. Rozno, “Electroplastic effect in metals,” Sov Phys Solid 

State, 12 [1] 161–166 (1970). 
116  Z. Suo, “Electromigration-induced dislocation climb and multiplication in 

conducting lines,” Acta Metall. Mater., 42 [11] 3581–3588 (1994). 
117  J. Zhao, J.E. Garay, U. Anselmi-Tamburini, and Z.A. Munir, “Directional 

electromigration-enhanced interdiffususion in the Cu–Ni system,” J. Appl. Phys., 102 

[11] 114902 (2007). 
118  K.A. Jackson, Kinetic Processes: Crystal Growth, Diffusion, and Phase 

Transformations in Materials. John Wiley & Sons, 2006. 
119  D.L. McClane, W.G. Fahrenholtz, and G.E. Hilmas, “Thermal Properties of 

(Zr,TM)B2 Solid Solutions with TM = Hf, Nb, W, Ti, and Y,” J. Am. Ceram. Soc., 97 

[5] 1552–1558 (2014). 
120  W.D. Callister and D.G. Rethwisch, Fundamentals of materials science and 

engineering. Wiley, New York, 2013. 
121  S. Otani, T. Aizawa, and N. Kieda, “Solid solution ranges of zirconium diboride 

with other refractory diborides: HfB2, TiB2, TaB2, NbB2, VB2 and CrB2,” J. Alloys 

Compd., 475 [1] 273–275 (2009). 
122  S.G. Oleinik and N.V. Danilenko, “Primary recrystallization mechanisms in 

ceramic materials,” Powder Metall. Met. Ceram., 37 [1–2] 55–66 (n.d.). 
123  A.H. Heuer, D.J. Sellers, and W.H. Rhodes, “Hot-Working of Aluminum Oxide: 

I, Primary Recrystallization and Texture,” J. Am. Ceram. Soc., 52 [9] 468–474 (1969). 
124  J.L. Urai, W.D. Means, and G.S. Lister, “Dynamic Recrystallization of Minerals;” 

pp. 161–199 in Miner. Rock Deform. Lab. Stud. Paterson Vol. Edited by B.E. Hobbs 

and H.C. Heard. American Geophysical Union, 1986. 
125  W.G. Fahrenholtz, G.E. Hilmas, I.G. Talmy, and J.A. Zaykoski, “Refractory 

Diborides of Zirconium and Hafnium,” J. Am. Ceram. Soc., 90 [5] 1347–1364 (2007). 



	

	 146	

126  X. Zhang, X. Luo, J. Han, J. Li, and W. Han, “Electronic structure, elasticity and 

hardness of diborides of zirconium and hafnium: First principles calculations,” 

Comput. Mater. Sci., 44 [2] 411–421 (2008). 
127  A.E. Kravchik and S.S. Ordan’yan, “Size Reduction and Recrystallization of 

Inorganic Powders,” Refract. Ind. Ceram., 44 [6] 386–395 (2003). 
128  I.P. Kushtalova and A.N. Ivanov, “Plastic deformation and recrystallization of 

refractory compounds,” Sov. Powder Metall. Met. Ceram., 6 [2] 97–98 (n.d.). 
129  I.P. Kushtalova and M.M. Ristić, “Recrystallization of refractory materials I. 

Physical essence of recrystallization,” Sci. Sintering, 16 111–114 (1984). 
130  I.P. Kushtalova and M.M. Ristić, “Recrystallization of Refractory Materials II. 

Kinetics of recrystallization,” Sci. Sintering, 16 115–117 (1984). 
131  D. Ghosh, G. Subhash, and G.R. Bourne, “Room-temperature dislocation activity 

during mechanical deformation of polycrystalline ultra-high-temperature ceramics,” 

Scr. Mater., 61 [11] 1075–1078 (2009). 
132  S.P. Baker, M.P. Knauss, U.E. Möckl, and E. Arzt, “Electroplasticity and 

Electromigration,” MRS Online Proc. Libr. Arch., 356 (1994). 
133  G. r. Anstis, P. Chantikul, B. r. Lawn, and D. b. Marshall, “A Critical Evaluation 

of Indentation Techniques for Measuring Fracture Toughness: I, Direct Crack 

Measurements,” J. Am. Ceram. Soc., 64 [9] 533–538 (1981). 
134  D.K. Shetty, I.G. Wright, P.N. Mincer, and A.H. Clauer, “Indentation fracture of 

WC-Co cermets,” J. Mater. Sci., 20 [5] 1873–1882 (n.d.). 
135  D. Pham, J.H. Dycus, J.M. LeBeau, V.R. Manga, K. Muralidharan, and E.L. 

Corral, “Processing Low-Oxide ZrB2 Ceramics with High Strength Using Boron 

Carbide and Spark Plasma Sintering,” J. Am. Ceram. Soc., 99 [8] 2585–2592 (2016). 
136  F.J. Humphreys, “The nucleation of recrystallization at second phase particles in 

deformed aluminium,” Acta Metall., 25 [11] 1323–1344 (1977). 
137  R.D. Doherty, “The Deformed State and Nucleation of Recrystallization,” Met. 

Sci., 8 [1] 132–142 (1974). 
138  H. Conrad, N. Karam, and S. Mannan, “Effect of electric current pulses on the 

recrystallization of copper,” Scr. Metall., 17 [3] 411–416 (1983). 



	

	 147	

139  R.D. Doherty, “Recrystallization and texture,” Prog. Mater. Sci., 42 [1–4] 39–58 

(1997). 
140  V.L.A. Silveira, R. a. F.O. Fortes, and W.A. Mannheimer, “A comment on «effect 

of electric current pulses on the recrystallization of copper»,” Scr. Metall., 17 [11] 

1381–1382 (1983). 

 


