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ABSTRACT OF THE DISSERTATION 

 

A study on faceted particle formation of perovskites and oxidation behavior of carbides 

 

 

by 

 

Maritza Sanchez 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California San Diego, 2023 

Professor Olivia A. Graeve, Chair 

 
 

Perovskite materials, specifically barium titanate (BT) and strontium titanate (ST), hold 

significant potential for a range of applications, including ferroelectric devices and multilayer 

capacitors. The particle morphology of these materials can significantly influence their electronic 

properties, such as their dielectric constant and ferroelectric behavior. Our study aims to 

understand the formation mechanisms of faceted particles of BT and ST, synthesized using both 

molten hydrothermal and aqueous hydrothermal methods. Our experimental results obtained 



 xv 

through scanning electron microscopy (SEM) reveal successful development of faceted particles 

for BT using the molten hydrothermal method and for ST using the aqueous hydrothermal 

method. However, X-ray diffraction results indicate the presence of unreacted SrCO3 and an 

amorphous structure in the ST sample synthesized by the molten hydrothermal method, pointing 

towards an in-situ growth mechanism of ST. Transmission electron microscopy (TEM) results 

suggest that the formation of faceted particles occurs through the aggregation of smaller 

crystallites in identical crystallographic directions. This research provides valuable insights into 

the particle morphology control of perovskite materials through different synthesis methods, 

shedding light on their potential in advanced electronic applications. 

Tantalum carbide (TaC) and hafnium carbide (HfC) have some of the highest melting 

temperatures among the transition metal carbides, borides, and nitrides, making them promising 

materials for high-speed flight and high temperature structural applications. Solid solutions of 

TaC and HfC are of particular interest due to their enhanced oxidation resistance compared to 

pure TaC or HfC. This study looks at the effect of Hf content on the oxidation resistance of TaC-

HfC sintered specimens. Five compositions (100 vol.% TaC, 80 vol.% TaC + 20 vol.% HfC, 50 

vol.% TaC + 50 vol.% HfC, 20 vol.% TaC + 80 vol.% HfC, and 100 vol.% HfC) were fabricated 

into bulk samples using spark plasma sintering (2173 K, 50 MPa, 10 min hold). Oxidation 

behavior of a subset of the compositions (100 vol.% TaC, 80 vol.% TaC + 20 vol.% HfC, and 50 

vol.% TaC + 50 vol.% HfC) was analyzed using an oxyacetylene torch for 60 s. The TaC-HfC 

samples exhibited a reduction in the oxide scale thickness and the mass ablation rate with 

increasing HfC content. The improved oxidation resistance can be attributed to the formation of 

a Hf6Ta2O17 phase. This phase enhances oxidation resistance by reducing oxygen diffusion and 

serving as a protective layer for the unoxidized material. The superior oxidation resistance of 
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TaC-HfC samples makes these materials strong contenders for the development of high-speed 

flight coatings. 
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INTRODUCTION 
 

 Morphology control of particle has been a growing interest because of the improvements in 

material properties. Particularly for oxide materials, this suggests enhanced electronic, magnetic, 

chemical, and optical properties. Controlling the final particle morphology requires manipulation of the 

surface energies of crystallographic facets. Reducing the energy of traditionally high energy crystal faces 

allows for other orientations with traditional lower surface energies to grow. The growth in these 

untraditional crystallographic directions is what enables the development of unique particle morphologies. 

Cubic particles are particularly interesting because of their ability to self-assemble into ordered 

arrangements. The flat faces of the cubic particles also allow for each particle to sit compactly with its 6 

neighboring cubes. The ability to create a compact, ordered structure of cubic particles also reduces the 

amount of void space in between particles and permits good cube-to-cube contact. The ordered structure 

and the reduction of porosity can also lead to enhanced bulk properties of the material.  

 Different synthesis methods have been used to create cubic particles of different oxide materials. 

Depending on the type of synthesis method used, different synthesis parameters and additions will affect 

the outcome of the particle morphology. Many synthesis methods utilize hydroxides or salts to create a 

synthesis environment that produces a slow enough reaction to allow the particles to form distinct 

morphologies. The addition of additives and surfactants also help in reducing the surface energies of 

specific crystallographic planes, which depends on the starting precursors and the type of surfactant used. 

