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Academic Abstract 

The manufacturing of UHTC materials has significantly advanced over recent years, allowing for 

the development of new microstructures, architectures, shapes, and geometries to explore new 

properties and applications for these materials beyond aerospace. One of the UHTCs, titanium 

diboride (TiB2) exhibits high electrical and thermal conductivity that could satisfy the needs of 

functional ceramic component applications, like battery cathodes, by tailoring its microstructure 

and architecture. This thesis represents one of the first detailed studies to understand how the 

processing-microstructure-properties relationship of TiB2 can be shifted to explore new 

applications. In order to do that, TiB2 has been manufactured with a processing technique never 

used before, with significant porosity, exploration of which has been very limited for this material. 

Additionally, this thesis also explores the synthesis and utilization of novel anisotropic particles to 

further explore this material relationship.  

In this work, aqueous tape casting of TiB2 has been investigated. Zeta potential measurements and 

suspension rheology were used to understand the role of dispersant, binder and plasticizer in the 

suspension and their interaction with the surface chemistry of the TiB2 particles to develop a stable, 

homogenous suspension, with minimum additive amounts (0-2 wt%). Homogeneous, flexible and 

strong TiB2 tapes were prepared using suspensions with 30 vol% solids and characterized to 

compare different compositions, mixing methods, and thicknesses. The characterization shows the 

tailoring of the properties as a function of the controlled suspension formulation with minimum 

amount of additives. Green tapes with 2 wt% dispersant, 1 wt% binder, and 2 wt% plasticizer had 

similar microstructure to those with half the plasticizer but quintuple the Young’s modulus (1.96 

GPa). The effect on other relevant properties is also discussed.  

Tape casting aligns anisotropic particles along the direction of casting, which can be taken 

advantage of for increasing fracture toughness directionally or producing aligned pore networks 

using sacrificial fillers. The relationship between alignment, porosity, and the mechanical 

properties of titanium diboride has not been studied. In this work, we characterize the porous 

sintered bodies produced through aqueous tape casting of non-spherical TiB2 particles of aspect 

ratio close to 1, as well as composites with an added high aspect ratio particle (2 wt% PCN-222).  

Synthesis of uniform, spherical ZrC is difficult and generally not cost-effective, as is the case for 

most ultra-high temperature ceramics. High aspect ratio particles for reinforcement of ceramic 



composites are even more difficult to synthesize. Metal organic frameworks (MOF) are crystalline 

coordination polymers composed of multidentate organic linkers bridging metal nodes to form 

porous structures. Thermal decomposition of MOFs presents a new and cost-effective route to 

synthesis of ZrC. In this study, heat treatment at 2000°C of MOF PCN-222 produces zirconium 

carbide (ZrC) within a highly anisotropic particle. The resulting rod-shaped, glass-like carbon 

matrix embedded with ZrC crystals is described. These rods have potential as reinforcements for 

high temperature applications and as a synthetic route for ultra-high temperature ceramics with 

unique morphologies. It is the first time that this type of transformation from a MOF into a UHTC 

has been reported.  

We have determined through analysis of SEM images that regardless of tape casting speed, about 

57% of the TiB2 particles are aligned with the tape casting direction. The mechanical properties 

are dominated by the effects of the porosity (38%), but the alignment exhibited here could be 

further exploited for anisotropic behavior across the sintered tapes. Composites cast with high 

aspect ratio particles exhibited strong alignment in the casting direction. Further work is required 

to understand the interplay between alignment and porosity and their effects on material properties.  
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Titanium diboride (TiB2) is an ultra-high temperature ceramic with a melting point of 3225°C. 

Many applications for this material require fully dense structural ceramics, such as cutting tools,1 

armor,2 and high temperature structural supports.2,3 These applications rely mainly on the high 

mechanical strength of TiB2, which is maintained in extreme thermal and chemical environments. 

The field of knowledge surrounding TiB2 lacks information about the ways that porosity affects its 

otherwise well-known properties;4,5 to bridge this gap could open up applications for functional 

and porous ceramics such as lithium-air batteries,6 electrochemical components,7 semiconductors,8 

and more. This work intends to provide a foundation for this endeavor by developing for the first 

time a colloidal suspension formulation that allows for the tape casting of TiB2 and characterizing 

the resulting porous ceramics. 

Among these new potential applications, many require thin ceramics less than 1 mm thick—a 

result which has been accomplished for other materials via tape casting.4,9 This is a wet route of 

producing ceramics that provides the ability to tailor the surface chemistry of the particles, giving 

greater control over the stability of the suspension (TiB2 particles suspended in water) and quality 

of the end product than is afforded by dry processing routes.10 This also allows for more complex 

shaping than simple pressing, which ultimately saves costs; by producing the near-net shape in the 

green body before firing, less machining must be done to the sintered body when it is removed 

from the high temperature furnace.11 In tape casting, the suspension is spread over a substrate by a 

doctor blade to the desired thickness. It is known that tape casting tends to align anisotropic 

particles along the direction of casting due to a nonuniform velocity imparted by the shear force 

of the doctor blade spreading the suspension, an advantage which can provide directional 

properties in the final ceramic.9 While this process is well known, it has never been applied to the 

material TiB2 prior to this work. 

In this work, a suspension is formulated to allow for the tape casting of TiB2 with minimum organic 

additive content, which is cost-effective and reduces potential for defects. Porosity and alignment 

in the tape cast specimens are characterized. For comparison, a highly anisotropic or rod-shaped 

particle (PCN-222, a metal organic framework material) was included in the TiB2 suspensions for 

tape casting. This metal organic framework (MOF) has been transformed into a high temperature 

material after thermal treatment at the sintering temperature of 2000°C, showing that the resulting 



particle is made of glass-like carbon embedded with zirconium carbide (ZrC) crystallites. This 

particle could be used as a reinforcement for ultra-high temperature ceramics, and in this work was 

shown to align strongly in the tape casting direction.  

At the level of porosity (38%) and alignment (57%) in the TiB2 specimens in this study, porosity 

dominates the mechanical properties. This relationship is shown to be more complicated than 

lowering the strength by the same proportion that the density is lowered, and various models for 

understanding the role of porosity on the elastic modulus are explored.  
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Chapter 1: Review of the State of the Art of Titanium Diboride and 

Research Objectives 

Ultra-high temperature ceramics (UHTCs) are borides, carbides, and nitrides of metal transition 

elements from groups IV and V known for having melting temperatures exceeding 3000°C. 

Tolerance of such high temperatures, in addition to their stability in chemically reactive 

environments and strength under extreme pressure, mechanical wear, and radiation make these 

materials ideal for applications in extreme environments,7,12 including thermal protection systems 

for atmospheric reentry and hypersonic flight vehicles (rocket components, engine turbines, 

leading edges) 2,3 as well as molten metal containment3,13 and nuclear fission reactors.14  

Titanium diboride (TiB2) embodies many of these classic UHTCs traits, as summarized in Table 

1.  TiB2 is known for its thermomechanical properties, including high hardness,1,7,15 elastic 

modulus,1 strength, and abrasion resistance at high temperatures.1,7,15 It is resistant to oxidation up 

to 1100°C,16 and much research focuses on prevention and mitigation of rapid high-temperature 

oxidation.2 One of the main limitations, and therefore areas for research, is the difficulty in 

densifying TiB2, which is exacerbated by the very high temperature qualities that make it so 

attractive.1,17 Due to the covalent bonding of the hexagonal close packed crystal structure, TiB2 

has a low self-diffusion coefficient. While this provides the high melting point and other attractive 

properties at high temperature, it also means that the sintering temperature must be high, and even 

then can still require the use of pressure or additives to achieve high density.1,2 Brittleness and low 

fracture toughness are also a concern for monolithic components.15,18,19 

The processing procedures for TiB2 are not as well-established as those for more well known 

ceramic materials like silicon carbide (SiC) or alumina (Al2O3), so the dependence of property 

values on microstructures has not been fully established.20 Research into the variability of 

properties with respect to density is limited to specimens of high density, above 88% of theoretical, 

because nearly all state of the art applications for TiB2 are structural components requiring full 

density.20 Evaluating properties at high temperatures and in extreme environments presents unique 

challenges, and more research must be done to fully characterize the material in those 

environments.19,21 In addition, most of the processing techniques for these materials are not very 

cost-effective, since they rely on high temperature and pressures for their manufacturing as well 

as using expensive commercial raw materials. Most often TiB2 is synthesized through high 

temperature reactions. Note that production of borides is more costly than that of carbides because 

additional carbon is required to reduce the metal oxide, using almost twice as much energy per 

kilogram of material produced.13 
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Table 1: Nominal property values of fully dense TiB2. 

Property Reported values Reference 

Crystal structure Hexagonal close packed 3,22  

Melting point 3225 °C 19,22 

Density 4.52 g/mL  22 

Molar mass 69.522 g/mol 23 

Hardness 23.5 GPa  24 

 15-45 GPa  25 

 33 GPa 24 

 25 GPa (room temperature) 20 

Fracture toughness 6-8 MPa  25 

 6.2 MPa 20 

Strength 865-915 MPa  25 

 400-500 MPa 20 

Young’s modulus 510-575 GPa  25 

 565 GPa 20 

Oxidation resistance 1100°C 22 

 <1200°C 19 

Thermal conductivity 25-77 W/mK 26 

 60-120 W/mK 22 

 96 W/mK 20 

Thermal expansion coefficient 8.1 x10-6 K-1 25 

 6.4-9.2 x10-6 K-1 20 

Electrical conductivity 1-3 x107 S/m  22,26 

 

1.1 Synthesis 

The most traditional synthesis routes of TiB2 involve high temperature (>1400°C) reactions: such 

as directly melting Ti and B together, or a hydrogen reduction reaction of boron and titanium 

halides.3,7,27 Directly melting the constituents together is more suitable to a laboratory scale, as is 

hydrogen reduction.13,28,29 The prohibitive cost of pure boron is one of the main reasons these are 

not used for industrial scale production.13 Small scale production can also make use of 

silicothermic and aluminothermic reactions or chemical vapor deposition (CVD).27,30 The 

carbothermal, borothermal, magnesiothermal,7 carbo-borothermal, and boron carbide reduction of 

TiO2 and boric oxide (B2O3) or boron carbide (B4C) are more suitable to commercial production 

of TiB2.
13,28,31 These synthesis routes have been well known for decades. Carbothermal reduction 

is the primary route commercially used for most non-oxide ceramic powder synthesis because of 
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low cost and simple processes.7,13 By carbothermic reduction of titania (TiO2) and B2O3 in an 

electric furnace, TiB2 results from the following reaction: 

𝑇𝑖𝑂2 + 𝐵2𝑂3 + 5𝐶 → 5𝐶𝑂 + 𝑇𝑖𝐵2    [Equation 1]30 

This reaction requires high temperatures, usually above 1400°C.13 Kang and Kim have produced 

TiB2 particles of 100 nm through carbothermal reduction at 1500°C, as opposed to the micron 

scale.31  

The need for smaller particle sizes to improve sinterability, and/or the need for high purity and 

lower operating temperatures has led researchers to investigate less traditional synthetic routes. 

Among these are plasma produced powders, which can produce small and readily sintered 

particles12,17,29 such as mechanochemical synthesis or self-propagating high-temperature synthesis 

(SHS), which make use of different reduction reactions.3,24,32 Mechanochemical synthesis is the 

result of a combustive process occurring during ball milling, where TiB2 is produced and 

byproducts can be chemically washed away.30,33 Ricceri and Matteazzi have reduced production 

costs by optimizing the ball-to-powder ratio in the magnesium, TiO2, and B2O3 reaction, yielding 

50-100 nm particles in as little as 70 min.30 With titanium chloride (TiCl3) and lithium precursors 

(LiBH4, LiH), Kim et al. has produced even smaller TiB2 particles through mechanochemical 

synthesis, in the range of 15-60 nm.33 

There are also self-propagating reactions where the heat given off perpetuates the synthesis. SHS 

can be initiated by electric current or microwave assistance.32,34 Sundaram et al. have found that 

in the magnesium thermite reaction (Equation 2) to produce TiB2, with bulk ignition by an 

electrically heated wire, self-heating ceases when all reaction products have formed, protecting the 

resulting TiB2 powder from oxidation.24 Microwave assisted SHS, the magnesiothermal reaction, 

aided by the addition of extra Mg, can yield 150-200 nm TiB2 particles.35 Combined with dynamic 

compaction, TiB2 produced by SHS can reach greater than 99% theoretical density and high purity, 

provided starting materials have high purity themselves (>99.5%).36 

5𝑀𝑔 + 𝑇𝑖𝑂2 + 𝐵2𝑂3→ 5𝑀𝑔𝑂 + 𝑇𝑖𝐵2   [Equation 2]24 

A solvothermal method proposed by Gu et al. produced 15-40 nm TiB2 particles in autoclave at 

temperature as low as 400°C (Equation 3), although they note that the exothermic reaction likely 

causes the local temperature to temporarily exceed this. In this novel route, formation and 

crystallization occur at the same time, with some amorphous carbon distributed through the TiB2 

particles.37 More research is needed to take further advantage of this mild synthesis at low 

temperature to optimize purity and nano-size of the particles. Synthesis at these lower temperatures 

would be more cost-effective, and costs could be further reduced by utilizing more inexpensive 

precursor materials. Overall, the high cost and low versatility of commercially available TiB2 
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powder must be balanced with the considerations of synthesis: the cost and potential toxicity of 

reactants, the versatility in aspect ratio and morphology afforded by synthesis, and the importance 

of high purity. 

2𝐵 + 𝑇𝑖𝐶𝑙4 + 4𝑁𝑎

𝐵𝑒𝑛𝑧𝑒𝑛𝑒
400℃
→     𝑇𝑖𝐵2 + 4𝑁𝑎𝐶𝑙    [Equation 3]37 

1.2 State of the Art Applications 

 

Figure 1: Schematic diagram of the structural and functional applications of TiB2 as a function of the 

most relevant property and microstructures (dense versus porous) for that application. 

Figure 1 shows a schematic representation of the applications that TiB2 can be used for, organized 

by structural versus functional and dense versus porous, highlighting the most relevant property 

for each application. The most common applications of TiB2 in the current paradigm lie in the 

bottom left quadrant of Figure 1: dense, structural materials. In these applications, mechanical 

strength is often the most important property in choosing a suitable material, and it is appropriate 

that TiB2 maintains its mechanical properties in extreme environments. The state-of-the-art 

applications of TiB2 include cutting tools,1,7,24,38–41 armor,1,2,7,39–44 wear resistant 

materials,1,7,15,24,39–41 forming dies,38 structural components in heat exchangers and engines 

(specific to titanium carbide (TiC)-TiB2 system),38 and electrical switch interfaces.7 It is often used 

for reinforcing steel matrix composites and aluminum-based composites.18 TiB2 has been used as 

an additive in many other material systems, including SiC,13 zirconium diboride (ZrB2),
12 and 

B4C.45 Hot-pressed TiB2 has long been known to be superior to other armor materials, oxide and 
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non-oxide,1,3,13,17  and  some recent examples indicate that even pressureless-sintered TiB2 would 

reach the same performance.17 Spark plasma sintered TiB2 composites are also of interest as a 

gradient structure bridged by rod-like TiB crystals, which can eliminate the interfaces between 

layers, improving anti-penetration performance.42 Application of TiB2 coatings on titanium for the 

automotive industry has been achieved through a thermal boriding process that increases strength, 

hardness, and wear resistance.46 This thermal diffusion process has mostly been used to boride iron 

alloys through a variety of avenues, including pack boriding, paste boriding, gas- and liquid-phase 

boriding, plasma boriding, and electrochemical boriding. Solid precursors are packed into the work 

piece before heating, and toxic byproducts are produced in the forms of solid waste and gas 

emissions. Electrochemical boriding is the newest and most cost-effective method. Boriding 

titanium in this manner does not produce any harmful byproducts, unlike traditional boriding 

processes. The pure TiB2 layer produced is tunable between 1.85-8.5 μm thick.46 Improvements to 

the structure and properties of TiB2 coatings have been investigated by element addition, including 

both non-metallic and metallic elements.15 For example, adding nitrogen to form a titanium nitride 

(TiN) phase in small amounts can improve the hardness of a TiB2 coating, while adding aluminum 

improves the high temperature oxidation resistance.2,15 Inclusion of carbon allows an amorphous 

B-C phase to form which encapsulates the TiB2 grains, helping to prevent oxidation and increase 

mechanical properties.15  

Molybdenum (Mo) has also benefitted from TiB2 coatings. Mo is an attractive material for nuclear 

and aerospace applications but lacks sufficient oxidation resistance. Many materials have been 

investigated as oxidation resistant coatings, chiefly molybdenum disilicide (MoSi2) based 

materials. Molybdenum boron silicon alloy (Mo-B-Si) has also been considered but does not have 

oxidation resistance below 1000°C. TiB2 is an excellent new candidate for these coatings, as 

molybdenum has similarly high corrosion resistance and conductivity values, and TiB2 provides 

oxidation resistance at low temperatures that Mo-B-Si cannot achieve. Some tools, like carbide 

cutting tools,2,16 have utilized TiB2 as a protective coating before, but not with the specific intention 

of increasing oxidation resistance. While this literature provides a foundation for improving the 

adhesion between the coating and the substrate, Huang et al.’s study is the first to address oxidation 

resistant TiB2 coatings.16 They found that CVD can accomplish good adhesion and high hardness 

of the TiB2 coating, providing good oxidation resistance until the 720-900°C range is reached, 

whereupon the B2O3 glass oxidation product vaporizes and reduces the protection.16 

Its thermal conductivity as well as mechanical strength, paired with its non-reactivity with molten 

copper, zinc, and aluminum, make TiB2 an ideal crucible material for melting these metals,3,13 

outperforming other non-oxide high temperature ceramics. These qualities are the reason that TiB2 

has for so long been a main component of metallization boats or evaporation boats,3,13,41 as well 

as thermocouple sheaths.3 It is also helpful that TiB2 produces solid boron upon decay, which 

prolongs the life of the boat by curbing vaporization.13 
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Most of the state-of-the-art applications discussed in this section typically require nearly full 

density components. In these dense ceramic bodies, pores are considered an undesirable feature 

since they may have detrimental effects on their expected performance.4 These dense TiB2 

components are usually prepared using dry processing methods, including hot pressing or hot 

isostatic pressing (HIP) to fully densify the material and cold isostatic pressing (CIP) to produce 

bodies with excellent particle packing and shape accuracy for isometric geometries.43 

However, dry routes limit near-net shaping capabilities to relatively simple geometries. The high 

electrical conductivity of this material does make it amenable to electrical-discharge machining 