These are the most common methods used to obtain cubic particle morphologies of oxide materials.  

 In this thesis, we analyze the particle morphology of barium titanate and strontium titanate using 

two synthesis methods (molten hydrothermal and aqueous hydrothermal). Identifying the correct 

synthesis method and synthesis parameters are vital in the final particle morphology. Perovskites like 

barium and strontium titanate are a good starting point in attempting to also understand how the cubic 

particles form and what are some of the growth mechanisms associated with them. Through the analysis 
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of these materials, we hope to be able to apply these methods to other materials as well in attempts to 

control the particle morphology.  

 The second project of this thesis looks at the oxidation resistance of tantalum carbide and 

tantalum carbide-hafnium carbide solid solutions with an oxyacetylene torch. Tantalum and hafnium 

carbide have some of the highest melting temperatures among all the carbides making them ideal 

candidates for applications like high-speed flight. Tantalum carbide alone has been shown to have low 

oxidation resistance and would not be suitable for these applications because of that. The addition of 

hafnium carbide is a promising solution to attempt to improve the oxidation resistance of hafnium 

carbide. This project looks at identifying the composition of tantalum carbide and hafnium carbide that 

shows the highest oxidation resistance. This study will also provide a more comprehensive understanding 

of the oxidation behavior of these materials in different torch environments to complement previous 

studies conducted in a plasma torch environment.  
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Chapter 1 Formation of cubic particle morphologies of oxide materials  
 
 
1.2 Introduction 

Controlling the size and morphology of ceramic materials, particularly oxides, has been 

growing interest because of the ability to use them as molecular building blocks to control the 

properties of the material at the bulk scale. Different morphologies give rise to unique properties 

that can be enhanced at the bulk scale by manipulating the exposed crystal facets of the particle 

and building ordered arrangements of superlattices from the molecular building blocks.  

Previous studies have shown that particles with non-traditional morphologies like cubic or 

polyhedron can be arranged into closely packed superlattices 

[1][2][3][4][5][6][7][8][9][10][11][12][13][14][15]. The unique morphology of the particles and 

the ability to order them into superstructures have allowed for enhancements in various material 

properties (i.e., electric, magnetic, structural). For piezoelectric ceramic materials like 

perovskites, thin film ordered superlattices of cubic particles have shown enhancements of the 

electronic properties like the dielectric constant [16][17][18][19]. The faceted sides of the 

particles allow for more compact placement, reducing the overall porosity of the thin film. The 

reduction of pores leads to overall better dielectric performance. Similarly other type of oxide 

materials like nickel oxide have also shown an enhancement in their optical activity and catalytic 

response [36]. These early studies on the effect of particle morphology on the properties of the 

material have made understanding the formation mechanisms behind unique morphologies 

important. Cubic particle morphologies are especially interesting because of their exposed facets, 

tendency to self-organize into ordered arrangements, and the facile ways in creating them.  

Overall, the biggest driving force that dictates the final particle morphology of a material is 

the surface energies of the crystallographic planes. By stabilizing the certain crystal planes, other 
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crystallographic orientations are allowed to grow to form these unique particle structures. The 

surface energies of certain crystallographic planes can be manipulated through a number of 

different ways that will be discussed here. The goal of this chapter is to understand why cubic 

particles of oxides form and under what conditions.   

 
1.3 Nickel Oxide, AO 

Oxides with an AO structure, like nickel oxide (NiO) have had applications as catalysts 

[20][21], electrode materials for lithium ion batteries and fuel cells [22][23][24], electrochemical 

supercapacitors [25][26][27], magnetic materials [28], thin film transistors [29][30], UV photo 

detectors [31], and organic/inorganic solar cells [32]. Controlling the particle morphology of 

nickel oxide can lead to improved photocatalytic and optoelectronic properties.  