(EDM)44,47 to generate the final shape, but this is a costly step. Thus, achieving the nearest-net 

shape possible is a key factor determining the choice of processing route.17 Even so, dry methods 

are usually preferred over plastic and wet routes because of the risk of oxidation and secondary 

phase formation when mixing powders with solvents and organic additives, and because of their 

simplicity and easy combination with hot pressing and HIP for densification.11 

Densification of TiB2 is difficult for a few reasons: its high melting temperature (3250oC), and low 

self-diffusion coefficient, and also the presence of oxygen contamination on particle surfaces that 

inhibits densification.1,3,41  

• The high melting point necessitates the use of high temperature (>1800-2300°C) during 

sintering, but that may lead to exaggerated grain growth that lowers the thermal shock 

resistance and mechanical properties.6,20,41 Additionally, the anisotropy of the hexagonal grain 

structure can cause anisotropic internal stresses which can result in spontaneous microcracking 

upon cooling.23,29,40,43 
• The limited self-diffusion that restricts mass transport during sintering is associated with the 

covalent bonding of TiB2.
1,23 Even with the application of pressure (30 MPa or more), sintering 

of pure TiB2 requires high temperatures around 2000°C1,6 and relies on the grain boundary 

diffusion mechanism.29 Rapid grain growth occurs around 2100°C29 and is detrimental to 

mechanical properties. Sintering can be improved either by increasing the total surface energy 

by using finer particles sizes or by increasing specific surface and grain boundary energy by 

reducing the oxide layer.23,29,40,43 For these reasons, sintering aids are an important area of 

research for reducing temperature and pressure needed to fully densify TiB2. Sintering aids can 

belong to a number of categories: oxides, nitrides, borides, carbides, and metals.48 Generally, 

sintering aids are included in mass fractions ranging from 1-10%23 and are comprised of a wide 

variety of materials chosen to help produce dense bodies, such as chromium (Cr), chromium 

diboride (CrB2), carbon (C), nickel (Ni), nickel boride (NiB), and iron (Fe), which help to 

lower the sintering temperature and increase the speed of densification, although they can also 

increase the speed of grain growth.6,49 Iron, nickel, and cobalt are some of the more common 

materials known to decrease sintering temperature significantly, due to their good wettability 

with TiB2. Unfortunately, these metals degrade the unique properties specific to ceramics like 



7 

 

the high melting point, fracture toughness, hardness, and elastic modulus.1,6 CrB2 has been 

shown to subdue grain growth of fine TiB2 powders during microwave sintering.6 Non-oxides 

(SiC, TiC, B4C) and oxides (Al2O3, zirconia (ZrO2)) alike have been explored as sintering aids, 

always with the fact in mind that too much of a secondary phase will deplete the desirable 

properties of the TiB2.
1  

• The oxide layer that forms on the surface of the starting powder is normally minimized using 

sintering aids. This restrictive layer of TiO2 on the surface can be eliminated by the addition 

of C, SiC, and especially silicon nitride (Si3N4), which has many benefits in the hot pressing 

process: reacting with the oxygen rich layer to suppress grain growth and decreasing sintering 

temperature.1 This additive, in small amounts (<5%), increases hardness and strength 

significantly and only slightly lowers fracture toughness.1 Other non-metallic additives like 

MoSi2, titanium disilicide (TiSi2), and aluminum nitride (AlN) can help to remove oxide 

impurities and thus reduce sintering temperature at the expense of fracture toughness, which 

can fall to 4 MPa 40,50,51 from its usual 6-8 MPa, while the material without additives should 

have a fracture toughness between 6-8 MPa.25 To prevent this issue, recent work includes the 

use of carbon additives for both oxide reduction and mechanical reinforcement, such as carbon 

nanotubes, graphite nanoflakes, and graphene nanoplatelets.52 

Liquid phase sintering has also been explored,3 but is limited in application because any secondary 

phase included must have similar high temperature qualities needed for application and the eutectic 

composition temperature must be well above the temperature needed for the application. The liquid 

phase encourages grain growth through Otswald ripening by enabling fast mass transport through 

the melted material.43  Baumgartner and Steigner have stated that liquid phase sintering cannot 

produce a fully dense TiB2 body due to the nature and amount of impurities needed and that 

previous reports of the successful use of the evaporation-condensation sintering mechanism may 

have been misunderstood effects of the purity of the powder used.29 Metallic additives used in 

liquid phase sintering tend to maintain or enhance the mechanical properties but exacerbate grain 

growth40 and reduce the high temperature qualities of the component overall. TiB2-35 vol% (Fe-

Ni) composites reached a relative density of 98% via pressureless sintering and improved fracture 

toughness and flexural strength.41 There is no report of secondary borides forming during sintering, 

which speaks to the efficacy of the use of Fe-Ni.18 Telle reports that the TiB2/Ni/Co system does 

achieve successful densification through liquid phase sintering, but the beginning powders are 

mechanically alloyed with WC during the ball milling process. During sintering at high 

temperatures, the Ni/Co in the liquid phase evaporates, leaving a high concentration of tungsten 

(W), Ti, and B in the melt that can precipitate W3NiB3 and TiWB2 that retards grain growth.43 Non-

metallic additives used in liquid phase sintering form the liquid phase or solid solution at the grain 

boundaries and ultimately lower the mechanical properties.6 
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The most common method of sintering TiB2 is hot pressing. 39,53 This method is known to achieve 

relative densities greater than 98%.1,39,53 Although it is limited to simple geometries that can be 

uniaxially or isostatically pressed, patents and literature contend that hot pressed TiB2 retains better 

qualities than other sintering methods.53  

Another form of pressure-assisted sintering used for this material is spark plasma sintering (SPS), 

which utilizes short electrical pulses during consolidation to rapidly heat the sample.39 This route 

has the advantages of low temperature, shorter hold time, and faster processing.3 Balci et al. have 

shown SPS to fully densify TiB2 at 1400°C without sintering aids.3 That said, SPS can lead to 

lower mechanical properties such as elastic modulus and hardness due to the accelerated 

densification inducing grain boundary stresses.6 Alternatives which maintain the good mechanical 

properties of TiB2, besides hot pressing, include microwave sintering and pressureless sintering.6  

Microwave sintering has been used to reach the high temperatures required to fully densify TiB2 

faster without the use of radiative heat.54,55 Instead, the material absorbs the electromagnetic 

energy to generate the heat, meaning that the heating is both selective and controlled.54 This 

slightly more “environmentally-friendly” route saves money, though it presents unique issues with 

controlling arcing and optimizing the transfer of microwave energy.54 It has been suggested that 

microwave sintering requires special formulas and processes to achieve its maximum potential,54 

which is why Holcombe and Dykes included 3% CrB2 in their work, proving that microwave 

sintering could reach 1700-2000°C and densify TiB2 to 98% theoretical with grains less than 15 

μm.55 As the research advances, fully dense TiB2 samples have been produced at 1600-1700°C.6 

Pressureless sintering, without the aid of force for compaction, relies on good particle packing in 

the green body and high temperatures (1800-2275°C) to densify TiB2 to greater than 99% 

theoretical.29 This method, developed prior to 1985, has not found widespread use for densification 

of TiB2 despite clear advantages.43 By that time, TiB2 had been highly densified with this method 

in combination with the use of very pure, sub-micron powders. It can be used with dry or wet 

processing routes, with temperatures comparable to those of hot pressing.40,56 Sintering aids or 

liquid phases, which may be used with any sintering method, can help to compensate for the lack 

of pressure in this case,56 with cobalt being a rather successful example.40 Future research looks to 

make further use of this valuable sintering method. 

1.3 Cutting-edge research in TiB2 

TiB2 has been a reliable dense structural ceramic component in many industries for decades. While 

its utility in these proven applications is bound to continue, there are more opportunities for 

research and development to expand the role of this material. By branching out from monolithic, 

fully dense TiB2 bodies, many new applications could make use of this well-known material in 

novel architectures. Figure 1 illustrates how most applications for TiB2 are for dense structural 
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material, relying on mechanical properties. There is a large field of potential applications and 

properties to explore, by shifting the development toward porous architectures and exploiting its 

other inherent properties like electrical and thermal conductivity, in the upper and right quadrants 

of Figure 1. In the following section, the newer applications are detailed. 

1.3.1. Nuclear 

Monolithic TiB2 has not found a consolidated commercial use in the nuclear industry but is a 

candidate material for control rods57 and radiation shields.14 Both of these applications require 

fully dense components with fine grain sizes and no crack or agglomerate defects.14,57 TiB2 

combines boron’s neutron absorption capabilities with the high temperature performance needed 

in high temperature (1000°C) nuclear reactors.57,58 A promising composite with B4C has been 

shown to resist gamma radiation.59 Further studies have suggested that the addition of TiB2 to 

nuclear materials can improve hardness, strength, and gamma attenuation, making it a good 

shielding material.60 A positive correlation between TiB2 composite shield thickness and neutron 

absorption has also been established.14 Overall, TiB2 shows promise as a potential nuclear material 

but requires further research into its behavior under radiation and developing more cost-effective 

sintering techniques.3,57 

1.3.2 Semiconductor devices 

TiB2 is an attractive candidate material for applications in ultra-large-scale integration (ULSI) of 

semiconductor devices because of its high electrical conductivity and chemical inertness at 

elevated temperatures,8 which for semiconductors tend to be 85°C and below.61 Low pressure 

chemical vapor deposition (LPCVD) can produce dense TiB2 films of 100 nm onto silicon wafers 

for lithographic patterning.8 However, the contact resistance is too high for this application, so 

TiB2/p-Si diodes require further development.8 In the meantime, TiB2 may be used as a solder 

component. Polymer-derived ceramic solder for electrical connections in very small scale and 

extreme environments is a contemporary subject of interest.62 Improved connections between 

ceramic and semiconductor devices through thermal cycling has fueled research into TiB2 for 

microchip applications, and solder join composed of conductive TiB2 and a B2O3-SiO2-TiO2-SiCN 

glass phase have been shown to prevent joint failure due to thermal expansion mismatch between 

solder and connections.62 

1.3.3 Thermoelectric applications 

Thermoelectric properties of dense TiB2 are still lacking thorough investigation in the literature.26 

While previously published values for such relevant properties as the Seebeck coefficient, figure 

of merit (ZT), and thermal conductivity suggest that TiB2 cannot make a successful thermoelectric 

material, it has been used in zinc oxide (ZnO) systems to improve thermoelectric properties: 

increasing power factor by ten times in the temperature range from 300-800 K and increasing the 

figure of merit by one hundred times at low temperature (300 K) and two times at 800 K. This 
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improvement is due to the high conductivity of TiB2 and the approach of coating the TiB2 particles 

in ZnO to prevent direct contact between TiB2, thus mitigating the loss in Seebeck coefficient.63 

Malik et al. investigated the lead selenium (PbSe)/TiB2 system. The use of a PbSe/TiB2 composite 

with PVA is a promising option for better thermoelectric semiconductors. The high electrical 

conductivity of TiB2 presents an opportunity to increase the Seebeck coefficient of pristine PbSe 

from -350 μV/K to -342 μV/K. The power factor increased slightly from 0.1 to 0.12 with the 

addition of TiB2, providing the foundation for further research in controlled addition of TiB2 to 

understand how much TiB2 is needed to achieve sufficiently high power factor.26 

1.3.4 Solar Absorber 

Current Concentrating Solar Power (CSP) plants are limited to operating temperatures below 800 

K due to limitations of the sunlight receiving materials.39 Using ceramics as the sunlight receivers 

or heat exchangers is an attractive option because of the higher melting point compared to the 

currently used metals, which would increase operating efficiencies.64 Investigation of TiB2 as a 

novel sunlight absorber is of interest for increasing the efficiency and applicability of these plants. 

The solar absorber material must exhibit a high sunlight absorption and low re-radiation losses.39 

In general, materials in the UHTC family have great potential for this application because of their 

intrinsic spectral selectivity (1.0-4.0 at 1000 K). TiB2 has the further advantage of lower density 

than the other borides. Very little of TiB2’s optical properties have been explored until recent years. 

Sani et al. reported that the surface roughness of fully dense, hot-pressed TiB2 is as good or better 

than ZrB2 and tantalum diboride (TaB2) in its ability to trap and absorb photons. Using the 

reflectance spectrum to calculate the solar absorbance value α shows that TiB2 (α=0.49) absorbs 

sunlight better than ZrB2 (α=0.47) and TaB2 (α=0.4). TiB2 has a spectral selectivity between SiC 

and the other borides, as well as a higher solar absorbance than the borides. This combined with 

its lower weight compared to zirconium and tantalum borides makes it an excellent candidate for 

future research into new solar absorber materials.39 

1.3.5 Electrochemical applications 

The ever-increasing pressure to transition to more renewable energy sources and sustainable 

storage technologies has brought more attention to catalysts for hydrogen evolution reactions 

(HER). Thus far, platinum has been shown to achieve the highest HER rate, but the availability 

and cost are prohibitive. The most exciting properties of spin-, drop-, and sputter-coated TiB2 

relevant to this application are high stability, thermal conductivity, strength, and resistance to 

erosion, as well as low electronic density at the Fermi level.7,65,66 However, its ability to catalyze 

HER and oxygen reduction reactions (ORR) has not been widely explored. Lim et al. characterized 

electrochemistry of TiB2 before and after treatment with sodium naphthalenide (NaNAFT), an 

alkali metal compound used for intercalation of other layered materials. They found that untreated 

TiB2 produced the fastest heterogeneous electron transfer (HET) rate, while the treated samples 

performed worse than the currently used glassy carbon material. However, smaller overpotentials 
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were required for the modified TiB2 components to armor reach the benchmark current density of 

-10 mA cm-2 in the electrochemical test cell. Specifically, the TiB2 modified with NaNAFT was 

the most catalytically active for HER. Even though TiB2 did not do better than platinum, synthetic 

adjustments may be the key to adapting this material to greater performance.7  

Along these lines, oxygen-evolution reactions (OER) also require abundant and low-cost catalysts 

for electrochemical fuel forming processes. Layered TiB2 coatings on electrodes are one such 

earth-abundant catalyst and have exhibited good Faradaic efficiency in acidic medium in 

Kirshenbaum et al.’s work.66 Further research into mechanical adhesion to the electrode is 

needed.66 TiB2 coatings on hematite (α-Fe2O3) photoanodes for solar water splitting have been 

shown to significantly accelerate the oxidation kinetics of the reaction for producing hydrogen.65 

1.3.6 Cathodes 

1.3.6.1 Aluminum Smelting Cell cathodes 

For many years research into the Hall-Heroult process of smelting alumina into aluminum has 

focused on finding a better inert cathode material than carbon; improvements to the efficiency of 

the smelting cell would reduce costs significantly,53 but there are not many candidate materials 

that could withstand the extreme operating environment (700-900°C).11 TiB2 is wettable by 

aluminum, the first essential quality for this application, and it also has the high melting point, low 

solubility in alumina, and high electrical conductivity required, setting it apart from the other 

refractory ceramics.11,67–69 Corrosion resistance under high temperature and molten fluoride salt 

and resistance to cracking are also important.53 The drawbacks of this material choice are mainly 

the high cost of processing at high temperature and pressure, although it is the least expensive of 

the borides wettable by alumina.11 Low resistance to thermal shock is also a concern53 and it has 

been suggested that impurity contamination is the main reason that TiB2 cathodes were not utilized 

sooner.6 Carbides and nitrides have also been considered, but do not possess the necessary 

conductivity and inertness.11 TiB2 cathode materials for this application include composite TiB2, 

TiB2 coatings, and monolithic TiB2.
53 Tallon and Franks have explored approaches to make use of 

TiB2 more affordable without altering the smelting cell or the inherent material properties, namely, 

by mixing an optimized amount of fine and coarse TiB2 powders to reduce material cost, and by 

utilizing colloidal processing techniques to reduce processing costs. The latter also allows for 

pressureless sintering and near-net shaping of the component, both economic advantages to hot-

pressing or hot-isostatic pressing followed by further machining. They found that using only 50% 

of the more expensive fine powder and 50% coarse powder improved the particle packing of the 

green bodies. Pressureless sintering at 2100°C did not achieve the goal density of 92% even with 

the addition of TiC as a sintering aid, but it is suggested that higher sintering temperature could 

achieve the desired closed porosity. Most importantly, the colloidal approach is shown to be an 

excellent starting point for reducing costs.11 
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Composite cathodes usually pair TiB2 with other non-oxide ceramics or with refractory metals.53 

Carbides and borides can improve the mechanical and sintering properties of TiB2 without 

significant cost raises.53 In particular, thermal shock resistance is greatly improved in a TiB2-TiC 

composite, although it is at the expense of electrical conductivity.53 Composites with carbon or 

graphite perform well in all areas except the mechanical integrity during operation.53 These carbon-

TiB2 composites exhibit increasing resistance to sodium expansion proportional to TiB2 content.67 

It has even been suggested to add sodium to the composite cathode to increase resistance to sodium 

penetration during operation.53 Notably, sodium expansion in TiB2 cathodes is still less than in 

traditional graphite cathodes.70 While there are many options in the composite realm, none has yet 

emerged as the preferred material.53  

TiB2 coatings on cathodes are of interest for their wear- and corrosion-resistance.7,24 TiB2 is an 

excellent coating material for a carbon substrate due to their similar expansion coefficients. 

Coatings of about 0.2mm thickness may be applied via CVD, electrochemical deposition, and 

plasma spraying.27,53 Electrochemical deposition offers the advantages of smooth coatings even on 

complex geometries, and low cost.27 A coated cathode must utilize a dense coating to avoid 

penetration of the electrolyte and liquid aluminum into pores, which TiB2 has been shown to 

do.53,69 The carbon-bonded and colloidal alumina TiB2 coatings have shown promise, but the life 

span of these coatings must still be improved.53 The TiB2 inclusion does not change the penetration 

mechanism, so the graphite base still experiences sodium penetration, but the TiB2 does slow the 

rate of penetration, extending the life of the component.27 TiB2 coatings on carbon cathodes have 

not found wide usage industrially yet because of the high cost of heat solidification at 200°C which 

must occur after coating. Some work has been done to produce a TiB2 coating cured at ambient 

temperature to avoid this step; in this case, the combination carbon and TiB2 coating with an 

organic resin was applied to the carbon cathode with a trowel in a layer 3-5 mm thick, resulting in 

good adhesion, strength, thermal shock resistance. It is believed that this coating could improve 

current efficiency by only 1.48%.69 

Pawlek argues that the greatest advantage of TiB2 as a wettable cathode is not the potential to 

improve Hall-Heroult aluminum electrolysis cells, but to support the new generation of electrolysis 

cell designs.68 However, this work focuses on TiB2 as a composite material to eliminate the 

difficulties of processing monolithic TiB2.
68 Composites suffer from reduced corrosion resistance 

to the electrolyte, but this has not halted the research into TiB2 coatings deposited by 

electrophoretic deposition, plasma spraying, and simple slurry application.68 While research 

continues, industrial scale testing is rare and much work remains to be done.68 

1.3.6.2 Lithium-Air Battery Cathodes 

With the promise of a theoretical energy density ten times higher than Li-ion batteries, lithium-air 

(Li-air) battery research focuses on increasing the experimental energy density to the theoretical 
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values.71 In this battery, which contains a Li anode and a porous cathode through which air from 

the open atmosphere may flow in, the largest barrier to improvement is poor cyclability caused by 

deposition of discharge products in the cathode pore network.71–75 The cathode material, which is 

currently the dominating factor in this research,76 must be thin, stable in the battery environment, 

and conductive.71,77 Electrical conductivity needed for this application ranges from 10-200 S/cm.77 

The structural considerations of the battery are more complicated and more disputed. A through-

connected pore network must allow flow of air and ions, resulting in a high specific surface area. 

The tortuosity of the pore network must be low enough to facilitate easy flow78 but not too low or 

the cathode may as well be an unguarded opening to the atmosphere;79 surface area must be 

sufficient to allow chemical reaction to take place.74 Tortuosity values must balance the theoretical 

maximum discharge of a battery with the need for flow, and this may be accomplished through 

anisotropy in the pore network.79 In the literature, proposed solutions to the rechargeability of Li-

air batteries include a separate electrolyte storage unit,71 dual-scale porosity, catalyst distribution,73 

and increased size and uniformity of pores.80 Interestingly, few structural properties of the next 

generation Li-air battery cathodes are agreed upon in the literature, often including contradictory 

reports. Table 2 is a summary of many of the discussed properties needed in this type of cathode. 
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Table 2: Summary of properties and structures needed and/or tested for Li-air battery cathodes. 

Property  Value reported  Key Notes Reference 

Pore size 6.6 nm Pores <10nm easily choked 

by discharge products  

74 

 14.23 nm “wide” pore size facilitates 

better capacity/discharge 

81 

 17-24 nm  82 

 42.7 nm Clogged almost entirely on 

discharge in test cell 

Unlike micropores, this size 

pore allows reaction to take 

place 

74 

 Mesoporous volume  The more mesoporous 

volume, the higher capacity 

81 

 Interconnected macroporous free 

volume (>50nm) 

Allows air transport 71 

Pore size 

distribution 

Bimodal Micropores found to be 

unhelpful 

74 

 Two different pore structures by 

layering different carbon 

structures 

Improves oxygen transport 

Delays clogging 

Minimizes tortuosity78 

73,78 

 Uniformity of pores  80,83 

BET Surface 

area 

1.45 cm3/g  74 

Surface area 824 m2/g Gave the highest specific 

capacity, author attributes 

specifically to surface area in 

combination with pore size 

74 

 300-500 m2/g  71 

Pore 

structure 

Mesoporous foam Capacity of battery increased 

because reaction occurs in 

hollow cell spaces, not just at 

ceramic surface 

74 

 “Carbon paper supported carbon 

nanofoam” 

 71 

 Carbon aerogel  81 

 Tunnel-like channels Impractical to manufacture at 

large scale 

78 

Pore wall 

thickness 

4 nm  74 

Pore shape Spherical  74 

 Tunnels or periodic channel array 

where all porosity is straight 

channel and distance between 

channels is “vanishingly small”; 

Impractical 78 
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channel diameter = 6um, spacing 

=17um  

Overall 

porosity 

 Highest mesopore volume 

corresponds to highest 

capacity 

81,82 

 0.9 Higher porosity improves 

capacity 

77,81 

 0.75 (used as benchmark) 77 

Pore volume 2.195 cm3/g Greater pore volume gives 

better discharge capacity 

81 

 1.5-3 cm3/g  82 

 3.146 cm3/g  82 

Tortuosity 1.8-2.4 Too much tortuosity limits 

oxygen flow 

77 

 1.5 Higher capacity than cathode 

with tortuosity =3 

77 

Electrical 

conductivity 

1000-20,000 S/m  71 

 10 S/m  77 

Thermal 

conductivity 

1 W/mK  77 

Cathode 

thickness 

 Limited by oxygen diffusion 

length. Ideal to minimize 

distance oxygen must travel 

to react within battery 

71 

 .1-1 mm Used for small modeling 

purposes 

77 

 <1 um  72 

 

Colloidal processing of TiB2, and tape casting especially, can achieve many of these benchmarks. 

See next section (New Microstructures and Architectures) for more information about colloidal 

processing. Although TiB2 is heavier and more expensive than the traditional carbon cathode,75,77 

it is highly resistant to chemical wear that may take place within the battery environment. The high 

melting temperature may also make TiB2 a good candidate, perhaps to deal with the detrimental 

byproduct of Li-air battery discharge that clogs the pores and prevents rechargeability, lithium 

peroxide, which has a melting temperature of 1400°C.77,84 The thickness of this deposit needed to 

cause cell death is reported to be 5-10 nm.77 If heat treatment were to be applied to clean the pore 

network of the cathode, TiB2 would far outlast the melting of the precipitants. 

1.3.7 Thermal Protection Systems 

TiB2 and the other UHTCs have been of interest for use in thermal protection systems for 

hypersonic vehicles due to their high melting points and ability to distribute heat and load across 
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the vehicle airframe in the extreme environment of space and atmospheric reentry. Monolithic 

UHTCs for leading edges are attractive for resisting the heat flux of atmospheric reentry. Research 

has begun to turn toward cooling components as well. Active and passive cooling components rely 

on the ability control thermal conductivity directionally, which can also lead to increased 

reusability of the vehicles.5,85 By designing anisotropic porosity either through functionally graded 

or aligned pore networks, the heat (>3000°C) can be directed away from sensitive components 

with lower melting temperatures. Aligned pores work by conducting heat along the direction of 

alignment and insulating in the perpendicular direction.5 The pores can also be filled with a heat 

exchanger to provide more active cooling.86 

1.4 New Microstructures and Architectures 

To form more complex shapes and keep costly machining to a minimum, other processing routes 

can be utilized. Plastic routes offer more microstructural control than dry routes with minimum 

solvent added. By adding thermoplastic or thermosetting polymers to a slurry, a viscous paste can 

be formed and the shaping capabilities extended. Extrusion and injection molding can be utilized 

to form bars, which can be cut into bricks, or complex honeycombs which are used for catalyst 

supports.87 A UHTC like TiB2 may be extruded to form continuous, aligned pores for applications 

in active cooling, although there has also been research pertaining to achieving such pores through 

sacrificial fillers.5 Very little research has addressed these plastic routes for TiB2 by itself, and more 

deals with the UHTCs additives to ceramic composites.88  

Colloidal processing routes offer the ability to control surface chemistry of particles, giving greater 

control over the stability of suspensions and quality of the overall product than is afforded by dry 

processing routes.10,56 One of the most important requirements to achieve a stable suspension is 

controlling repulsive forces acting between particles to deter agglomeration, flocculation, and 

sedimentation.10 When the dominating force between particles is attractive, the particles will 

agglomerate and settle. Therefore, repulsive forces between particles are required to produce a 

well-dispersed and stable suspension.89 The electric double layer (EDL) forms around metal oxide 

particles in a polar solvent to maintain overall electrical neutrality of the system. The EDL causes 

a repulsion force between particles, which we rely on to keep the suspension stable. Similarly, 

steric repulsion caused by adsorbed polymer layers that overlap and compress each other repel 

particle surfaces from each other.90 

The particle packing in green bodies is increased compared to dry routes and this has been shown 

to improve sintering behavior of TiB2, lower sintering temperature, and in some cases eliminate 

the need for applied pressure.11 Colloidal processing encompasses many techniques, including 

freeze casting, slip casting, and gel casting.87,91 Pressureless sintering, as described earlier, offers 

the ability to produce more complex, asymmetric ceramic bodies than hot pressing. 
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With small particles (<10 μm), TiB2 can be suspended colloidally and shaped using wet routes.10,87 

The colloidal routes offer the greatest flexibility in shape as well as improved particle packing and 

microstructural control.10,91,92 Microstructural control is necessary to produce a wide variety of 

more complex microstructures, such as porous ceramics, which is not possible with the traditional 

dry pressing methods—designing the amount, morphology, connectedness, and distribution of the 

porosity.93–95 The suspensions being cast must include additives suitable to the method, including 

dispersant, binders, plasticizers, and wetting agents.91,92  

TiB2 has been prepared using most of the common colloidal processing methods: slip casting, 

freeze casting, and gel casting. Tape casting of pure TiB2 is notably absent from the literature, 

although other UHTCs have been made this way,96–99 and composites including TiB2 have also 

been tape cast.42 

1.4.1 Porosity 

Pushing the utility of TiB2 into the right quadrants of Figure 1 requires learning more about 

porosity in this material. The need for porous materials that can withstand extreme thermal and 

chemical environments continues to increase.4  As described in the previous section, porous 

UHTCs are of particular interest for thermal protection systems for hypersonic vehicles. 

Macroporosity (pores >50 nm) can be purposely introduced to ceramics in four main ways: partial 

sintering, sacrificial fillers, replica templates, and direct foaming.4  Mesopores (2-50 nm) and 

micropores (<2 nm) can be introduced through surfactant templating, emulsion templating, sol-gel 

processing63 and more. Through use of gradient porosity or continuous aligned pores, this 

anisotropic thermal behavior can be achieved.5 The literature is still experiencing a lack of 

information about porous ceramics, especially having to do with UHTCs, porosity adjustment, and 

aqueous-based systems.4  

Thin, porous ceramics are needed for filtration systems, catalyst supports, and electrochemical 

systems, to name a few applications. Ceramic membranes for filtration and separation can 

withstand higher temperatures and more extreme pH values than organic membranes. They are 

used in the textile industry to remove coloring agents, in the food and pharmaceutical industry, and 

in the recycling of wastewater. The same manufacturing processes are used to produce ceramic 

catalyst supports.100 The pore sizes for these various applications must be tunable, especially those 

that require a gradient of decreasing pore size along the component.101  

The microstructural parameters relevant to porous ceramics include pore size and shape, 

distribution, connectivity, and tortuosity.4,5 Due to the varying needs for these parameters in 

different applications, processing routes that allow for controlled variation of porosity are 

important. In the case of TiB2, partial sintering could be a preferable route for introducing porosity 

because it takes advantage of the difficulty in densifying this material. In partial sintering, the 
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necking phase of densification takes place but the heat applied is interrupted before necking and 

grain growth allow for the pore removal stage. 

The thin, planar architecture required for many of the new applications can be achieved through 

tape casting, a process by which the ceramic suspension is spread over a substrate using a doctor 

blade. Tape casting is used to fabricate large planes of material tape typically thinner than 1000 

μm.4 Tapes are used in electronic applications such as capacitors, inductors, integrated circuits, 

and actuators9, although there are exceptions; in structural ceramics: Al2O3 composite and SiC 

laminates;96,102 and catalytic oxide membranes for improving selectivity of separation 

membranes.103,104 If flexible in the green form, tapes may be folded, rolled, or otherwise molded 

to more complex shapes. Tapes can also be cut and stacked to form three-dimensional parts, and 

can produce uniform orientation of high-aspect ratio particles within the tape, which can then be 

used in such applications as capacitors, inductors, and sensors.9,105,106 Solid oxide fuel cells have 

made use of tape cast nickel oxide (NiO) and yttria stabilized zirconia (YSZ) based anode 

substrates.107,108 Gradient B4C structures98 have also been achieved. Porous tapes are often used 

for biological applications and for catalyst supports. Silicon oxycarbide microfilters and other thin 

membranes can be designed with hydrophilicity or hydrophobicity through control of pore size, 

which can be achieved through choice of fillers or pyrolysis temperatures.106,109  

Much has been published about tape casting of oxides and non-oxides, but there has been little 

work done in tape casting UHTCs. Until recently, very few studies on the tape casting of ZrB2 and 

B4C existed.96,98,99 Aqueous tape casting of ZrB2 focused on dispersion quality of the powder in 

water and the amounts of binder and plasticizer needed to tape cast.99 SiC, on the other hand, has 

been tape cast in organic solvents for Si/SiC composite layered structures, but the systematic study 

of aqueous tape casting of SiC is new; recently it has been accomplished and produced green 

bodies with 53% theoretical density.97 

1.4.2 Complex Architectures 

Additive manufacturing is capable of processing complex geometries faster and with less human 

interaction than traditional processing methods but is currently more matured for metals and 

polymers than for ceramics, due to the relatively young age of the technology110 and the much 

higher melting points of ceramics.111 The low self-diffusion coefficient and low laser absorbance 

of TiB2 specifically makes it especially difficult to additively manufacture.112,113 As such, TiB2 has 

mostly been additively manufactured only as an additive to such other materials as metal alloys 

like Inconel and steels.114–116 Oxide ceramics have been additively manufactured112 as have some 

non-oxides (SiC, Si3N4) and composites containing borides, but to extend usage to monolithic 

TiB2, more research is required.117 ZrB2 has been investigated for use in electron beam melting 

(EBM), a powder bed process by which the electron beam selectively heats the powder in the 

desired pattern. The resulting consolidation for electron beam power of 500 and 1000 W and 
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scanning speeds from 500-1000 mm/s was deemed satisfactory, with acceptable surface roughness 

and minimal cracking due to thermal stresses.110 This work suggests that additively manufacturing 

other UHTCs using EBM is feasible. Selective laser sintering (SLS) of ceramics particles encased 

in polymer shells is also being pursued for a variety of ceramics, including TiB2, TiC, SiC, ZrB2, 

Si3N4, B4C, and TiN. In this case, the polymer shell is used to bind the ceramic particles together 

in the design imparted by the laser.111 Binder jet additive manufacturing has also been explored for 

UHTCs for production of triply periodic minimal surface geometries for heat exchangers in 

concentrated solar power systems. This complex geometry has only been made feasible for 

widespread fabrication with the advent of additive manufacturing because extrusion of these 

structures tends to result in thermal stresses and anisotropic mechanical behavior.64 Recent work 

has found that composites of ZrB2 and MoSi2 fabricated by binder jetting followed by pressureless 

sintering achieved theoretical densities of 92-98% and that the process may be extended to other 

UHTCs, without the residual stresses of other methods.64 SLS of TiC and of TiB2-B4C composites 

has been achieved through in-situ synthesis and sintering.113 This was accomplished by mixing Ti 

powders with the other component powders in the powder bed to exploit the better laser absorbance 

of Ti than Ti-ceramics.112,113 The exothermic reaction that results in the TiB2-B4C composite also 

benefits this process and produces a 93.8% dense component.112 

Direct ink writing (DIW) is a wet additive manufacturing process, as opposed to the dry routes 

involving SLS of dry powder beds. The use of colloidal processing with additive manufacturing 

provides even more complex shaping abilities along with microstructural control.10,117,118 DIW can 

accomplish structural complexity, but manufacturing ceramics in this way is known to cause 

shrinkage up to 40%, high porosity, cracks, and deformation, which limit its applicability. Research 

has begun into using inorganic binders to mitigate the disadvantages caused by pyrolysis of organic 

binders, which are thought to be responsible for much of the shrinkage and crack formation. 

Success in adjusting the binder for DIW of Al2O3 may provide the basis for similar advances in 

DIW of TiB2 and other non-oxide ceramics.119 Furthermore, ZrB2 has been produced via DIW with 

purposeful porosity for use as thermal protection systems. This porosity (72-77%) can be achieved 

by printing particle-stabilized foams or capillary suspensions.120 B4C has similarly been prepared 

via aqueous colloidal processing and DIW with some success, focusing on preparing the colloidal 

suspension for optimum dispersion to additively manufacturing the complex shapes, resulting in 

complex shapes with no warpage and density of 82%.117 

1.5 Research gap and motivation 

As discussed in the previous sections, TiB2 has mostly been limited in applications to dense 

structural components that take advantage of its good mechanical strength in extreme 

environments. To expand its utility and explore other applications in the porous and functional 

realms, more research is needed about how to process this material with designed porosity, how 

that porosity will affect its properties, and how different architectures might take advantage of its 
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other valuable properties like high thermal and electrical conductivity or high melting point. This 

work could be very useful for example in researching new cathode materials for Li-air batteries, 

which require a connected pore network for diffusion though a thin ceramic body that must 

maintain chemical stability in the operating environment of the battery. Tape casting of TiB2 can 

reach many of the benchmarks for the thickness of the component and porosity required for this 

application. 

Very little has been done to explore porous TiB2 up to this point, and this material has never been 

tape cast before, because of the traditional approach of avoiding solvent-based processing methods 

for this type of ceramics. This dissertation begins by developing the necessary suspension 

formulation for aqueous tape casting this material.  

Tape casting is known to align anisotropic particles along the direction of the moving substrate. 

This is due to a non-uniform velocity imparted on the particles by the shear force of the doctor 

blade and the moving substrate. When the long axis of the particle is parallel to the cast direction, 

the rotational velocity is at a minimum, and when the long axis is perpendicular, the velocity is at 

a maximum.9 Subsequent to this alignment, the drying and sintering processes introduce 

anisotropic shrinkage to the ceramic.9 Greater shrinkage occurs in the lateral direction because of 

greater number of particle boundaries.121 To avoid anisotropic shrinkage, one may opt for the most 

isotropic particles possible; spherical particles cannot orient, and therefore tapes cast with spherical 

particles shrink nearly isotropically.9 In most applications, if the component shrinks more than 15% 

in any direction, the residual stresses will cause mechanical failure.9 

However, if the process is controlled, it can lead to new material properties and behavior. For 

example, the self-shaping of ceramic parts inspired by cellulose fibrils in plants has been achieved 

by selective alignment of alumina nanoparticles and control of the shrinkage process.122 The local 

and anisotropic shrinkage caused by this alignment allows for the production of complex shapes 

needed for applications like motor blades, wire guides, and microgears.122,123 Top-down production 

of these geometries via injection molding or additive manufacturing must be combined with 

cutting and gluing of green bodies to achieve such pieces as hinges, chains, and encapsulated 

ceramics. Purposeful anisotropic shrinkage to achieve complex shapes can eliminate the weak 

interfaces introduced in gluing processes. Warpage is usually avoided in ceramic processing due 

to the residual stresses it can introduce, which may severely crack and distort the piece. However, 

researchers have begun taking advantage of controlled warpage through particle alignment to 

achieve complex macrostructures. Various bending and twisting shapes can be achieved in this 

way by aligning alumina platelets coated with magnetic nanoparticles using magnetic force and 

varying the alignment direction between the layers of a component. During sintering, deformation 

in the intended directions relieves the internal stresses caused by anisotropic shrinkage due to 

alignment of platelets.122 
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Particle alignment in ceramic materials allows control of the properties in selected directions, often 

aiding reinforcement mechanisms. Placing a rod or whisker-shaped particle in a ceramic body can 

also provide toughening mechanisms like crack bridging and pullout.124–127 Inclusion of SiC 

whiskers has been shown to more than double the fracture toughness of various ceramics, including 

Al2O3, ZrO2, mullite, and Si3N4.
124 Alignment of these whiskers can also increase densification 

and homogeneity of the reinforced ceramic.124  

Combined with such strategies as sacrificial fillers, alignment due to tape casting could be taken 

advantage of for the formation of aligned pore networks as well. In general, alignment of particles 

provides anisotropy which can cause greater strength or fracture toughness in one direction vs 

another, giving greater control in the forming process.  

The alignment of the particles in the slurry is independent of the viscosity of the slurry because 

the changes in shear rate driving the particle motion and the resistance to that motion associated 

with different viscosities cancel each other out.9 It has been suggested that increased solids loading 

increases the amount of alignment121,128  and that water-soluble binders added proportionally to 

increasing solids loading tend to segregate normal to the z-direction, which can mitigate the 

strength of alignment.121 However, increased solids loading will naturally reduce the amount of 

shrinkage, so without orientation measurements, it is difficult to conclude only from less 

anisotropic shrinkage that more alignment has occurred. The main factor in particle orientation is 

the aspect ratio of the particle, with greater aspect ratio particles tending to orient more strongly in 

the casting direction.9,124 

Characterization of the orientation of particles in ceramics is divided into two categories: 

measuring the strength of crystallographic peaks in XRD or Electron Backscatter Diffraction 

(EBSD),121,124,129–134 and using image analysis for physical alignment.9,121,129,132,135,136 

Crystallographic alignment can be further made use of by templated grain growth.132 Image 

analysis can use any of three main definitions of alignment: the feret diameter or line joining 

boundary points that are farthest apart, the major axis of the best fit ellipse, and the axis of 

minimum second-order moment of the shape.137 The measured angle with respect to the casting 

direction may be measured in degrees or radians, and the resulting distribution may be reported as 

a linear distribution or as a polarogram or von mises distribution.121,135,138  

Investigation of the porosity and properties of sintered tape cast TiB2 is the focus of the third 

chapter of this work. The TiB2 particles cast here have an aspect ratio of 1.47; TiB2 is commercially 

available in very limited morphologies, and as this is the first work of its kind, the easily available 

powder is the subject of study. Sintered tapes’ microstructures are analyzed to quantify the amount 

of alignment and compare to theoretical predictions. The mechanical properties of sintered tapes 

are reported and compared to theoretical values for porous ceramics. Addition of a highly 
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anisotropic particle (the metal organic framework PCN-222) is utilized to further investigate 

alignment during tape casting.  