NiO nanocubes have been previously synthesized through a number of methods, including a  

surfactant-assisted [33], sol-gel [34][35], and chemical precipitation methods [36]. For the 

surfactant-assisted synthesis, cetyltrimethylammonium bromide (CTAB) or sodium dodecyl 

sulfate (SDS) were used as surfactants through a microemulsion strategy [33]. The type of 

surfactant used was the main indicator on the final particle morphology of NiO. The addition of 

CTAB led to the formation of rods and the addition of SDS produced cubic morphologies (Figure 

1). The surfactant was suggested to act as a template for the formation of specific particle 

structures. Other synthesis studies, have shown that indeed cubic particles can be formed with the 

addition of CTAB but it is highly dependent on the amount that is added to the synthesis [34]. The 

addition of 5% CTAB was shown to produce cubic particles. At low concentrations of surfactant, 

the final morphology that forms can be attributed to the interactions between the metal ions and 

the head of the surfactants (Figure 2).  
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Figure 1 Particle morphologies of NiO using (a) CTAB and (b) SDS as the surfactant [33]. 
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Figure 2 Interactions between metal ions and surfactant used in the synthesis of NiO to produce various particle 
morphologies [34].  

  

Understanding the formation of cubic particle morphology in NiO is crucial in developing 

enhanced materials. Previous studies have shown preliminary data on the improved optical 

properties of NiO nanocubes [36]. Sheen, et al found that in combination with electron 

irradiation the optical activity and photo response of NiO nanocubes can be enhanced. This study 

has begun to show the potential of improved properties of AO materials with cubic particle 

morphology. 

 

1.4 Cerium Oxide, AO2 

 Oxides with an AO2 structures, like cerium oxide or ceria (CeO2) have had applications 

as catalysts [37], fuel cells, solar cells, UV blocks, oxygen sensors, polishing materials [38], 

water splitting, oxygen storage, and the oxidation of volatile organic constituents [39]. The 
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development of ceria particles with specific particle morphologies, like cubic particles, can 

enhance the catalytic behavior and as well as other properties.  

 Ceria cubic particle morphologies have been synthesized primarily by a hydrothermal 

method [40][41][42][43][38][44][45][46][47][48] or a microwave-assisted synthesis method 

[49][39][50][51]. Other synthesis methods have been less frequently employed like a gradual 

hydrolysis of cerium chloride solution [52] and a surfactant-assisted colloidal synthesis [53]. 

Various research studies have looked at the factors that influence the particle morphology for 

each of these synthesis methods.  

  The hydrothermal method has been employed with and without the addition of 

surfactants and additives. For the hydrothermal synthesis without the use of surfactants, the 

factors that affect the formation of cubic particle morphologies are the precursors used and the 

basicity of the solution [40][54][50][43]. The use of cerium nitrate Ce(NO3)2 has been shown to 

produce ceria cubic particles over other precursors like cerium acetate and cerium chloride [43]. 

The NO-3 oxidizing anion allows cerium (III) ions to oxide to form ceria and their preferential 

absorbance onto the {100} planes changed the surface energy of the ceria crystals formed which 

led to {100} enclosed planes [43]. This allowed for the development of ceria cubic particles. Not 

only does utilizing cerium nitrate as a precursor help in the formation of cubic particles but so 

does the pH of the solution. In order to make the solution basic, cerium nitrate could be used as a 

precursor or a nitrate salt like sodium nitrate NaNO3 could be incorporated into the synthesis 

[54]. The formation of nanocubes is related to dissolution-recrystallization process that happens 

because of the basic conditions that the nitrate precursor or salt create. The NO3- ions from the 

nitrate precursor or salt absorb onto the {100} surfaces of ceria nuclei producing cubic particles 

enclosed in {100} planes (Figure 3) [54].  
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Figure 3 Diagram of the formation mechanism of ceria cubic particles through conversion from nanorods [54]. 

 

 The hydrothermal synthesis of ceria has also been conducted with the use of dopants, 

surfactants and/or additives. A urea-assisted hydrothermal synthesis method has been employed 

to create cubic particles of ceria [41]. A high concentration of urea causes saturation of the 

aqueous phase which results in the coalition of nanocrystals in a mutual crystallographic 

direction. Gradual hydrolysis synthesis of ceria nanocubes has also shown that the addition of 

polyvinylpyrrolidone (PVP) promotes the growth of cubic particle morphology [52]. 

Experiments that did not have the addition of PVP did not show the cubic particle morphology. 