Whiskers, rods, and other high aspect ratio particles are useful as reinforcements. Even with the 

most controlled processing, monolithic UHTC materials may not have the required 

thermomechanical performance in extreme environments, so additives that act as microstructural 

reinforcements are necessary. High aspect ratio ceramic particle reinforcements have been widely 

researched to improve fracture toughness and other mechanical properties by deflecting and 

bridging cracks. The most common material for these reinforcements is carbon or silicon 

carbide.125,143–145 The more closely the reinforcement material’s properties compare to the bulk 

material’s, the fewer issues are caused by differing reactions to extreme environment conditions. 

Silicon carbide whiskers are the only widely available whisker, but recently some titanium 

carbide,127 zirconium diboride,126 and ZrC145 whiskers have been synthesized.  

The MOF particle used in this work, PCN-222, decomposes into a glass-like carbon matrix 

embedded with ZrC during heat treatment. ZrC is another of the UHTCs with a high melting point, 

attractive for reinforcing other materials in extreme environments, but production of many UHTC 

components often uses commercially available UHTC powders, which typically have relatively 

large sizes (dv50 typically between one and tens of microns) and irregular shapes as result of 

communition processes. There are not many cost-effective synthesis routes currently to produce 

large amounts of UHTC raw powders. These few synthesis routes commonly rely on carbothermal 

reduction, typically performed under vacuum in a graphite furnace, between zirconia (ZrO2) and 

carbon black (C) particles, which can take over 16 h to complete at temperatures above 

1800°C.141,142 

In the second chapter of this work, we show a novel route for synthesizing high aspect ratio ZrC-

based particles through high temperature pyrolysis of highly anisotropic PCN-222. These high 

aspect ratio particles will be used in tape casting to understand the potential orientation of 

anisotropic particles during the casting and explore the properties derived from them. The rod-

shaped metal organic framework has a Zr cation within a carbon-rich ligand structure. Thermal 

treatment PCN-222 at 2000°C yields highly pure ZrC nanoparticles encapsulated in carbon rods. 

The study compares PCN-222 before and after heat treatment. Characterization of the resultant 

material reveals the presence of ZrC nanoparticles embedded in a glass-like carbon matrix. The 

resulting particles retain the defined geometry and size features from the original MOF, while 

showing high crystallinity and purity. These attributes in ZrC are extremely important for a 

reinforcement for UHTC in extreme applications, and the implications to develop other particle 

morphologies to further tailor material performance. 

TiB2 suspensions were then prepared with 2wt% of the MOF PCN-222 for tape casting (denoted 

TiB2+HAR, high aspect ratio particle). That this addition may be made to the suspension 
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formulation established in the first chapter is a testament to the robustness of that formulation. The 

final chapter deals with characterizing the porous, sintered TiB2 tapes and exploring the inclusion 

of heat-treated PCN-222 in the suspension. The goal is to understand how the porosity affects the 

mechanical properties of the tape and how inclusion of an anisotropic particle may take advantage 

of the alignment which occurs during tape casting. 

1.6 Summary 

This literature review focused on the established properties of TiB2 and how they translate both to 

the well-known applications of the material and the future areas where TiB2 shows great promise. 

Chief among these is the lithium-air battery cathode, which along with the rest makes use of the 

inertness in extreme chemical environments and high melting temperature. As testing methods 

allow for quantification of properties in hotter and more corrosive environments, TiB2 may prove 

even more useful. Further exploration of processing routes like colloidal suspensions and 

pressureless sintering, as well as new architectures like tape cast and porous TiB2 will allow for 

better utilization of the material’s high thermal and electrical conductivity in new applications. 

Generally, a more thorough understanding of the material’s drawbacks and ways around them will 

allow for applications in nuclear, solar, electrochemical, thermoelectric applications and beyond. 

This dissertation’s objectives represent the first step in shifting the processing paradigm of TiB2 

toward these exciting new applications. 

1.7 Dissertation Objectives 

As discussed in the previous section about research gap and motivation, the specific objectives of 

this dissertation are the following:  

1. Investigate the possibility of developing an aqueous suspension formulation for TiB2 to 

produce flexible, uniform tapes with the least number and the lowest amount of additives 

as possible. In order to do that, surface chemistry and rheology will be studied in detail to 

correlate with the macroscopic properties of the tape, as a function of the casting parameter. 

The main contribution to the field includes the establishment of the relationship between 

processing parameters and the green tape qualities for this type of material and producing 

TiB2 tapes for the first time in the literature.  

2. Synthesize high aspect ratio particles of UHTCs, via a novel route employing metal organic 

framework materials (MOF) and carbothermal reaction to transform the organic skeleton 

surrounding the cation into selected carbides. This synthesis route seeks to obtain particles 

with same aspect ratio and size as the precursor, to utilize them as second phase as 

reinforcement in a ceramic matrix, or tailor other properties. The main contribution to 

science and engineering will be the use of novel precursor for the first time to create type 

and shapes in UHTC particles that cannot be attained with other synthetic methods. The 

results could be applied to future MOF structures and chemistries to synthesize TiB2, 
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through similar thermal decomposition of MOFs. These high aspect ratio particles will be 

utilized in the final chapter of this work to understand the means of particle alignment 

during tape casting. 

3. Develop final sintered TiB2 tapes with controlled porosity and establish the relationship 

between microstructure and properties for this new type of material. In order to do that, the 

porosity and the particle/grain alignment of the porous TiB2 tapes will be quantified. The 

effect of the microstructure on mechanical properties will be investigated. Because this 

dissertation work is the first instance of tape casting TiB2, the characterization of the 

sintered tapes is an important foundational step. In order to adapt TiB2 to applications 

needing porous, functional, and complex-shaped components, the effects of significant 

interparticle porosity must be understood in relation to the otherwise well-known properties 

of fully dense TiB2.  
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Chapter 2: Experimental Methods 

This section of the dissertation covers the experimental methods of all of the following chapters. 

2.1 Materials 

2.1.1 TiB2 suspensions 

Titanium diboride powder (TiB2; Grade F, purity ≥ 96%, diameter 3.5 μm, H.C. Starck, Germany) 

was used as raw material. Dolapix CE 64, which an ethanolaminic salt of citric acid, produced by 

Zschimmer and Schwarz, Inc. (Germany) was used as dispersant. Polyvinyl alcohol (PVA; Sigma-

Aldrich) and polyethylene glycol (PEG; Millipore Sigma) were used as binder and plasticizer, 

respectively. The solvent for all suspensions was de-ionized water. Ethanol used in two-step 

mixing method, and potassium chloride (KCl, purity 99.4%), nitric acid (HNO3, purity 65%), and 

sodium hydroxide (NaOH, purity 100%) used to dilute and adjust pH of suspensions for zeta 

potential measurements were purchased from Sigma-Aldrich. The Mylar® carrier substrate (Tape 

Casting Warehouse, Inc., USA) had a width of 15.2 cm and thickness of 9 mm. 

2.1.2 PCN-222 

Starting reagents and materials were obtained commercially and used without further purification. 

Zirconium(IV) oxychloride octahydrate (ZrOCl2·8H2O, ≥99.5%) was purchased from Sigma-

Aldrich (St. Louis, MO, USA), meso-tetrakis(4-carboxyphenyl)porphyrin (TCPP, >97%) was 

purchased from Frontier Scientific (Logan, UT, USA), N,N-dimethylformamide (DMF, ≥99.8%) 

was purchased from Fisher Scientific (Hampton, NH, USA), and difluoroacetic acid (DFA, 98%) 

was purchased from Oakwood Chemical (Estill, SC, USA). ZrOCl2·8H2O (151 mg, 0.469 mmol), 

TCPP (27 mg, 0.0341 mmol), and DFA (1.664 mL, 26.44 mmol, 775 Eq.) were combined in a 6-

dram vial with DMF (14.5 mL) and sonicated until dissolved. The vial was placed in a 120 °C 

oven for 18 h, and violet PCN-222 crystals were obtained following isolation via centrifugation 

and washed ×3 with DMF and acetone. 

PCN-222 samples were thermally treated in a vacuum graphite furnace (Red Devil, R. D. WEBB, 

Natick, MA) at 2000°C, for 5 min. This heat treatment took place in vacuum up to 1800°C, when 

the chamber was then backfilled with argon for the rest of the heating and dwell. The heating and 

cooling rates were 5°C/min. 

2.2 Suspension Preparation for Tape Casting 

The suspensions studied used solid loadings between 25-40 vol% (60-75 wt%) TiB2. Dispersant 

content varied from 0-3 wt% with respect to the TiB2 powder, and the binder and plasticizer studied 

were in the range 0-2 wt%. Suspensions were made using two mixing procedures: single-step and 

two-step mixing. For the single-step mixing process, suspensions were prepared first by dissolving 

binder in water on a magnetic stir plate set to 80°C and 350 rpm for six hours. Any plasticizer 
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content was added next, followed by dispersant and TiB2 powder. To ensure homogenous 

suspensions, the suspensions were ball milled in a Nalgene bottle with 10 tungsten carbide (WC) 

balls (9 of .6 cm diameter, 1 of 1.4 cm diameter) on a roller at 60 rpm for 4 hours.  

In the two-step mixing process, TiB2 powder was added to ethanol, followed by the dispersant, 

and then sonicated. The beaker containing the powder, dispersant, and ethanol was placed in the 

oven overnight for the ethanol to evaporate. Dissolution of binder in water was carried out as in 

the single-step mixing method, and the dry TiB2 powder containing dispersant was then added to 

the water containing binder. Finally, the plasticizer was added, the suspension was sonicated once 

more, and finally ball milled with the same 10 tungsten carbide balls on a roller at 60 rpm for 24 

hours. 

After ball milling, the tungsten carbide balls were removed, and the suspension was degassed in 

vacuum for 30 minutes. Following this step, the suspension was ready to be poured into the tape 

casting reservoir. Suspensions are labeled with three numbers representing the wt% of dispersant, 

binder, and plasticizer used, i.e. (2,1,2) means the suspension contained 2 wt% dispersant, 1 wt% 

PVA, and 2 wt% PEG. 

2.3 Tape Casting 

Tapes were cast on a caster (Richard E. Mistler, Inc., Model 08401x02, USA) that has a stationary 

reservoir and doctor blade, which are both 20.2 cm wide, and the length of the casting bed is 1.83 

m. The reservoir is 725 cm3. A motor moves the Mylar® carrier substrate at 1 cm/s. In addition, 

the bed temperature was kept at 21°C. 

The doctor blade was adjusted by two dials to the desired height (100-500 μm in this work), and 

the Mylar® sheet attached to the motor was placed underneath the reservoir and blade. To cast, the 

vacuum was turned on low to pull out evaporating solvent into a fume hood. Suspension was then 

poured into the reservoir. The Mylar® continued to pull the suspension over the bed until the 

reservoir is empty, at which point the motor was stopped and the tape left to dry completely in the 

closed bed, where vacuum evacuated evaporated solvent to the fume hood.  

2.4 Sintering  

Tapes were sintered in a pressureless graphite vacuum furnace (Red Devil, R.D. Webb, USA). 

Heating took place at 5 °C/min up to 400 °C, at which point the temperature was held steady for 1 

h for the removal of the small amount of organics. Heating continued at 5 °C/min up to 1500 °C, 

and then the rate lowered to 3 °C/min up to 2000 °C. This maximum temperature was held for 1 h 

before cooling back down to 1500 °C at 3 °C/min. Above 1800 °C, the furnace was backfilled with 

argon. The length of the samples in the x, y, and z directions was measured before and after 

sintering to calculate sample shrinkage. 
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2.5 Characterization 

2.5.1 Suspensions 

A Malvern Zetasizer Nano ZS (UK) was used to measure the zeta potential of TiB2 as a function 

of pH. The concentration of the diluted suspensions for this measurement was 200 mg/L of TiB2 

in 10-2 M KCl. The suspension was sonicated with an ultrasonic horn (Fisherbrand, Model FB705 

Sonic Dismembrator, USA) and then separated into six bottles. The pH values were measured with 

a pH probe (Thermo Scientific, Orion StarTM A221, USA) and adjusted to approximately 2, 4, 6, 

8, 10, and 12 using 0.1 M nitric acid (HNO3) and sodium hydroxide (NaOH) solutions respectively, 

while stirring on a magnetic plate at around 350 rpm. For each bottle, once the desired pH was 

reached, it was sonicated again and the pH value was confirmed with a pH probe. The bottles rolled 

overnight and the pH was measured a final time directly before the zeta potential measurement. 

The cuvette used in the measurement was a DTS1017 model, and the zeta potential was measured 

of at least fresh three different samples for each pH value; that is, for each pH, the cuvette was 

loaded, tested in the DLS, and cleaned three or more times before loading again.  

Rheology measurements were performed on an AR-G2 rheometer (TA Instruments, USA). Each 

suspension contained 40 vol% TiB2. Testing temperature remained steady at 25°C. About 18 mL 

of each suspension were tested in the rheometer with cup and bob geometry at steady shear rates 

from 0.01 to 1000 s-1. No significant evaporation occurred over the course of the test, so a solvent 

trap was not used. The maximum time waited to collect each data point was 1.5 minutes. Three 

samples were tested for each suspension formulation, and the representative flow curves are 

presented. 

2.5.2 Tapes 

Green density was measured using geometric measurements of square samples. The sintered 

density was measured through Archimedes’ method, and the porosity of the tapes was estimated 

from the relationship between density and porosity.  

In this work, the angle of orientation of the feret diameter is reported as cos2Θ to ease comparisons 

between grains. Rather than defining alignment as ±45° with the cast direction (0-45°, 135-225°, 

and 315-360°), using the value of cos2Θ defines alignment in the range of 0.5-1.0, and provides a 

clear distribution across all possible angles.139,140 X-ray Diffraction patterns (Bruker, XRD D8, 

USA) were used to estimate degree of orientation of crystals in the sintered tapes. Comparison of 

the intensities of the (0 0 0 1) and (0 0 0 2) peaks with the reference pattern for TiB2 allows for 

calculation of the Lotgering orientation factor.146  

The sintered samples were imaged on a scanning electron microscope (SEM; JEOL, IT-500HR). 

Images were taken of the tops of tapes (Figure 2B), ensuring that the direction of tape casting 

corresponded to the horizontal axis of the image. These microstructural images were then digitally 
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analyzed in ImageJ (version: 1.51j8, Wayne Rasband, National Institute of Health, USA). The 

color channels were split and the threshold adjusted to isolate the grains in the image. Then a 

watershed filter was applied and the ImageJ Analyze Particles function executed to measure feret 

angles of all particles larger than 0.01 μm2; the feret angles were reported as the angle between the 

longest axis of a grain with the horizontal of the image, therefore the direction of tape casting. At 

least four images were analyzed for each sample, and approximately 1700 grains per image. 

Energy dispersive X-ray Spectroscopy (EDS JEOL Inc., Peabody, MA, USA) was conducted on 

the composites to identify the presence of the high-aspect ratio particles (different composition 

than the matrix). 

The Bruggeman Estimator Mathematica program (ETH Zurich, version v1.0, Switzerland) was 

used to approximate the tortuosity of samples. By inputting an SEM image of the top surface and 

side view of the samples, the program allows the user to identify particles or grains using an 

elliptical selection tool. Once at least 10 have been identified, the program creates a virtual particle 

population and uses Differential Effective Medium (DEM) approximation to estimate the 

Bruggeman exponent in three directions based on particle shape and orientation. The Bruggeman 

Estimator relies on the Bruggeman relation, a simple estimation of the tortuosity (τ) based on 

porosity (ε) and the Bruggeman exponent (α). 

𝜏 = 𝜀−𝛼     [Equation 4]147 

The Bruggeman relation is widely accepted to be an accurate estimation tool.79,147 By using 

Differential Effective Medium (DEM) approximation to create a virtual population of pores and 

grains based on SEM images of the top and cross views of a potential “electrode,” the Bruggeman 

estimator calculates the Bruggeman exponent in the x, y, and z directions. The porosity of a sample 

can be measured empirically and Equation 4 can then be used to calculate the tortuosity.148 
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Figure 2: (A) Schematic of tape cast TiB2 indicating cast direction in relation to SEM images (B) and 

application of load during 3-point bend testing (C). 

Three-point bend tests were performed on the green tapes according to ASTM C1161-18 (Instron, 

Universal Testing Machine Model 5944, USA) using a 10 N load cell and a speed of 5 mm/min. 

Samples were cut with a razor to 45 mm long, 4 mm wide rectangles (configuration B), with depths 

measured with calipers accurate within 0.01 mm. The support spans for this test were 40 mm apart. 

At least ten samples were tested for each condition. 

3-point bend tests of the sintered tapes were performed according to ASTM C1161-18 (Figure 2C). 

A 500 N load cell was used and the test speed was 5 mm/min. Sintered samples were cut with a 

razor into rectangles (45 mm long, 4 mm wide; configuration B in ASTM C1161-18), with 

thickness measured by calipers accurate within 0.01 mm. the support spans for this test were set 

40 mm apart. 

Fracture toughness was also measured on the 3-point bend apparatus of this equipment, but with 

20 mm support spans and 22 mm specimens. The pre-crack was created and measured using Micro 

Vickers Hardness Tester (Phase II, model no. 900-390, USA). The Vickers diamond indenter was 

used, the load was 2.94N, and the average depth of the pre-crack was 44μm. The calculation of 

fracture toughness was performed according to ASTM C1421-18.149 

2.5.3 PCN-222 

Thermal analysis was performed in a differential scanning calorimeter/thermogravimetric analyzer 

(DSC/TGA, Netzsch, STA 449 C Jupiter, Germany), up to 1400°C in argon atmosphere, at 5°C/min 

using alumina crucibles. 
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Particle morphology (before and after heat treatment) was characterized using a LEO Zeiss 1550 

field-emission scanning electron microscope (SEM, Carl Zeiss, Oberkochen, Germany). The 

secondary electron detector, backscatter electron detector, and a combination of both were utilized 

to produce images. Samples were mounted with carbon paint.  

Energy dispersive X-ray spectroscopy analysis was preformed using a JSM-IT500 InTouchScope 

SEM (EDS, JEOL Inc., Peabody, MA, USA). The heat-treated powdered sample (~5 mg) was 

dispersed in 1 mL acetone via sonication for 30 minutes. One droplet of the suspension (~100 µL) 

was cast on the sample stage, which was then submitted to the EDS analysis. 

Crystallinity and phase purity of PCN-222 (before and after heat treatment) and graphite (for 

comparison) were determined via PXRD measurements on a Rigaku Miniflex diffractometer (Cu 

Kα radiation λ = 1.5418 Å). Samples were loaded on to a Rigaku Si510 holder disc and analyzed 

at a 0.05° resolution 1.0°/min continuous scanning mode over 2θ = 2−50°. 

High-resolution TEM images of PCN-222 before and after heat treatment were obtained via JEOL 

2100 TEM (JEOL Inc., Peabody, MA, USA). Powdered sample (~5 mg) was dispersed in 1 mL 

ethanol by sonication for 30 mins. Then, 20 µL of the suspension was cast on a lacey carbon TEM 

grid (Electron Microscopy Sciences, Hatfield, PA, USA). The grid was air-dried before submitting 

to TEM. Diffraction patterns of selected areas were captured using a dedicated diffraction camera 

built in the system. 

Raman spectroscopy was conducted on a WITec 500 alpha confocal Raman microscope (WITec, 

alpha 500, Germany) equipped with a 10x objective. Frequency calibration was achieved using the 

520.5 cm-1 of silicon. Laser excitation (~1 mW at the sample) was provided by a 633 nm He–Ne 

laser. Spectra were obtained as an average of 6 accumulations of 10s each. 

X-ray photoelectron spectroscopy (XPS, PHI, Versa Probe III, Chanhassen, MN, USA) 

measurements were performed on a PHI VersaProbe III scanning XPS microscope equipped with 

a monochromatic Al K-alpha X-ray source (1486.6 eV). XPS Spectra were acquired over a 100 

µm × 100 µm sample area with an emission angle of 45°. Surface charging was compensated by 

low energy electron flood and low energy Ar + flood. All binding energies were referenced to a 

carbon peak at 284.3 eV.  
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Chapter 3: Cost-effective suspension formulation for flexible TiB2 tapes 

The work in this chapter was presented virtually at the 46th International Conference and Expo 

on Advanced Ceramics and Composites, (S18: Ultra-High Temperature Ceramics):  

Shirey, Kaitlyn and Tallon, Carolina. “Cost-effective suspension formulation for flexible TiB2 

tapes.” International Conference and Expo on Advanced Ceramics and Composites. Oral 

Presentation (Virtual). January 25, 2022. 

It was published in the International Journal of Applied Ceramic Technology in 2023. Reference: 

Shirey, Kaitlyn, and Tallon, Carolina. (2023). “Cost-effective suspension formulation for flexible 

TiB2 tapes.” International Journal of Applied Ceramic Technology. 

https://doi.org/10.1111/ijac.14322  

3.1 Introduction 

Suspensions for tape casting typically consist of ceramic powder, solvent, dispersant, wetting 

agent, binder, and plasticizer.96,150 Aqueous solvents are more environmentally friendly and less 

expensive, drawing more attention away from the fast-drying nonaqueous options,98 which are 

commonly favored for their low surface tension and the reduced risk of cracks.108,151 While 

choosing an aqueous suspension may limit the materials somewhat because of incompatibility 

between certain non-oxides and water, there are still many non-oxides and oxides that can be tape 

cast in aqueous suspensions. 

It is best to use as few additives as possible, as all organic components will decompose during 

pyrolysis of the tape, and lowering the volume of organics removed during this step  lowers the 

potential for defects to form during drying or sintering.96,99 Fewer additives also guarantees a more 

cost-effective manufacturing route and easy translation to industrial set-ups. One of the lowest 

additive contents reported is around 15 vol% of total suspension (6 wt%  with respect to solids) 

for Al2O3/Y-TZP tapes,102 but most tape cast ceramics are reported to contain over 15 wt% 

additives with respect to solids.96,98,99 Up to 40 wt% of the suspension (88 wt% with respect to 

powder) has been reported to be additive content (in a Gd-CeO2 tape for solid oxide fuel cells),152 

which increases production costs as well as the potential for defects. Density and tensile strength 

have been evaluated as a function of binder and plasticizer content to identify the balance in 

maximizing these properties while minimizing additive content.96 

In this work, titanium diboride suspensions are formulated with as few additives as possible for 

tape casting to ensure cost-effectiveness while preserving tape quality. This study will analyze the 

relationship between processing parameters and the quality of TiB2 tapes. Tapes will be compared 

microstructurally and mechanically to determine the most effective parameters and compositions. 
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3.2 Results and Discussion 

3.2.1 Effect of additives on interparticle forces 

To ensure a well-dispersed suspension, the forces on particle surfaces must be repulsive.89 The 

surface potential would be the most accurate measurement of the charges on the surfaces of 

particles, but because this is too difficult to measure, the zeta potential is normally used instead.153 

The zeta potential is a measurement of the slipping plane of the Stern layer of a charged particle 

moving in a liquid and is an approximation of the surface potential, giving a relative quantitative 

representation of the repulsion between particles in suspension.12,153 Measuring the zeta potential 

at different pH levels allows for the approximation of the electric charge on the surface of the 

particles; the larger the magnitude of this force is, the stronger the repulsive forces will be, and the 

more separated and dispersed the particles will be in suspension.153 In general, working in acidic 

suspensions translates into positive charges at particle surfaces, and working on basic suspensions 

results in negative charges.90 Figure 3A shows the zeta potential between pH 2-10 for TiB2 

suspensions with varying dispersant content. The isoelectric point (IEP) is the pH level at which 

the zeta potential is zero, meaning that most of the particle surfaces have equal amount of positive 

and negative charges charge.10 The IEP of TiB2 powder is approximately at pH 3.5. TiB2 is reported 

in literature to have an IEP of 4.5,154 but the difference in the source of the powder and any potential 

impurities or surface species ratio, like oxides on the particle surfaces, can cause this difference in 

IEP. As with other non-oxides, the surface of TiB2 has a small percentage of titanium oxide (TiO2), 

reported by the manufacturer to be less than 2.5%, and it is likely that it is on the surface of the 

particles. This amount determines the electric double layer (and therefore the zeta potential results) 

and how the dispersant adsorbs on the surface.  

The selected dispersant provides electrosteric stabilization, a combination of electric and steric, to 

the TiB2 particles. Dolapix is an anionic dispersant, meaning that the functional groups change to 

anionic groups in water, and the IEP shifts to the left from pH 3.5 to 2.5.155 This shift of the IEP 

also confirms that the dispersant is specifically adsorbing on the surface of the particles. 
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Figure 3:  Zeta potential of TiB2 suspensions containing (A) varying dispersant content; (B) each 

additive. 

The (1,0,0) sample has a lower zeta potential than that without any dispersant, but 1 wt% is not 

enough to maximize the repulsive forces acting on the particles. The dispersant is specifically 

adsorbing on the particle surfaces, but there is not enough dispersant to fully saturate them. At 3 

wt% dispersant, the zeta potential is almost the same as the (0,0,0) sample, meaning that with too 

much dispersant, the repulsive forces are reduced significantly from the (2,0,0) case. This is 

possibly because there is more dispersant present than there is surface area for it to attach on 

particles’ surfaces, and the free dispersant is weakening the repulsion of the attached fraction. 

The lowest zeta potential value occurs at approximately pH 6 for the sample containing 2 wt% 

dispersant. Through the pH range 6-8, the 2 wt% dispersant sample has a zeta potential almost 20 

mV lower than the 0, 1, and 3 wt% samples. The IEP does not shift further with increasing 

dispersant content. These results are in good agreement with literature, where it was described that 

dispersant content affects electronegativity of particles surfaces without further changing the 

IEP.154 Based on these results, all tapes were prepared with suspensions with just 2 wt% dispersant. 

Similar zeta potential measurements were taken to determine whether the binder (PVA) or 

plasticizer (PEG) specifically adsorb on the surface of the particles and affected the IEP or compete 

with the dispersant adsorption onto the particle surface. As shown in Figure 3B, the IEP remains 

almost exactly at pH 4 when PVA or PEG are added, meaning that each additive does adsorb to 

the particle surface. Therefore, the binder and plasticizer are competing with the dispersant to 

adsorb on the available surfaces, which necessitates the two-step mixing method discussed later. 

The inclusion of PVA does not change the magnitude of the zeta potential significantly, but PEG 

increases this magnitude by up to 20 mV. The measurement indicates that PEG seems to 

successfully adsorb onto the particle surfaces. The IEP does not shift with addition of PEG, but the 

zeta potential gets significantly lower because the PEG is a large molecule, offering greater steric 
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repulsion and greater negative charge to repel other particles. It is promising that even 1 wt% PEG 

has such a significant effect on the zeta potential because the goal is to produce enough repulsive 

forces with as few additives as possible. Varying the binder and plasticizer content from 1-2 wt% 

means that the total amount of additives used from this point forward is 4-6 wt% with respect to 

the TiB2 powder, which is far below what is reported in the literature for most other UHTC tapes. 

The percentages of the different additives that specifically adsorb onto the surface of the particles 

are dependent on the type and size of TiB2 powder used. 

3.2.2 Effect of additives on rheological behavior 

The suspension stability formulated with these additives was assessed using rheological 

measurements. Rheological information also provides information about dispersion quality. Shear 

thinning behavior is ideal for tape casting because it allows the suspension to flow while being 

spread onto the substrate (when the shear increases), but immediately after casting suppresses 

further uncontrolled flow of suspension (when the shear decreases or is removed) as well as 

sedimentation of the ceramic particles.96,98,106 A high viscosity is typically indicative of the 

presence of aggregates, showing that the particles are not individually dispersed and are resisting 

flow,89 while low viscosity promotes a uniformly smooth tape surface and homogeneity of the 

particle packing.96,99 Figure 4A shows viscosity as a function of shear rate for each additive. The 

dotted vertical line represents the shear force experienced by the suspension during the process of 

tape casting conditions, estimated as the substrate velocity divided by the blade gap height155 (40 

s-1). The formulation (0,1,0) is not shown, because a suspension formulated with PVA and no 

dispersant formed a putty-like mass which is unable to flow for rheological testing or tape casting. 

The suspension with no additives has significantly lower viscosity than the others, with some 

slipping behavior at high shear rates. While a suspension with no additives has much lower 

viscosity at the critical shear rate, the additives are required to guarantee the functioning of the 

tape casting process: at such a low viscosity, the suspension has too low a viscosity to form a 

uniform tape; the pressure of the suspension in the reservoir pushes it out under the doctor blade 

faster than the shear forces of the substrate moving under the doctor blade can shape them, 

rendering the control of the substrate velocity useless. 



35 

 

 

Figure 4: Rheology of (A) each additive individually. Note that (0,1,0) is not present because without 

dispersant, the binder makes the suspension too thick to pour; (B) combinations of additives used for 

tapes. Dotted lines indicate the shear force produced under the tape casting speed used in this study. 

To determine the best suspension composition and the boundaries for creating a viable tape, many 

different combinations of dispersant, binder, and plasticizer were tested; the most representative 

and promising results are discussed here. Including more than one additive in the suspension has 

a synergistic effect, as shown in Figure 4B. Suspensions formulated as (2,0,2) is represents a lower 

boundary for the viscosity at high shear rate, at which the suspension evacuates the reservoir faster 

than the carrier substrate can pull it under the doctor blade. In this case, there is no control over 

the thickness of the tape. Similarly, (2,2,2) is included to define the upper boundary, where the tape 

produced at this velocity is too thick, does not spread properly because it gets stuck in the reservoir, 
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and makes a tape with visible aggregates on the surface. The remaining samples shown lie between 

these two extremes: compositions (2,1,1) and (2,1,2), including both the single- and two-step 

mixing processes. Suspensions with 2 or 3 additives have lower and more homogeneous viscosity 

than those with only 1. Because of the interactions between additives, a two-step mixing method 

is introduced at this stage. The two-step mixing method ensures that there is no competition 

between additives to adsorb to the particles’ surfaces by allowing dispersant to specifically adsorb 

to the particle surface first, then binder and plasticizer to enter the suspension separately, 

maximizing suspension stability and homogeneity. Figure 4B shows that those suspensions mixed 

in two steps exhibit very similar rheological behavior, showing that regardless of the amount of 

plasticizer, the dispersion quality remains constant.  Studies of various material systems report 

suspension viscosities around 2-4 Pa.s at shear rates near 100 s-1.96,105,155 The viscosity of the TiB2 

suspensions in this study are an order of magnitude lower, between 0.08-0.4 Pa.s for the same 

shear rate and have significantly lower additive content; other authors have reported additive 

contents of 6 wt% with respect to solids to 40 wt% with respect to total suspension. The raw data 

reported in these papers was to convert their additive content to weight percent with respect to 

powder. The tapes in this paper contain 4-6 wt% additives with respect to the powder vs 6-88 wt% 

with respect to powder96,102,105,155. Tape casting of zirconium diboride was accomplished with 18-

25 % based on powder volume (vs 16.25 vol% in this work).99 

A tape is generally considered successful based on uniformity, flexibility and mechanical integrity, 

and its ability to be removed from the substrate on which it was cast. The uniformity involves 

surface devoid of bubbles, cracks, and agglomerates with a smooth overall appearance. Because a 

tape must be capable of being handled, either by a gloved hand or tweezers, the tapes must be 

removable from the substrate. Rolling the tapes to visually assess the flexibility and identifying 

the peeling behavior from the Mylar® provided the information needed about whether samples 

could be removed from the substrate in significantly large pieces for further study. The suspension 

composition, preparation, and homogeneity are known to be dominating factors in ensuring these 

qualities in the final tape. For example, if the additives like binders or plasticizers are not fully 

incorporated with the suspension, they may appear as bumps on the surface of the cast tape. Table 

3 summarizes these qualitative attributes of all the relevant tapes in this work as a function of 

several parameters associated with the suspension formulation and casting: mixing method, solid 

concentration, and blade height. 
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Table 3: Qualitative comparison between tapes with different processing parameters. 

Parameters  PVA 

content 

(wt%) 

PEG 

content 

(wt%) 

Qualitative assessment Sample 

label 

Mixing method 

constants 

• 2 wt% 

dispersant 

• 25 vol% TiB-

2 

• 250 μm 

blade height 

Single-

step 

mixing 

0 2 Casts into very non-uniform 

shape. Does not roll at all. 

Peels easily but is very 

brittle 

 

1 1 Rolls but cannot peel off 

pieces without breaking 

into flakes 

1 2 Rolls but cannot peel off 

pieces without breaking 

into flakes 

2 2 Too viscous to cast a tape 

Two-step 

mixing 

1 1 Front half stiff: rest of it 

rolls. Rolling facilitates 

peeling but too much 

rolling cracks it 

1 2 Front half stiff; rolling 

causes some cracking. Does 

not roll easily but peels 

easily 

Solid 

concentration 

constants 

• 2 wt% 

dispersant 

• Two-step 

mixing 

• 250 μm 

blade height 

30 vol% 1 1 Front half stiff but peels 

easily. Pieces that peel off 

do roll 

T1 

1 2 Rolls well. Peels very 

easily. 

T2 

40 vol% 1 1 Rolls very easily along 

entire length but not as easy 

to peel as 30 vol% 

 

1 2 Rolls well and is very 

flexible. Cannot peel at all 

Blade height 

constants 

• 2 wt% 

dispersant 

• Two-step 

mixing 

• 30 vol% 

TiB2 

100 μm 1 1 Rolls well but pieces do not 

peel easily 

1 2 Rolls but cannot peel off 

pieces without breaking 

into large flakes 

500 μm 1 1 Rolling causes much 

cracking. Pieces do not peel 

across width of tape 

1 2 Stiff; cannot roll. Can easily 

peel in one large piece 
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3.2.3 Effect of casting parameters 

In the single-step method, that competitive adsorption between the dispersant and binder weakened 

the effectiveness of both additives in the suspension. There were more likely to be agglomerates 

in these samples regardless of additive content, while the viscosity did depend on additive content. 

Tapes with 1 wt% binder were able to roll without cracking but were not able to peel from the 

substrate at all without breaking up into small flakes. These samples were effectively useless. 

For suspensions made with the two-step method, there was no variation in viscosity at the same 

shear rate even with different compositions. Removing competitive adsorption allowed 

suspensions to maintain stability regardless of varying additive content. Even though the slightly 

higher viscosity values at high shear rate compared to the single-step mixed suspensions suggests 

that the two-step mixing method produces less stable suspensions, the tapes created are of better 

quality. Tapes cast with the two-step mixing method, all other parameters kept constant, had much 

stiffer end products. While they did not roll as readily as the single-step mixed tapes, the tapes 

were able to be peeled into large pieces without damaging them.  

Investigation of solid concentration on the quality of the tapes showed that increasing to 30 vol% 

TiB2 improved the rolling ability compared to the 25 vol% samples. Those with 1 wt% plasticizer 

still had some stiffness, but the pieces which peeled off the Mylar® were flexible. Doubling the 

plasticizer to 2 wt% allowed for excellent rolling and peeling qualities. The largest solid 

concentration explored in this study, 40 vol% TiB2 proved too high; though the rolling ability 

continued to improve, the peeling ability degraded at such a high concentration. Overall, rolling 

improves with higher solid concentration, and peeling ability deteriorates. This may be because at 

lower concentration, there are fewer particles to bear the load that bending or rolling imposes on 

the tape. At higher concentration, there is more binder and plasticizer in comparison with the 

solvent, and the additives may not be as homogenously distributed, making the plasticizer less 

effective in aiding the peeling process. The samples with 30 vol% TiB2 strike a balance that allows 

for usable tapes regardless of the plasticizer amount. 

Setting the blade height at 100 μm, tapes roll easily without damaging, but are not solid enough to 

peel without breaking the pieces. Conversely, at 500 μm, samples are stiffer and rolling is more 

likely to cause cracks in the tape. However, these tapes are much easier to peel from the substrate 

in large pieces, although they may be stiff. The tapes cast at 250 μm are both more flexible and 

more durable compared to the other blade heights; they are both able to roll at least a little, and 

can be peeled without completely breaking down. Typically, tapes are cast with blade gaps up to 

1000 μm152 but most reports list the blade gap between 150-500 μm, and furthermore do not adjust 

additive content for different blade gaps. Shrinkage is known to be greater for tapes with lower 

solids loading, but in the literature there does not appear to be a correlation between additive 
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content and tape thickness.96,105,155 The tapes studied in this paper do tend to be thicker with 1 wt% 

plasticizer than 2 wt% (Table 4). 

Table 4: Tapes cast from suspensions using two-step mixing method, formulated with 2 wt% dolapix, 1 

wt% PVA, 30 vol% TIB2, cast at 250 um, with different plasticizer amount. 