The addition of other additives like NH4Cl can also allow for the development of hollow cubic 

particle structures (Figure 4) [52]. 
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Figure 4 (a) Hollow cubic ceria particle structure and (b) percent conversion of CO in the presence of ceria 
particles [52].  

 

The addition of lanthanides as dopants have also been shown to produce cubic particles 

of ceria (Figure 5) [55]. Low concentrations of dopants (0.05<x<0.1) enable the development of 

ceria nanocubes. Specific dopants like Gadolinium and Samarium greatly facilitate the growth of 

ceria nanocubes by creating more oxygen vacancies or defects thus increasing the surface area of 

the particles [55]. The higher surface energy of the particles leads to the formation of the cubic 

morphology.  Other groups have used surface modifying agents, like sodium nitrate, to control 

the growth of certain crystallographic directions, where the surface modifying agents bind to 

facets and change formation energy to enhance or prevent growth in these facets [49]. More 

specifically the added nitrate ions increase the chemical potential which allows for stronger 

binding of the ions on the {100} faces of the ceria nuclei [41] [43].  
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Figure 5 Morphology of ceria particles with increasing NaNO3 concentration. Larger cubic particles are formed with higher 
NaNO3 concentration [49]. 

 

 There have been extensive studies on the development of cubic particles of ceria. Overall 

the addition of surfactants, dopants, and additives lead to a controlled growth of specific 

crystallographic orientations that promote the formation of cubic particles.  

 

1.4 Perovskite, ABO3 

Perovskite materials like barium titanate (BaTiO3) and strontium titanate (SrTiO3) have been 

of great interest  for applications as ferroelectrics, multilayer capacitors, thermistors, transducers 

and infrared detectors [56][57][58]. Controlling the particle morphology of these materials has 

opened new opportunities for increased electronic properties like enhanced dielectric constants. 

Specifically, the cubic particle structure lattice defects within the interface region of cubes allows 

for a higher dielectric constant of the material [57].  

These faceted particle structures have been synthesized through a number of methods 

including molten salt [59][60], microwave-assisted [61], composite-hydroxide [62][63][64][65], 

solvothermal [66], and aqueous surfactant-assisted [56][12][57][67][13][16][14][68][69]. 

Depending on the type of synthesis there are several parameters that have a strong effect on the 
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type of morphology that forms for perovskite materials. These synthesis methods allow for the 

slow and controlled formation of specific crystal facets.  

In the composite-hydroxide-mediated method, the melting point of the hydroxides is a lot 

lower, so it allows for reduced temperatures to be used to synthesize these perovskite materials 

[63]. An ample amount of time for the reaction to occur and begin to grow the crystal facets is 

also important [60]. Shorter synthesis times do not allow for crystals to grow into well-defined 

cubic particles. Synthesis times below 12 hours yield small percentages of faceted morphologies 

with a majority of sphere-like or random morphologies. The longer synthesis times, typically 

greater than 12 hours, allow for a slower and controlled environment in which small crystals can 

add on to each other to form clear faceted cubic particles (Figure 1). Typical synthesis times that 

form clear faceted cubic morphologies range from 12-24 hours for strontium titanate [60] and 

24-48 hours for barium titanate [63]. The addition of the hydroxides facilitates the nucleation of 

barium and strontium titanate from the precursor materials. To reduce the overall energy of the 

system the nucleates begin to aggregate to form larger particles [62]. These aggregates can then 

form cubic particle morphologies through a surface reconstruction (Figure 2). Salts like sodium 

chloride (NaCl) and potassium chloride (KCl) have also been used in molten-salt synthesis of 

barium titanate [59]. The scale of the cubic particles are in the nano regime and had sizes ranging 

from 70-100 nm depending on the time and temperature of the synthesis [63]. Other growth 

mechanisms have also been observed for specific structures of starting materials. Titania (TiO2) 

nanorods used as a precursor material, along with metal salts and NaOH, for the synthesis of 

barium and strontium titanate has led to the development of cubic particle morphologies [60] 

(Figure 3). Yang, et al showed that 180°C and time over 12 hours was crucial in developing the 

cubic particle morphologies with smooth surfaces. 
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Figure 6 Influence of time on synthesis of strontium titanate for 1, 3, 6, and 12 hours [60]. 

 

 

 

Figure 7 Growth mechanism of barium titanate through the composite-hydroxide-mediated synthesis method [7].  