Tape T1 T2 

PEG content (wt%) 1 2 

Average green density, measured 

geometrically (% theoretical) 

50±1.2 47±0.9 

Average thickness (μm) 375 ± 46 325 ± 64 

Average strain at failure (%) 0.76 ± .19 .37 ± .03 

Average flexural strength (MPa) 3.02 ± 1.7 7.22 ± 1.5 

Average Young’s Modulus (GPa) .39 ± .18 1.96 ± .42 

 

Based on these results, the tapes further studied in this paper utilize the two-step mixing method, 

contain 30 vol% TiB2, 2 wt% dispersant, 1 wt% PVA, and are cast at 250 μm, and two amounts of 

plasticizer, labelled T1 (1% plasticizer) and T2 (2% plasticizer). The uniformity of the tapes 

viewed with the naked eye show no visible agglomerates or rough regions (Figure 5). The smooth 

surfaces indicate that the suspensions used had the proper shear-thinning behavior. Examples of 

the ability of the tapes to roll and peel are also pictured. The success of these tapes is due in part 

to the good particle packing and homogeneity of the green bodies. Figure 6 shows SEM images of 

T1, the microstructure of which is representative of T2 as well. There are no defects visible at high 

magnification. The green densities of both tapes are 50 and 47% of the theoretical density for T1 

and T2, respectively (Table 4), which is to be expected of a green body  prepared with 30 vol% 

suspension and no additional consolidation mechanism force.123 In the literature, 33 vol% solids 

loading produced 45% dense Gd-CeO2 green sheets,152 and most other published values match this 

trend, with green densities typically falling under 60% theoretical.99,102,152,156,157 ZrB2 green tapes 

with up to 48% density were produced with 45 vol% suspensions.99 In general, the higher the solids 

loading, the higher the green density of the tapes. 
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Figure 5: Photographs of successful T1 and T2 tapes formulated with minimum additives after casting 

and drying, shown rolling and peeling from the substrate. Tapes are 15.2 cm wide and approximately 30 

cm long. 

T2 T1 
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Figure 6: Representative SEM images of green tape T2 at (A) low and (B) high magnification. These 

images are representative of the particle packing and homogeneity of all green tapes studied. 

 

Figure 7: Representative stress strain curves for three-point bending tests for T1 and T2 tapes, for each 

of which ten samples were tested. 

3.2.4 Effect of plasticizer content on mechanical properties 

Several specimens of green T1 and T2 were mechanically tested. The results of the three-point 

bending tests on these two samples can be seen in the representative stress strain curves (Figure 

A B 

10	μm	80	μm	
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7). The average stress and strain at fracture for each sample (Table 4) show that T2 has the greater 

strength and strain allowance. Young’s Modulus for T2 averages at 1.96 GPa, while for T1 it is 

only about 0.39 GPa. The increased plasticizer content in T2 provides greater resistance to 

permanent deformation, exhibited in the significantly higher Young’s Modulus. Mechanical data 

for green tapes is not as readily available in the open literature as for sintered tapes. Alumina green 

tapes (14 wt% additives, blade gap 400 μm) have been reported to have Young’s Modulus of 40 

MPa.157 Green YAG-Nd:YAG tapes were in the range of 160-500 MPa, depending on additive 

content (40-50 vol% additives, tape thickness 100 μm).156 For comparison, T2 has 16.25 vol% 

additives calculated in the same way as in Belon et al.’s work. To the best of the authors’ knowledge 

at the time of this study, no reports of single layer UHTC green tape mechanical properties could 

be found in the open literature.  

The process and suspension formulation described in this study is competitive with other ceramic 

green tape formulations and contains lower additive content. The nearest reported value is 6 wt% 

with respect to powder102 (vs 5 wt%), and most reports list additive content of at least 15 wt%. The 

significantly lower amount of additives accounts for the much lower Young’s modulus of the TiB2 

tapes. At this minimum additive content, the tapes are easily handled and can be further studied 

for their use in filtration and flow-through applications, as discussed in the introduction. In 

particular, battery electrodes require through-connected porosity for the completion of charge and 

discharge processes. Active components must diffuse through the pore network, which must be 

tunable in size and can be quite complex, involving mutliple pore scales and directional 

tortuosity.73,78 Multiple electrochemical and transport processes occur within the pore network, 

making the microstructure of the electrodes of the utmost importance.81 TiB2 tapes with designable 

pore networks for ion diffusion could be the next generation of Li-ion or Li-air battery electrodes. 

Producing such ceramic bodies with minimum additive content could help keep costs down and 

reduce the risk of defects to improve reliability. Furthermore, formulating suspensions as described 

in this paper, by optimizing the interparticle forces and ensuring shear-thinning behavior, should 

be robust enough to adapt for the use of sintering aids or other materials, if dense components were 

to be pursued. 

3.3 Conclusions 

Successful TiB2 tapes have been produced using aqueous suspensions with minimum amount of 

additives, 5 wt% with respect to the powder. Compositions including varying additive content were 

investigated to ensure highly repulsive interparticle forces, shear thinning behavior, and uniform 

microstructures. The two-step mixing method was integral to preventing competitive adsorption 

of additives and allowing for a stable, well-dispersed suspension. The optimal dispersant and 

binder content were 2 and 1 wt%, respectively. Tapes cast with 30 vol% TiB2, a 250 μm blade 

height, and at a speed of 1 cm/s had good reproducibility, uniformity, and the ability to roll and 

peel from the Mylar® without disintegrating or severely cracking. To determine the optimal 
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plasticizer content, 3 point bending tests determined the Young’s modulus of the green tapes. T2, 

containing 2 wt% PEG, had quintuple the Young’s modulus (1.96 GPa) compared to T1, containing 

half the amount of plasticizer. Potential applications for porous TiB2 tapes include battery 

electrodes, thermal protection systems, and catalyst supports. 
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Chapter 4: Preparation of ZrC embedded carbon rods via thermal 

decomposition of metal organic frameworks 

The work described in this chapter has been presented at the Materials Science and Technology 

Conference:  

Shirey, Kaitlyn, Bonnett, Brittany, Yang, Xiaozhou, Morris, Amanda, and Tallon, Carolina. 

“Preparation of ZrC embedded glass-like carbon rods via thermal dcomposition of metal 

organic frameworks.” Materials Science and Technology Conference. Columbus, Ohio. 

Oral Presentation. October 20, 2021. 

It was also published in Materialia in 2023. Reference: 

Shirey, K., Bonnett, B., Yang, X., Morris, A., and Tallon, C. (2023). Preparation of ZrC embedded 

carbon rods via thermal decomposition of metal organic frameworks. Materialia, 28, 

101716. https://doi.org/10.1016/j.mtla.2023.101716. 

4.1 Attributions 

This chapter is part of a research collaboration with Dr. Amanda Morris and two of her group 

members (Dr. Brittany Bonnett and Mr. Xiaozhou Yang), in the Department of Chemistry at 

Virginia Tech. Dr. Brittany Bonnett and Xiaozhou Yang completed the synthesis of the PCN-222 

MOFs used in this work and wrote the corresponding section. Kaitlyn Shirey conducted all the 

experiments to transform the PCN-222 into ZrC-carbon material. Dr. Bonnett conducted the 

PXRD, and Kaitlyn Shirey did the interpretation of this data. Mr. Yang was responsible for the 

EDS mapping, TEM imaging, and TEM diffraction, along with Elizabeth Cantando and Sheryl 

Singerling of the Nanoscale Characterization and Fabrication Lab (NCFL). Most of the data 

interpretation from these techniques was done by Kaitlyn Shirey with assistance from the members 

of the NCFL. Dr. Weinan Leng performed the Raman spectroscopy, Dr. Xu Feng and Dr. Kristin 

Knight performed XPS, and these individuals assisted with data interpretation for their respective 

techniques.  

4.2 Introduction 

The UHTCs are difficult to synthesize, especially in complex particle shapes. While there are some 

reports of carbothermal reduction producing ZrC particles as low as 1400°C, Jain et al. confirmed 

the presence of oxygen in the crystal lattice at this temperature in the form of zirconia and 

zirconium oxycarbons.142 Sacks et al. showed that heat treatment of precursors at 1800°C produced 

ZrC with less than 0.1 weight % oxygen. The particles were estimated to be about 57 nm, assuming 

dense, non-contacting, mono-sized spheres.158 However, Cetinkaya et al. claimed that even this 



45 

 

temperature produces coarse, low purity ZrC particles.159 high processing temperatures are 

required to ensure a pure final product.159  

Unfortunately, ceramic nanowires and whisker-shaped particles incur even greater production 

costs than spherical morphologies, and the size of these particles is reported to be difficult to 

control in mass production.160 The production of ZrC particles with high aspect ratios has been 

investigated by thermal evaporation (diameter 1.3-2.9 μm, length 260-580 μm),161 chemical vapor 

deposition (diameter 1-3 μm, length 20-150 μm)162, and microwave hydrothermal processing 

(diameter .1-2 μm, length 5-30 μm)163 but none has emerged as the preferred route of production 

due to the need for catalysts.161 Catalysts inhibit the final product’s applicability to high 

temperature environments because the catalyst remaining in the final product is highly reactive. 

Overall, these routes have shown mass production of the nano-sized ZrC with high aspect ratio to 

be very challenging.160 

Synthesis of UHTC particles using metal organic frameworks (MOFs) presents an opportunity for 

more simple production of high aspect ratio ZrC particles in a potentially more cost-effective 

process. MOFs are crystalline coordination polymers composed of multidentate organic linkers 

bridging metal nodes to form one-, two-, or three-dimensional porous structures.164–167 These 

materials are marked by high surfaces areas, good chemical and thermal stability, and tunable 

particle size and geometry.168 The robust nature and multifunctional characteristics of MOFs have 

placed them on the forefront of many applied research fields, including gas separation and 

storage,169–172 biomedical applications,173–175 catalysis,176–178 light harvesting,179–181 and carbon 

dioxide capture,182–185 among others.186,187 MOF-derived carbon nanostructures have many 

applications, including catalysis, electrochemical energy storage, Li-ion battery anode materials, 

and supercapacitors.188–195 50,51 This study utilizes PCN-222 (chemical formula Zr6(μ3-

O)8(OH)8(TCPP)2, where TCPP = meso-tetrakis(4-carboxyphenyl)porphyrin)), a rod-shaped MOF 

containing Zr (diameter ~1 μm, length 5-10 μm). 

In this work, the MOF PCN-222 is heat treated and the resulting high aspect ratio particle is 

characterized. 

4.3 Results and Discussion 

PCN-222, a zirconium-based porphyrinic metal-organic framework, is marked by its anisotropic 

growth pattern and its 37 Å mesopores flanked by 13 Å micropores. The Zr6O8 nodes are linked 

in an 8-connected fashion via coordination with meso-tetrakis(4-carboxyphenyl)porphyrin (TCPP) 

ligands (Figure 8). During solvothermal synthesis of PCN-222, difluoroacetic acid (DFA) is used 

as a modulator, which is a monocarboxylic acid that competitively binds to the Zr6O8 nodes to 

slow down particle growth and promote crystallinity. A porous 3-dimensional framework results, 
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with anisotropic growth and channels aligned down the c-axis. XPS analysis indicates no evidence 

of chlorine present after synthesis. 

 

Figure 8: Synthetic schematic of PCN-222. A Zr6O8 node is combined with a TCPP ligand with 

difluoroacetic acid (DFA) modulator in DMF solvent for 18 h at 120 °C to form a three-dimensional 

MOF network. 

Thermogravimetric analysis was performed on PCN-222 from room temperature to 1400 °C 

(Figure 9). From room temperature to 270°C the loss of solvent encapsulated in the MOF pores 

during synthesis is observed. Decompositions at 327 and 470 °C are attributed to dihydroxylation 

of the Zr6 node and TCPP degradation, respectively.196,197 Above 500 °C, the organic components 

of the original MOF have burned out. Beyond this temperature most of the reactions occurring are 

inorganic in nature, such as the reaction between Zr and C and the subsequent phase 

transformation. Complete carbothermal reduction of ZrO2 and C into ZrC can occur as low as 

1400°C,198 just before which the TGA shows an additional slight mass loss indicative of the 

transformation. The powder’s original red color becomes dark gray after heat treatment, 

confirming the phase change. 

The overall mass loss after 1400°C treatment was similar to the mass loss noted after the 2000°C 

treatment, indicating that no further reactions took place in the powder, just changes of phase, 

crystallinity, and stoichiometry.199 

According to the C-Zr the phase diagram published by Guillermet,200 heating the sample with an 

atomic fraction of C greater than .39 should result in a ZrCx phase accompanied by some form of 
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carbon.201 ZrCx is stable at a wide range of x values, from 0.63-0.98,202 with oxygen and nitrogen 

impurities filling vacancies.203 The greater the temperature during heat treatment, the fewer of 

these impurities that remain.199 Organic components of the original MOF, which have not fully 

burned out, could be present in heat-treated PCN-222, but the high temperature of the heat 

treatment likely results in stoichiometric or near-stoichiometric ZrC.199  

 

 

Figure 9: Thermogravimetric analysis of PCN-222 from 25-1400°C. 

Powder X-ray diffraction (PXRD) of heat-treated PCN-222 shows a complete loss of reflections 

of the original PCN-222 structure (Figure 10). Characteristic peaks for ZrC are observed (pattern 

number 00-001-1050; Panalytical X’Pert Highscore version 2.2a). Peaks corresponding to 

monoclinic, tetragonal, and cubic zirconia are notably absent. There is a small broader peak around 

26° that could be assigned to graphite; however, the heat-treated sample does not exhibit the 

characteristic graphite peak at 49°, indicating that any residual carbon is of another polymorph.  

Before heat treatment at 2000°C, PCN-222 particles have a rod-like shape (Figure 11A). The rods 

maintain their size and shape after heat treatment, but are marked with bright spots, indicating the 

separation into two different phases (Figure 11B), in good agreement with the phase diagram for 

Zr-C.200 To investigate the nature of these bright spots, images were taken using exclusively the 

secondary electron detector (SED) and then the backscatter detector (BSD) to confirm that these 

spots are not topological features. The SED shows contrast according to the height of the sample 

relative to the detector, and the spots are very faint in Figure 11C.  The BSD shows contrast 

according to atomic weight and shows the bright spots much more distinctly in Figure 11D, 

meaning that the spots are heavier than the surrounding matrix, and are likely to be ZrC crystals. 
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Energy dispersive spectroscopy (EDS) mapping of the heat-treated samples indicate that the bright 

spots contain exclusively carbon, zirconium, and oxygen (Figure 12). Comparison of the maps in 

Figure 12A-B reveals that the dark regions in the carbon map correspond to bright areas in the 

zirconium map. Spot analysis of a representative heat-treated PCN-222 particle measured 

primarily carbon (60%), followed by zirconium (24%) and oxygen (10%). While oxygen is 

distributed evenly over the sample, this is not consistent with ZrO2. There is no indication of 

oxidation in the XRD or TEM diffraction. Fleeting amounts of nitrogen (3.5%) and fluorine (2.7%) 

arise from contamination when handling the sample. The EDS map in Figure 12D shows Zr is 

clearly present in the areas of dark crystallites of the TEM image in Figure 12C. 

 

 

Figure 10: PXRD patterns of PCN-222 as synthesized (black), heat-treated PCN-222 (red), and the 

reference peaks for graphite and ZrC (pattern number 00-001-1050; Panalytical X’Pert Highscore 

version 2.2a; JCPDS no. 65-0973204,205). 
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Figure 11: Scanning electron microscope (SEM) images of PCN-222. (A) before heat treatment; (B) 

after heat treatment, collected with combination SED and BSD; (C) after heat treatment, collected with 

SED; (C) after heat treatment, collected with BSD. 

 

Figure 12: SEM EDS of heat-treated PCN-222.  Red circles indicate dark spots on the carbon map (A) 

corresponding to bright spots on the zirconium map (B). (C) is an additional TEM image, with EDS map 

(D) showing carbon in red and zirconium in green. 
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Transmission electron microscope (TEM) images (Figure 13A-C) confirm that PCN-222 powders 

are smooth rods before heat treatment.  The small particles visible in Figure 13A-C are fragments 

of PCN-222. TEM diffraction did not show any distinct pattern within the dark, blurred space of 

(Figure 13D). However, PXRD did show a distinct pattern corresponding to this MOF (Figure 10), 

and other MOFs have exhibited diffraction patterns in TEM.206 The differences could be associated 

with sample volumes analyzed or the spot sizes of the techniques. 

The omission of the crystalline structure identified in the PXRD pattern is likely because TEM 

diffraction centers on a much smaller spot size, while PXRD can analyze a wider area. After heat 

treatment, the hypothesized ZrC crystals visible in SEM and EDS can be seen clearly in the TEM 

images (Figure 13E-G). The planes of the ZrC crystal are visible in Figure 13E. The ZrC particles 

are clearly dispersed within the lighter gray matrix.  Selected area electron diffraction collected on 

a crystallite exhibited defined rings consistent with ZrC (Figure 13H). The ZrC (111) plane is 

present at the highest intensity, along with rings representing the (200), (220),and (311) planes of 

ZrC.207 This is consistent with the XRD results and with the phase diagram. However, there were 

not any specific features that could be attributed to crystalline carbon, i.e., graphite or any other 

carbon polymorph. 

 

Figure 13: (A)-(C) TEM images of PCN-222, (D) TEM diffraction pattern of PCN-222, (E)-(G) TEM 

images of heat-treated PCN-222, (H) TEM diffraction c of heat-treated PCN-222. 

Raman spectroscopy was used to provide insight into what carbon-based material constitutes the 

gray-coloured matrix surrounding the ZrC crystals and identify what type of C-bonding is present.  

The Raman spectrum in Figure 14 shows three peaks consistent with the characteristic sp2 bonding 
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of graphite. The D peak is considered the “disorder induced” peak208 and the 2D peak is associated 

only with “graphitic clusters” as shown by Koval et al. in their study of glassy carbon 

membranes.209 The pattern for perfectly ordered graphite would only show one peak (G); pristine 

graphite requires a higher formation temperature than used in this study.202,210 These results suggest 

graphitic character to the bonding present in heat-treated PCN-222’s carbon. 

The Raman spectrum rules out amorphous carbon, which would not show a 2D peak at all.209 

Neither the PXRD pattern nor the diffraction pattern of Figure 13H indicate graphite’s presence. 

These results may appear to contradict each other. Raman spectroscopy and TEM diffraction 

measure the molecular bonding and crystal structure, respectively. The C phase in heat-treated 

PCN-222 contains graphite-like bonding but not a graphitic structure, pointing to the presence of 

glass-like carbon, in which regions of sp2 bonded carbon resembling graphite are connected by 

regions of sp3 bonds.211,212 The known properties of glass-like carbon include high strength, 

thermal conductivity, and thermal shock resistance.213 The structure continues to be studied and 

has been described by various models as strained and curved graphite layers, a tangle of graphite 

ribbons, or a porous shell.214  

The small mass loss in the TGA at 1300°C (Figure 9) could be attributed to the formation 

temperature of glass-like carbon and to the required “slow” heating rate.210–212 The carbon taking 

part in this reaction likely comes from both the MOF precursor and the graphitic environment of 

the furnace (graphite crucible, insulation foam, retort, heating elements).202 In traditional synthesis 

of glass-like carbon, polymer precursors are heated to at least 600°C215 until the carbon matrices 

shrink and encase many pores.210 This is what we hypothesize is happening with the organic 

structure surrounding the zirconium cation in the original MOF. 
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Figure 14: Raman spectrum of heat-treated PCN-222 and locations of graphite’s D, G, and 2D Raman 

peaks. 