 

 

Figure 8 Growth mechanism using titania nanorods as a precursor for the synthesis of strontium titanate and 
barium titanate faceted morphologies [5]. 
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For aqueous synthesis methods there many parameters that play a role in the formation of 

cubic morphologies of perovskite materials, this includes type of solvent used, pH of solution, 

and the addition of surfactants. Solvents like hexane, toluene, 1-butanol, 1-decanol, phenyl ether, 

and benzyl ether have been used to synthesize cubic particles [11]. The polarity of the solvent is 

what causes the stabilization of certain crystallographic planes that lead to the formation of 

nanocubes (Figure 4). Solvents with lower dielectric constants stabilize the terminal (001) planes 

that are crucial for cubic morphology formation. The combination of the effect of the solvent and 

the concentration of the salts used in the synthesis can lead to well defined cubic particles with 

good size control. Increasing concentrations of the salt precursors lead to smaller particle sizes of 

the nanocubes [11]. The addition of a surfactant has been shown to greatly influence the growth 

of specific crystal facets by slowing the growth rate and stabilization of certain faces allowing 

for cubic particles to form [56]. The surfactant also has allowed for highly dispersed colloidal 

solutions by creating hydrophobic surfaces (Figure 5). 
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Figure 9 Effects of solvent on particle morphology of barium titanate a) benzyl alcohol, b) diethylene glycol, c) 
diethylene glycol monobutyl ether, d) toluene, e) phenyl ether, f) benzyl ether [11]. 
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Figure 10 Highly dispersed barium titanate nanocubes synthesized with a surfactant [56] 

 

The two main growth mechanisms in aqueous synthesis are in situ and dissolution-

precipitation. The in-situ growth process involves the nucleation of nanocubes in the amorphous 

colloidal gel of the titanium precursor and the coalescence and aggregation of the nucleates into 

larger cubic particles. Within the colloidal gel there the nucleates orient themselves into 
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preferential directions to aggregate and reduce the high energy surfaces and the overall free 

energy of the system [70]. The cubic shape post nucleation was fully developed and maintained 

due to the control of the surfactant. The suppressed crystal growth of certain crystallographic 

planes allows for faster exposure of characteristic planes of the cubic structure.  

The addition of a surfactant allows for absorption of onto some of these planes to slow 

down their growth. This exposes other planes and allows for their accelerated growth giving rise 

to special structures like nanocubes. Surfactants like polyethylene glycol (PEG) have a 

preferential absorption onto the metal ions. In BaTiO3 the {110} surfaces have a higher density 

of metal ions, so PEG creates a protective shell on these surfaces because of the preferential 

absorption onto metal ions. This protective shell reduces the growth rate along these directions 

so other surfaces like {100} are able to grow faster giving rise to the cubic particle structure [71]. 

Similarly, when oleic acid is used as a surfactant, it has preferential absorption onto the planes 

with higher density of metal ions thus slowing down the growth of specific crystallographic 

planes. Although, the growth mechanism transitions from in situ to dissolution-precipitation with 

the addition of and additive like hydrazine or tert-butylamine.  

As stated before, surfactants prefer absorption onto surfaces with higher metal ion 

densities. An important factor in the successful production of cubic particle morphologies is 

controlling the growth rate of the (100) surfaces. Slowing down the growth in these directions is 

crucial in producing cubic structures. The surface energies of the (100), (110), and (111) surfaces 

are quite similar. Hydrazine has preferential absorption on the Ti-O terminated surfaces, so it 

allows the surfactant like oleic acid to absorb onto the other high atom density surfaces like (100) 

through intercalation with Ba ions since the density of Ba ions is highest in the (100) planes. 

Whereas the lack of hydrazine would promote the absorption of oleic acid on the (110) surfaces 
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leading to an in-situ growth mechanism. The addition of hydrazine has a great effect on the 

morphology that forms. The combined effect of hydrazine and oleic acid also allow for high 

dispersity and size control of the nanocubes [18]. The lack of surfactant and additive will lead to 

nanocrystals with mixed facets to reduce to total surface free energy of the system.  