Glass-like carbon is known to have mostly sp2 bonds,216 which explains why we might misidentify 

the C phase as graphite based on the Raman spectrum (Figure 14). X-ray photoelectron 

spectroscopy (XPS) shown in Figure 15A-C further describes the type of bonding between the C 

atoms, indicating predominantly sp2 carbon bonds for this sample.217 Further understanding of 

carbon bonding configurations comes through determination of the D parameter, which is a unique 

identifier that takes into account the separate contributions of sp2 and sp3 bonding in C samples 

with mixed bond composition, as expected to be the case here.217 Determination of the D parameter 

is made by measuring the distance D in eV between the absolute maximum and absolute minimum 

of the first derivative of the C_KLL Auger peak induced by X-ray (Figure 15C),217 where KLL 

refers to an Auger emission arising from the filling of the C 1s hole (K shell) by an electron from 

the L shell coupled with the ejection of an electron from an L shell.218 It is known that the D 

parameter can range from 14.2 eV for diamond (100% sp3 carbon) to 22.5 eV for graphite (100% 

sp2 carbon).The D parameter of any carbon-based material can be placed on a linear approximation 

between those two extremes (diamond and graphite) based on the percentage of sp2 bonds (Figure 

15D). The D parameter for heat-treated PCN-222 is 20.5eV, placing it at about 92% sp2 bonds 

(Figure 15D). The remaining bonds are likely sp3 bonds that connect the many short-range ordered 
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regions of sp2 bonded glass-like carbon. It is because of the small size and random orientation of 

these regions, the TEM diffraction does not indicate a graphitic signal. The presence of this glass-

like carbon explains why the XRD showed a small broad peak of a carbon-based material that was 

not graphite. The data collected in this study supports the presence of glass-like carbon as the phase 

surrounding ZrC in heat-treated PCN-222. 

There are several reasons that this particle is a candidate for reinforcements of UHTCs in extreme 

environments. XRD patterns exhibit no signals from unreacted MOF, indicating the high degree 

of conversion. A particle containing both ZrC and glass-like carbon with this level of purity is sure 

to maintain the excellent high temperature resistance of the consituent materials. The high aspect 

ratio is a halmark of reinforcement materials for its ability to deflect and bridge cracks. This along 

with the high strength, corrosion resistance, and matching coefficients of thermal expansion make 

these particles attractive as reinforcements for UHTCs, and the described route of synthesis is 

simpler than those reported in the literature and involves a straightforward transformation.  

 

Figure 15:  (A) Overall XPS results of heat-treated PCN-222; (B) The C 1s spectrum with primary peak 

at 284.3 eV and small ZrC peak at 281.3 e, and broad shake-up feature arising from π - π* transition 

A	 B	

C	 D	
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(290.8 eV),; (C) First derivative of the Auger C KLL spectrum, from which the D parameter is calculated 

at 20.5 eV; (D) Linear approximation of the D parameter between diamond (1) and graphite (3) based 

on percentage of sp2 bonds, with PCN-222 (2) placed on the line according to XPS results.  

4.4 Conclusion 

High temperature thermal treatment of PCN-222 yields ZrCx crystallites embedded in a carbon 

matrix. The identity of the carbon matrix was determined to be that of glass-like carbon, featuring 

small regions of sp2 bonded carbon connected through sp3 bonds. Glass-like carbon explains the 

signals received indicating graphite bonding as well as the absence of graphite structure 

identification in TEM diffraction. EDS, PXRD, and TEM diffraction confirmed ZrC’s presence. 

XPS has shown that these particles contain 92% sp2 bonds, while multiple characterization 

techniques have suggested the presence of graphite. We have shown that following heating to 

2000°C, heat-treated PCN-222 contains glass-like carbon as well as ZrC. Given the excellent high 

temperature characteristics of ZrC and the high aspect ratio of these particles, they have potential 

as reinforcements for UHTCs that would offer mechanical toughening mechanisms of crack 

deflection in extreme environment. These particles will be used in the next and final chapter of 

this dissertation to explore the means of particle alignment during tape casting. 
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Chapter 5: Understanding grain and particle alignment in sintered, porous 

TiB2 tapes 

Some of the work in this chapter was presented at the following conferences: 

Shirey, Kaitlyn and Tallon, Carolina. “The role of porosity on pressureless-sintered TiB2 tapes.” 

Ultra-High Temperature Materials for Extreme Environments Conference. Snowbird, 

Utah. Poster presentation. June 5-8, 2022. 

Shirey, Kaitlyn and Tallon, Carolina. “Proof of alignment in tape cast, sintered, porous TiB2.” 

Nanoscale Characterization and Fabrication Lab Open House. March 15, 2023. 

This work is going to be submitted for publication in the Journal of the American Ceramic Society 

in May 2023. 

5.1 Introduction 

The incorporation of controlled porosity lowers mechanical strength and thermal and electrical 

conductivity values. The extent to which a certain amount of porosity should lower each of these 

is dependent on the material system and the architecture of the grain and pore networks. Many 

attempting to describe this change in properties rely on minimum solid area model,219,220 but the 

minimum solid area is difficult to determine for complex pore networks.221 The complexity of the 

pore network cannot be understated. The assumption of spherical pores is insufficient to describe 

varying shapes, size distributions, connectivity, and anisotropy.220  

The effect of the pore network created by partial sintering on the mechanical properties of sintered 

tapes are reported and compared to some of the most used models for predicting Young’s Modulus 

based on porosity. The porosity’s role in the presence of particle alignment is also explored. This 

study seeks to characterize the sintered, porous TiB2 tapes developed earlier and describe how the 

architecture of the grains and pores affects the mechanical and thermal properties. 

The alignment achieved with the commercially available TiB2 particles is investigated and deeper 

understanding is reached by inclusion of the MOF PCN-222, in samples labelled TiB2+HAR (high 

aspect ratio particles). This work provides the foundation for future work involving anisotropic 

additives for purposeful alignment. 

5.2 Results and Discussion 

The relative density of TiB2 tapes increases from 50% in green to 62% after sintering at 2000°C 

for an hour. That corresponds to 38% porosity. Partial sintering was utilized to create the 

interconnected porous network with significant porosity (>30% for the potential applications 
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identified in the introduction). This partial sintering ends in the initial stage of densification, where 

necks have begun to form between grains. The density increases slightly but there remains much 

interparticle porosity. The shrinkage is isotropic, at about 5-6% in each direction. The homogenous 

microstructure and near-spherical particle shape (starting particle aspect ratio 1.47) is maintained 

after sintering (grain aspect ratio 1.50), as shown in SEM images in Figure 16A-B of samples cast 

at 1.0 cm/s. The homogeneity of the microstructure is representative of samples cast at all speeds. 

By adjusting the threshold of the image to isolate grains and applying a watershed filter (Figure 

16C-E), and using the Analyze Particles function in ImageJ, the feret angles have been collected 

for samples cast at three different speeds (0.11cm/s, 0.55 cm/s, and 1.0 cm/s). 
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Figure 16: A) SEM image of green TiB2 tape cast at 1.0 cm/s. B) Sintered TiB2 tape. Horizontal axis of 

image corresponds to casting direction. C) Sintered TiB2 tape at lower magnification. D) The same SEM 

image in (C) after adjusting the threshold to isolate grains and applying a watershed filter. D) The output 

image after analyzing particles and drawing bare outlines of those measured. 

Figure 17A presents a histogram showing the probability of a grain being aligned at cos2(Θ), where 

Θ is the feret angle measured in ImageJ with respect to the casting direction. Using the value 
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cos2(Θ) simplifies the reporting of the angle of orientation; were the results presented in degrees, 

four grains with the same relative alignment with the casting direction could be reported with four 

different angles (as an example, 30°, 120°, 210°, and 300° all represent the same angle with respect 

to casting). By taking the cosine and squaring it, these four values are reduced to one single positive 

value. Random orientation would give an average value of cos2(Θ) = 1/3, alignment perpendicular 

to the angle of interest 0, and parallel 1.  

While there is variation among the population, there is no clear preferential angle of alignment for 

any condition tested. The distribution is almost a normal distribution for every speed tested. 56.6% 

of the grains are aligned within 45° of the casting direction. For comparison, random orientation 

of the grains would be reported as 50% aligned within 45° of the casting direction. Regardless of 

the speed of casting, there is the barest preference to orient in the casting direction. 

 

Figure 17: A) Histogram of the probability of alignment at a given value of Cos2(Θ) for each casting 

speed studied. B) Histogram of the probability of HAR particles alignment. C) SEM image of PCN-222 

particle in the sintered TiB2 tape. D) EDS map of the PCN-222 particle showing that the rod shape 

contains Zr (pink) whereas the surrounding particles contain Ti (green). 
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The XRD pattern (Figure 18) shows TiB2 as expected. The XRD pattern was utilized to estimate 

crystallographic alignment. By comparing measured intensities of the (0 0 0 1) and (0 0 0 2) peaks 

to those in the reference pattern for a known, non-oriented TiB2 sample,146 it is estimated that the 

sintered TiB2 tape has 6% crystallographic alignment. This shows that there is a difference between 

grain alignment and crystallographic alignment. While the grains of the tape are clearly oriented 

in the same direction, the crystals contained within the grains are randomly oriented. This XRD 

analysis was not conducted on the TiB2+HAR tapes because the low amount of HAR particles 

after sintering is below the detection limit of XRD. 

TiB2 suspensions were also tape cast and sintered with 2 wt% metal organic framework PCN-222, 

which has an aspect ratio of about 5-10. EDS maps of these particles were taken to ensure that the 

rod-shaped particle in question was the sintered PCN-222 (Figure 17D). The EDS map shows a 

clear Zr signal in the rod shape compared to the Ti based matrix around it, confirming the 

transformation of PCN-222 into ZrC and glass-like carbon and that the particles are distributed 

into the matrix, not agglomerated. All of the PCN-222 identified in SEM images after sintering 

were aligned along the casting direction (Figure 17B).  

 

Figure 18:  XRD pattern comparing the sintered TiB2 specimen to a reference pattern.  

As mentioned in the introduction, tape casting causes alignment of anisotropic particles in the 

direction of casting.9 This is due to the shear force imparted by the doctor blade during casting. 

Anisotropic particles experience continuous but nonuniform rotation, encouraging the longest axis 

to point in the direction of casting. While not all particles may be perfectly aligned, the more 

anisotropic particles experience greater preference toward alignment.9 This has been studied as the 

origin of anisotropic shrinkage in tape cast ceramics; alignment along the casting direction causes 

a greater degree of shrinkage in the lateral direction.9 The main factor in particle orientation is the 
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aspect ratio of the particle, with greater aspect ratio particles tending to orient more strongly in the 

casting direction.9,124 

Most publications assert that the amount of alignment which occurs during tape casting is 

independent of the casting parameters, such as speed and blade gap height.9 Instead, particle shape 

is the determining factor; As long as the shear force outweighs the hydrostatic pressure pushing 

suspension out of the reservoir, the parameters of casting like speed and doctor blade shape do not 

affect the amount of alignment.9,121,132,133,222 High velocity, low blade gap, large blade thicknesses, 

and low reservoir filling heights ensure this.9 Typical casting conditions include velocity between 

2-50 mm/s, gap height between 0.25-2 mm, and reservoir height less than 30 mm.132,133,223 When 

the hydrostatic pressure-induced flow competes with the shear-induced flow, the casting 

parameters do affect the ratio between the two forces and therefore the amount of grain alignment. 

Maintaining negligible hydrostatic pressure-induced flow is also important for maintaining the 

uniformity of the tape thickness.224 Dividing the flow into narrower channels with an array of razor 

blades or pins has been shown to increase the amount of alignment, indicated by 30% greater 

intensity in the XRD peak of the SiC whiskers.144 it has also been found that higher viscosity shear-

thinning suspensions exhibit higher quality alignment because after the shear rate reaches zero, the 

particles cease rotation.132 Further, narrow casting heights (<200 μm) reduce alignment quality 

because edge effects in the shear rate profile interrupt the rotation of particles.132 

The extent of alignment can be predicted based on the aspect ratio of the particles in the suspension 

using Jeffrey’s Orbit (Equation 5), a solution to the Navier-Stokes equation.9,225 The orientation 

angle Φ is a function of time t, which depends on aspect ratio r and shear rate γ.  

𝜙(𝑡) = arctan⁡ (𝑟 ∙ 𝑡𝑎𝑛
𝛾∙𝑡

𝑟+
1

𝑟

)     [Equation 5]9 

The aspect ratio of raw TiB2 powder used in this study is 1.47 in this study corresponds to a 

theoretical alignment amount of 63% under the assumptions of laminar flow and negligible 

particle-particle interactions.9,225  

To understand more about the mechanisms of alignment, we turn to a phenomenological study of 

the forces experienced by a particle during tape casting (Figure 19). At position x0, a particle in 

the tape casting reservoir experiences a number of forces before the casting process even begins. 

Electrosteric repulsion acts in all directions in a stable suspension, maintaining dispersion quality. 

Gravity acts on the particle, but due to sufficient dispersion, Brownian motion dominates, keeping 

the particle from settling to the bottom of the reservoir. Hydrostatic pressure pushes down on the 

particle, proportional to the depth of the particle below the suspension surface. These forces are 

all still at work in the next two steps. 
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Figure 19: Schematic describing the phenomena experienced by a particle during tape casting based on 

position within the casting apparatus. 
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Once the tape casting process begins, the substrate pulls the particle to position x1, under the doctor 

blade. The gradient flow profile in this region is greatest near the substrate. Hydrostatic pressure 

from the suspension in the reservoir is also pushing the particle out from under the doctor blade, 

but the shear force of tape casting dominates, which is what ensures that anisotropic particles will 

rotate. In comparison to the literature, the blade gap of 250 μm is relatively low, ensuring that the 

shear force imparted by the doctor blade on the slurry should dominate over any hydrostatic 

forces.9,135 Multiple sources agree that as long as the velocity of casting is sufficiently high (10-

250 mm/s9; 2.5-60 mm/s135; 0.42 mm/s136; 5-100 mm/s129; 10 mm/s124; 2-50 mm/s132) and the blade 

gap sufficiently low (<450 μm9), the casting parameters do not impact the orientation of particles; 

that is, as long as the shear rate is sufficiently high.9,129,135,136 These sources report shear rates as 

low as 1.38 s-1,136 and in this study, the shear rates range from 0.4-4 s-1. The alignment of the 

particles in the slurry is independent of the viscosity of the slurry because the changes in shear rate 

driving the particle motion and the resistance to that motion associated with different viscosities 

cancel each other out.9 It has been suggested that increased solids loading increases the amount of 

alignment121,128  and that water-soluble binders added proportionally to increasing solids loading 

tend to segregate normal to the z-direction, which can mitigate the strength of alignment.121 

However, increased solids loading will naturally reduce the amount of shrinkage, so without 

orientation measurements, it is difficult to conclude only from less anisotropic shrinkage that more 

alignment has occurred. 

At x3, with the particle on the other side of the doctor blade, motion continues as the substrate pulls 

the remaining suspension out of the reservoir, but the particle under study is no longer exposed to 

the shear force of the doctor blade. The angular momentum allows the particle to continue rotating 

continuously with non-uniform velocity. The greatest rotational velocity occurs when the longest 

axis of the particles is perpendicular to the direction of tape casting and the inverse is true, giving 

a probability of alignment in the casting direction proportional to the anisotropy of the particle. 

Just as the amount of alignment is independent of the casting speed, the rotational speed of a 

particle is independent of the suspension viscosity, because the shear force driving rotation and the 

associated resistance offset each other.9,129  

Finally, as the tape begins to dry on the casting bed, evaporation causes tensile forces in plane and 

compressive forces through the plane of the tape. Alignment in the casting direction causes the 

tape to shrink less in this direction than in the y-direction.9,137 

In cases of normal operating parameters (sufficiently high casting speed and low blade gap 

discussed above), there should be grain alignment: sufficiently high velocity, low blade gap, thick 

blade, and low reservoir filling height ensure that the shear rate will rotate anisotropic particles in 

suspension.9 The parameters explored in this study remain well within acceptable ranges. While 

theoretically, any particle with aspect ratio > 1 should experience nonuniform rotation resulting in 

measurable alignment, if the aspect ratio is not large enough, the effects will not be pronounced. 
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Although the results of this study show 56.6% of the TiB2 grains are aligned instead of the 

predicted 63%, this is still considered good agreement with the prediction,9 especially considering 

that SEM images are only 2-dimensional surface representations of the specimens which may not 

perfectly reflect the entire structure. 100% of the HAR particles are aligned with the casting 

direction, which is even higher than the predicted amounts: 87% of grains with aspect ratio of 5, 

94% of grains with aspect ratio of 10. 

Although there is weak alignment of the TiB2 grains, there is no discernable alignment of the pore 

network. The interparticle porosity is homogenously distributed, as expected for partial sintering. 

Tortuosity depends on the size, orientation, and distribution of pores. Previously, measurement of 

this dimensionless quantity required painstaking and time-consuming 3D visualization through X-

ray tomographic microscopy or focused ion beam scanning electron microscopy (FIB/SEM), but 

recently a software tool has been introduced to estimate tortuosity using only SEM images.148  

For the sintered TiB2 tape with 64%, the Bruggeman exponent in the x and y directions is 0.53 and 

in the z direction is 0.54. The tortuosity in all directions then is 1.27. With more anisotropic 

particles, the anisotropy of the tortuosity would be more pronounced. For near-spherical particles 

such as here, even after sintering, there will not be very much difference in tortuosity in the z 

direction. For application in a lithium air battery electrode, for example, nominal tortuosity values 

have been reported in the range of 1.5-2.4.77 

The hardness and fracture toughness values of the sintered tapes were also measured (Figure 20). 

Mechanical testing was performed on sintered samples cut parallel and perpendicular to the casting 

direction. TiB2tapes had higher hardness values than TiB2+HAR (0.73 GPa vs 0.30 GPa). For 

comparison, fully dense TiB2
 has been reported to have values between 15-45 GPa.20,24,25 There 

was no difference in fracture toughness measured in different directions for TiB2tapes (0.17 

GPa√m); the reported value for fully dense TiB2 is 6-8 MPa.20,25 With the inclusion of HAR, the 

fracture toughness was reduced to below 0.10 GPa √m. Furthermore, TiB2+HAR tapes exhibit 

directional differences in fracture toughness. The parallel direction is 0.016 GPa √m lower than 

the perpendicular direction.  
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Figure 20: Box and whisker plots comparing Hardness (A) and fracture toughness (B) for TiB2 and 

TiB2+HAR tapes. 

The average stress/strain curves obtained for sintered tapes cast at each speed are shown in Figure 

21A, and for each cut, TiB2 and TiB2+HAR in Figure 21B. The stress/strain curves are typical for 

brittle ceramic materials. There is some variation between the Young’s Moduli of samples cast at 

different speeds, but there is not a statistically significant difference (Table 5). The average Young’s 

Modulus for these 62% dense tape cast TiB2 is 95.2 GPa. Sintered TiB2 tapes do not show a 

significant difference in Young’s Modulus based on the cutting direction, either (Figure 21B).  
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Table 5: Mechanical property values. 

Sample Fracture toughness 

(MPa √m) 

Hardness (GPa) Average Young’s 

Modulus (GPa) 

1.0 cm/s 0.19 0.57 87.0 

0.55 cm/s 0.12 0.80 102.5 

0.11 cm/s 0.17 0.74 83.6 

TiB2, parallel 0.17 0.61 93.1 

TiB2, perpendicular 0.14 0.80 88.8 

TiB2+HAR, parallel 0.06 0.36 68.5 

TiB2+HAR, 

perpendicular 

0.08 0.22 68.4 

 

TiB2+HAR tapes have a lower Young’s Modulus than those without (68.9 GPa) and exhibit a 

difference in the amount of strain to failure. Those cut perpendicular to the cast direction have a 

lower strain to failure (.009%) than those cut parallel (.011%).  
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Figure 21:  A) Stress/strain curves for samples cast at 0.11, 0.55, and 1.0 cm/s and cut parallel to the 

casting direction. B) Stress/strain curves for samples cast with and without MOFs, cut parallel and 

perpendicular to cast direction. 