 

1.5 Spinel, AB2O4 

Spinel materials, more specifically ferrites have been of great interest because of their 

magnetic properties and ferromagnetic behavior. Materials like cobalt ferrite have promise in 

applications like photocatalysis, lithium-ion batteries, and enzymatic mimetics because of its 

high coercivity, moderate saturation magnetization, large magnetostrictive coefficient, and great 

mechanical hardness and chemical stability [72]. The development of cubic particle 

morphologies of these materials gives rise to enhancements in their properties and the 

opportunities for new applications.  

 Traditionally magnetic nanocubes have been obtained by thermal decomposition of the 

corresponding organometallic compounds, but this method is toxic and energy-consuming [72].  

Although many groups still utilize this type of synthesis method to develop cubic particle 

morphologies [73][74][75], other synthesis methods have been explored. These types of 

synthesis methods include sonochemical [72], hydrothermal [76], nonhydrolytic with seed-

mediated growth [6], and aqueous [77].  

 There are many different parameters that affect the development of cubic morphologies 

for spinel materials. In most synthesis methods the type of solvent used and whether it is 

aqueous, or alcoholic can have an effect. The type of surface modification done on the 

nanocubes can increase the yield of these faceted morphologies, control the particle size, and 
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improve the dispersibility. The addition of sodium oleate, which provides a hydrophobic surface, 

the deposition of CTA+ ions on specific crystal facets and capping the nanocubes with PVP have 

all been used as surface modification techniques to produce cubic particles shown in Figure 11 

[74]. One of the biggest driving factors in the successful production of spinel nanocubes is the 

slow growth rate. Slowing down the growth rate and having slow heating rates allows for 

specific crystallographic facets to be exposed and grow to form the cubic morphology.  

 

 

Figure 11 Transmission electron micrograph of cubic particles of MnFe [74]. 

 

 For cobalt ferrite, depending on the synthesis type, there are a couple of factors that affect 

the morphology. The first it the Co to Fe ratio and the surfactant to metal ratio. This ratio played 

an important role in controlling the size of the nanocubes. The more Co precursor amount, the 

less available surfactant there was to regulate the growth of the particles. This caused the 

particles to grow bigger (Figure 12) [78]. The use of poly(N-vinyl-2-pyrrolidone) or PVP 
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reduced graphene oxide-FeOOH as a precursor helped in the development of cubic particles. 

PVP serves as a stable capping agent for cobalt ferrite. The combination of the capping agent and 

ethanol restrict the crystal growth of cobalt ferrite nanoparticles during the second step in the 

synthesis. This helps form uniform cubic nanostructures that are controlled and established [75]. 

The use of ethanol has been shown to have a direct effect on controlling the morphology because 

ethanol molecules are absorbed onto the crystal surfaces, and they limit the growth rate of the 

particles [72].  

 

 

Figure 12 Plot showing the growth of cobalt ferrite nanocubes with increasing Co/Fe feed ratio and Co/Fe ratio in the 
nanocrystals [78]. 
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 Similarly, for manganese ferrite, the formation mechanism of the nanocubes is favored by 

the preferential growth of the surfactant molecules adsorption. More specifically, the use of 

CTA+ ions help in the directional growth of the nanocubes. In the initial stage of the reaction, 

the nanoparticles grow equally in all directions. After adsorption of the CTA+ ions on specific 

crystal facets (100), spherical nanoparticles transform into cubic by controlling the growth rates 

along different crystal axes. They only allow growth in the [111] directions [74]. For other 

materials like zinc ferrite, ethylenediamine serves as a precipitant and pH controller that 

influences the morphological evolution and size distribution of the nanocubes (Figure 13) [77].  

 

 

Figure 13 Scanning electron and transmission electron micrographs of ZnFe2O4 cubic particles [77]. 
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 Compared to the hydrothermal synthesis methods of the perovskite materials, the 

development of cobalt oxide nanocubes depends on several factors like hydrothermal time, 

temperature, type of surfactant, concentration, and the molar ratios of the starting materials. In 

addition, these parameters can also affect the overall size and shape of the particles. In general, 

large quantitates of nanocubes with good uniformity were achieved with the surfactant SDS and 

at a synthesis temperature of 140°C for 12 hours.  