The presence of porosity in ceramic bodies lowers the Young’s modulus, hardness, and fracture 

toughness in comparison to dense counterparts.4,226 While there are some reports of how much the 

porosity affects these values for some materials, the relationship depends strongly of the actual 

porous microstructure. Most of the models cannot capture the complexity of the different porous 

microstructures, especially for high porosity materials (<80% theoretical density). The assumption 

of spherical pore shapes in absence of more detailed information is common but fails to provide a 

realistic model of most pore networks.220 For example. minimum solid area models have been used 

to describe property dependence on simple pore networks in bodies of at least 80% theoretical 

density,219 but even this association of porosity with a simple exponential relation to properties 

does not capture the actual porous microstructures.221It is also worth mentioning that there is not 

much literature for porous titanium diboride specifically. 

The nominal Young’s modulus for dense TiB2 is 510-575 GPa.25 The measured Young’s modulus 

is significantly lower than the Young’s modulus expected for dense TiB2 (Figure 22). By the rule 
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of mixtures, for a TiB2 sample with 62% density, the Young’s modulus would be expected to reach 

350 GPa, whereas the samples in this study had an average Young’s Modulus of 95.2 GPa. Clearly, 

the rule of mixtures does not always capture the behavior of a porous body because it does not 

consider the complex topology and geometry of the pore network,227,228 or the load paths and 

different damage mechanisms.229 There has been work published on determining the relationship 

between porosity and Young’s modulus in ceramic materials, but again, data on the topological 

properties of the pore networks of ceramics are difficult to find.220,228 

Arato et al. use the coordination number of grains, the interparticle neck radius, and the sintered 

density to predict the Young’s Modulus.230 Boonyongmaneerat applies Arato’s work to hardness 

and fracture toughness as well, supporting experimentally that interparticle neck size was the most 

critical property affecting these mechanical properties in a partially sintered body because cracks 

propagate through one neck at a time in a partially sintered body.226 Applying this approach to the 

tapes in this work, the predicted Young’s Modulus is 284 GPa (almost 3 times higher than 

measured in this study). 

Lam, Lange, and Evans assert that there is a linear relationship between the mechanical properties 

and the relative green and sintered densities, as in Equation 6.  

𝑝−𝑝0

1−𝑝0
       [Equation 6]231 

where p is the current relative density (after partial sintering) and p0 is the green density before 

sintering.231 Using this equation to scale the predicted Young’s Modulus from the fully dense value, 

the theoretical value for the sintered TiB2 tapes would be 160 GPa (over 1.6 times higher than 

measured in this study). 

Most previous published work has required the use of fitting parameters, but Boccaccini and Fan228 

present an equation for the effective Young’s modulus of a porous ceramic based on a similar 

calculation for two-phase materials, with utmost importance on accurate measurement of the ratio 

of the pore to particulate (or grain) size:227,228  

𝐸𝑝 = 𝐸𝑀⁡
(1−𝑃)2𝑅

𝑃+(1−𝑃)𝑅
      [Equation 7]228 

where EP is the effective Young’s modulus of the porous material, EM is the Young’s modulus of 

the pore-free matrix, P is the amount of porosity, and R is the ratio of the pore size to the grain 

size. Based on these approximations, the Young’s Modulus of the 62% dense TiB2 tape in this work 

should be about 15% of that of a dense body, or 84 GPa. This value is much closer to the measured 

value of our tapes (95.2 ± 37 GPa) than the rule of mixtures and other prediction models would 

suggest it should be. 
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Figure 22:  A) Comparison between fully dense, predicted, and measured values of Young's Modulus. 

Young’s Modulus of the porous, sintered TiB2 can accurately be predicted using Boccaccini and 

Fan’s equation, which is based on the amount and size of porosity with respect to grain sizes. 

Therefore, at this high level of porosity and very low level of alignment, porosity is the dominating 

factor in affecting the Young’s Modulus of the material. This is also why there is no directionality 

to this property, as the porosity is not a directional property. With less porosity or stronger 

alignment, the Young’s modulus dependence may be different. TiB2 cast with 2wt% of PCN-222 

exhibits lower Young’s Modulus than without, but still within the range predicted by the 

Bocccaccini and Fan equation. The density is also slightly lower for the composites (58%), 

indicating that the inclusion of PCN-222 may deter densification somewhat. This is likely due to 

the additional organic content evacuating the body during pyrolysis, during transformation of the 

PCN-222 into the glassy carbon rod with ZrC crystals. 

This difference in density is also likely the cause of the lower hardness and fracture toughness of 

the composites.  The fracture toughness exhibits directionality in the composites, with the 

perpendicularly cut samples having higher values than the parallel samples. This is the opposite of 

the expectation, as anisotropic particles should increase the fracture toughness in the direction of 

alignment. Instead, it seems that the alignment of anisotropic particles weakens the component in 

the parallel direction. It is possible that this is brought on by residual stresses caused by anisotropic 

shrinkage, but measurements of the components’ dimensions before and after sintering reveal a 

negligible effect of alignment on the shrinkage. The components shrink the same amount in the 

parallel and perpendicular directions. The inclusion of the HAR may cause slightly more porosity 

due to its decomposition during sintering. Furthermore, 2 wt% is a very low amount of additives, 

and the HAR’s mass is reduced by about 60% during heating to 2000°C, so the final amount of 

glass-like carbon rods with ZrC crystallites is less than 1 wt% compared to the TiB2. With so few 

anisotropic particles, the effects of the significant porosity dominate. 
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Research is limited on the mechanical properties of ceramics in the initial stage of sintering.226 

Models for describing the fracture toughness of ceramics with open porosity containing 

disconnections have been developed and compared to experimental data of cold-pressed and 

pressureless sintered TiB2.
232–234 This model depends on the amount of porosity P and the amount 

of disconnected ligaments n, and is independent of the size and shape of the pores or grains. It 

seems that the model compares the value of fracture toughness for different porosity amounts to 

the lowest porosity amount achieved experimentally, rather than the theoretical value of fracture 

toughness for fully dense TiB2. This model’s boundary conditions cannot be used to accurately 

represent our data, since the porous network is significantly different and cannot be approximated 

by the proposed topology in the model.  

5.3 Conclusions 

TiB2 has been aqueously tape cast and sintered to 62% density. The alignment of the particles along 

the tape casting direction was found to be 57%, which is in good agreement with the theoretical 

value of 63% for an aspect ratio of 1.47. This alignment is independent of the casting speed. The 

directional differences in tortuosity are small (1.2668 in x and y vs 1.2725 in z directions) because 

of the relative isotropy of the particles but would be increased with increasing particle anisotropy. 

Future work in tailoring the tortuosity of ceramic body will rely on the relationship between aspect 

ratio of the particles and degree of alignment. At these levels of porosity and alignment, the 

porosity is the dominating factor in affecting the mechanical properties of the TiB2. The Young’s 

modulus requires a more complex prediction model based on the size of the pores in relation to 

the grains. The model proposed by Boccaccini and Fan in 1996 provided a reasonably good match 

to our experimental data.228 To further investigate alignment of particles under tape casting, TiB2 

suspensions were prepared with 2wt% of the metal organic framework PCN-222, which has a high 

aspect ratio (5-10). 100% of these particles were aligned along the casting direction. The 

Boccaccini and Fan model held true for these composites as well. For other mechanical properties 

such as hardness and fracture toughness, additional research into accurate prediction models are 

required. As each property describes a different mode of failure, each prediction must be based on 

different relevant properties of the pore network. Such properties might include the connectivity, 

openness, etc. in addition to simply the amount of porosity present. The composites exhibited 

lower fracture toughness and hardness than the monolithic TiB2, likely due to their lower relative 

densities. Future work should focus on the amount of alignment and the relative density of the tape 

cast ceramic to understand more about each’s role on the mechanical properties, such as how much 

alignment would be necessary at each porosity level to observe toughening mechanisms. 
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Chapter 6: Conclusions and Future work 

6.1 Conclusions 

TiB2 is usually used for dense, structural components, but to make the most of this material’s great 

potential, more must be understood about its capabilities for production in other architectures and 

microstructures and how this affects its properties. This thesis has focused on understanding how 

the processing-microstructure-properties paradigm can be shifted towards new applications by 

using tape casting.  

The main outcomes of this thesis are the following:  

1. An extensive literature review about TiB2 uses and applications as a function of 

microstructure has been conducted, identifying potential applications that would benefit 

from introduction of different microstructural features such as porosity, and different 

architectures, such as tapes. Some of the potential applications include lithium air batteries, 

aluminum smelting cells, and active cooling for thermal protection systems. 

 

2. For the first time, TiB2 has been tape cast. This was accomplished by careful tailoring of 

the suspension formulation for stability and shear thinning behavior, using lower additive 

content than is state of the art for tape casting. The process of this formulation optimization 

can be adapted to other material systems, such as accomplishing tape cast TiB2 in organic 

solvent. 

 

Another advantage of the suspension formulation is reusability. Due in part to the success 

of the two-step mixing method described in Chapter 2, the green bodies may be ball milled 

into powder form and need only the addition of water to become a castable suspension once 

more. Once cast these specimens retain flexibility, uniformity, and the ability to peel. TiB2 

suspensions have been reused twice in this manner without affecting any of these 

properties. 

 

3. The MOF PCN-222 was utilized to generate high aspect ratio high temperature particles to 

understand the alignment under tape casting and explore its potential role as reinforcing 

agent for high temperature applications. The initial MOF was treated at 2000°C to create 

the high aspect ratio particles, and extensive characterization confirmed that the resulting 

composition is a glass-like carbon matrix embedded with zirconium carbide crystallites, 

which is ideal to be used in high temperature applications.  The high aspect ratio of this 

anisotropic, rod-shaped particle is maintained after heat treatment. This is the first time that 

such structures have been used to generate UHTC particles. Future work may include 
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efforts to synthesize a metal organic framework with a titanium ion that may form TiB2 

after heat treatment. 

 

4. The final chapter of this work establishes that porous TiB2 tapes can be created. The porous, 

sintered tape cast TiB2 exhibits near the theoretical value of grain alignment caused by tape 

casting and a large amount (38%) of connected interparticle porosity retained by partial 

sintering. Values for the elastic modulus are established for these ~60% dense specimens 

and compared to predictions from the literature. It is found that Boccaccini and Fan’s 

model, taking into account the size ratio of grains and pores, is the most accurate 

description of the way that porosity in this case affects the elastic modulus. Furthermore, 

suspensions containing the MOF-derived high aspect ratio particles (TiB2+HAR) were 

investigated for the amount of alignment present and the effects of this inclusion on the 

hardness and fracture toughness of the specimens. While 100% of these HAR particles are 

shown to be aligned through image manipulation, this low concentration does not affect 

the mechanical properties. The porosity’s effects dominate the mechanical behavior of the 

sintered tapes. 

 

It is worth noting that the suspension formulation developed in Chapter 2 is so robust that 

the addition of 2 wt% of the MOF PCN-222 does not affect the stability of the suspension. 

This suspension can be tape cast and preserves the flexibility and uniformity of the 

formulation, as described in Chapter 3. These specimens can be peeled from the substrate 

and exhibit similarly homogenous microstructures to those without the addition of PCN-

222. 

In summary, this work has explored the production of new architectures in TiB2 through tape 

casting and provided promising groundwork for future study. The suspension formulation 

developed here is a novel contribution to the field and the process of that development can be 

applied to other material systems. Tape cast TiB2 has been described for the first time, and the 

porosity and alignment within the samples characterized. The inclusion of a high aspect ratio, 

glass-like carbon and ZrC-based particle was utilized to further understand the process of 

alignment during tape casting, and there is a clear path forward for future work seeking to quantify 

the amount of such a high aspect ratio particle needed to create anisotropy in the material 

properties. Other avenues of future work can push the complexity of the architectures developed 

here even further, toward curved tapes or layered structures. By taking full advantage of these 

shaping and microstructural opportunities, state of the art applications for TiB2 can push past the 

intersection of dense and structural materials toward porous and functional components that could 

revolutionize thermal protection systems for hypersonic flight or Li-air batteries. In other words, 

the culmination of this work is grounded in a scientific contribution to the field of materials, with 

eyes toward branching into the exciting applications of tomorrow. 
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6.2 Future Work 

Future work for this project could focus on a variety of other directions. These are some of the 

directions and the preliminary results obtained during this dissertation: 

1. Higher number of anisotropic particles.  

a. Preparing a suspension with a greater amount of PCN-222 to see how much is 

needed to improve the fracture toughness of the samples or to cause anisotropic 

shrinkage during sintering. Availability of this particle was prohibitive during the 

completion of this dissertation, but it would be worthwhile to cast a suspension 

containing 5-10 wt%. Similarly, if higher aspect ratio TiB2 was available, it would 

be interesting to find the smallest aspect ratio of TiB2 particle needed to exhibit 

anisotropic mechanical behavior in the sintered component and further 

investigating the balance between the porosity and alignment of particles and their 

effects on material properties. It would also be interesting to see if TiB2 could be 

synthesized from MOFs as in Chapter 2. 

 

Carbon nanotubes (CNT) were investigated as another option for a high aspect ratio 

additive, but the hydrophobicity of these particles proved too strong for the aqueous 

suspension formulation developed here. Again, using the first chapter of this 

dissertation as a framework, a suspension could be formulated such that a stable 

TiB2+CNT suspension could be tape cast. There is potential for crack bridging and 

deflection behavior if a more significant amount of high aspect ratio particle could 

be included in the suspension, and the determination of the minimum concentration 

required would also be an interesting study. 

 

b. Comparing electrical resistivity and thermal conductivity of the porous body to 

fully dense and isotropic samples would be helpful in further understanding how 

porosity affects the material in extreme environments and how anisotropy of these 

properties may be achieved with the inclusion of enough anisotropic particles. In 

this study, we have measured electrical resistivity of the porous TiB2 tapes and 

found that the value follows the rule of mixtures, giving an electrical resistivity of 

about 50 μ ohm cm (Figure 23). At the time of the defense of this dissertation, 

thermal conductivity values have not yet been obtained, but the HAR particle has 

highly conductive components (glass-like carbon and ZrC) which may allow for 

directional control of the thermal conductivity even within the highly porous body. 
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Figure 23: Comparison of the electrical resistivity of fully dense TiB2 with the rule of mixtures and the 

measured value for 62% dense samples. 

2. Tapes as building blocks for more complex microstructures.  

a. High curvature architectures. Figure 24A-C shows TiB2 samples which were 

rolled in green and subsequently sintered into the curled shape. These samples can 

be created in a variety of sizes and with varying numbers of full rolls. Samples were 

also rolled inside the molds for ice templating and then filled with suspension. The 

tape cast specimens were unaffected by the freezing and sublimation steps of ice 

templating (Figure 24D-F). 
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Figure 24: Photographs of tape cast TiB2 after curling and sintering (A-C), and curled around ice 

templated cylinders in green (D-F). 

b. Building blocks for ice templating. Including a green tape cast specimen of TiB2 

in a sandwich between ice templated layers can redirect the ice growth during 

freezing (Figure 25). The SEM image in Figure 25C-D shows how dendritic pores 

formed by ice run parallel to the tape after growing upward from the metal mold. 

Figure 25D provides a closer view of the interface between the tape cast and freeze 

cast TiB2. Such a redirection of the aligned pore network is not well documented in 

the literature. 

The TiB2 tapes themselves may be ice templated to design a dendritic pore network. 

Figure 26 shows SEM images of a green body after freezing and freeze drying, 

showing the macropore structure from the top and bottom of the sample, which 

themselves show a great difference in pore scale even though the entire thickness 

is less than 250 μm. Including both interparticle and dendritic porosity in a sample 

achieves the dual-scale pore network suggested for many Li-air cathode structures 

and allows for greater complexity in the design of the tortuosity in different 

directions. 
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Figure 25: (A) Photograph of ice templated sample created with tape specimen on top. (B) Optical 

microscope image of fracture surface of specimen, with tape sample on bottom. (C) SEM image of 

sample. Yellow arrow indicates direction change in the dendritic pore network when the ice front reaches 

the tape, outlined in red. (D) SEM image of the interface between tape cast and ice templated TiB2, dotted 

line indicating the border. 
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Figure 26: SEM images of (A) the bottom of freeze cast TiB2 tape, (B) the top of the sample, and (C) a 

bridge of TiB2 particles within the dendritic pore, probably formed by a chain of binder. 

c. Building blocks for multilayered structures. Finally, samples may be stacked on 

top of each other in green to produce layered bodies. Layered ceramic bodies are 

attractive for improving fracture toughness, for example.235 This has been 

accomplished by simply layering green bodies in the crucible before sintering. An 

example microstructure of these samples is shown in Figure 27. Stacks may also be 

laminated together with the assistance of pressure and heat, although careful 

attention must be paid to the balance of these forces to prevent damage to the fragile 

specimens during lamination. 
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Figure 27: SEM images of TiB2 tapes sintered into a layered structure (A); (B) layers and voids between 

them labelled with their thicknesses. 
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Supplementary Materials: Chapter 4 

S1: EDS mapping of carbon (red) and zirconium (green) of heat-treated PCN-222. 
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S2: Overall XPS spectra, Cl2p, O1s, and Zr3d spectra for the as-synthesized PCN-222 (A-D) and the heat-treated 

PCN-222 (E-H). 
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S3: (A-C) TEM image of ZrC crystallite in heat-treated PCN-222, with red circles indicating location 

of selected area electron diffraction patterns seen in (D-F). 
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Table S3: Diffraction indexing for crystallites in Figure S3B-D, showing close matches to ZrC. 

Pattern Ring 
d spacings 
(A) Phase hkl 

d spacings 
(A) I/Imax %diff 

Figure S3B 1 2.73 ZrC 1 1 1 2.70 100% 0.8 

   Zr hcp 1 0 0 2.80 24% 2.6 

Figure S3C 1 2.79 ZrC 1 1 1 2.70 100% 3.3 

 2 2.66 ZrC 1 1 1 2.70 100% 1.6 

 3 2.58 ZrC 1 1 1 2.70 100% 4.6 

 4 2.40 ZrC 2 0 0 2.34 78% 2.5 

 5 2.24 ZrC 2 0 0 2.34 78% 4.3 

 6 1.73 ZrC 2 2 0 1.66 47% 4.3 

 7 1.64 ZrC 2 2 0 1.66 47% 1.2 

Figure S3D 1 2.72 ZrC 1 1 1 2.70 100% 0.6 

 2 2.38 ZrC 2 0 0 2.34 78% 1.7 

 3 2.27 ZrC 2 0 0 2.34 78% 3.2 

 4 1.65 ZrC 2 2 0 1.66 47% 0.1 

 5 1.62 ZrC 2 2 0 1.66 47% 2.2 

 6 1.46 ZrC 3 1 1 1.41 35% 3.4 

 7 1.40 ZrC 3 1 1 1.41 35% 1.0 

 8 1.36 ZrC 2 2 2 1.35 14% 0.4 
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