 

1.6 A3O4 

Iron and cobalt oxide (Fe3O4 & Co3O4) exhibit superior magnetic, optical, and transport 

properties. These properties make these materials great for applications like catalysis, pigments, 

electrochemistry information storage, sensors, and biomedicine [4][79]. The development of 

anisotropic structures of iron oxide has been shown to give rise to enhanced properties and new 

applications like bio targeting and magnetic resonance imaging [4].  

 Generally, these materials have been developed using solvothermal/hydrothermal, nitrate-

salt-mediated, coprecipitation, and thermal decomposition methods [80] [79] [81][82]. 

Depending on the synthesis, there are many factors that affect the shape and size of the 

nanoparticles. The reaction temperature and time are especially important for the nitrate-salt-

mediated method [79]. Similarly, the reaction temperature and time play an important role in the 

solvothermal synthesis process. The concentration and the molar ratio of reactants and surfactant 

affect the size and shape of the resulting particles shown in Figure 14 [83]. Some solvothermal 

synthesis procedures include the addition of 	𝛽-amyrin,	where	the	absence	or	presence	of	this	

can	dictate	the	final	particle	morphology. Synthesis techniques that are less commonly used 
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include a modified polyol process in organic phase, where the heating rate and reflux time have a 

large effect on the resulting nanoparticles [5].  

 

 

Figure 14 Scanning electron images of Co3O4 cubic particles synthesized with SDS as a surfactant [83]. 

 

 More specifically, parameters that directly influence the morphology are a chemically 

stable environment, the ratio of the surfactant like oleic acid to iron, reaction time, reaction 

temperature, pH of solution, concentration, the precursors used, and the addition of a surfactant. 

The balance of chemical potential of monomers and the chemical potential of different crystals is 

crucial in developing the cubic morphology of these materials. For iron oxide, with increasing 

temperature iron acetylacetonate exchanges iron cations with the oleate anions to form 

monomers [84]. The monomers accumulate and reach oversaturation. Once oversaturation is 

reached, nuclei are generated. When the chemical potential of monomers is higher than those of 

the crystal planes, they can change from a high chemical potential state to any of the planes of 

lower chemical potential. The rate at which monomers are deposited varies for every facet and 

depends on the kinetic constants. The {111} planes are the most densely packed and have a high 
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steric hinderance so the arrival of new monomers will be inhibited. The energy barrier that 

monomers have to overcome to deposit on this plane is higher than other planes so the {111} 

planes will grow the slowest. Once the chemical potential of the monomer decays enough, 

deposition on the {110} planes stop and continues on the {111} facets thus leading to the cubic 

particle morphology formation (Figure 15).  

 

 

Figure 15 Transition of a nucleus of Fe3O4 to a cubic particle [4]. 

 

1.7 Conclusions 

With guidance from this past literature, this project explored the two different synthesis 

methods in efforts of producing dispersed cubic nanoparticles of barium titanate and strontium 

titanate with roughly uniform particle size. The two synthesis methods adapted are the molten 

hydrothermal synthesis and the aqueous hydrothermal synthesis.  
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Chapter 2 Comparative analysis of molten hydrothermal and aqueous 
hydrothermal synthesis methods of barium titanate and strontium 
titanate for faceted particle formation 
 
 
Abstract 
 
Perovskite materials, specifically barium titanate (BT) and strontium titanate (ST), hold 

significant potential for a range of applications, including ferroelectric devices and multilayer 

capacitors. The particle morphology of these materials can significantly influence their electronic 

properties, such as their dielectric constant and ferroelectric behavior. This study aims to 

understand the formation mechanisms of faceted particles of BT and ST, synthesized using both 

molten hydrothermal and aqueous hydrothermal methods. Our experimental results obtained 

through scanning electron microscopy (SEM) reveal successful development of faceted particles 

for BT using the molten hydrothermal method and for ST using the aqueous hydrothermal 

method. However, X-ray diffraction results indicate the presence of unreacted SrCO3 and an 

amorphous structure in the ST sample synthesized by the molten hydrothermal method, pointing 

towards an in-situ growth mechanism of ST. Transmission electron microscopy (TEM) results 

suggest that the formation of faceted particles occurs through the aggregation of smaller 

crystallites in identical crystallographic directions. This research provides valuable insights into 

the particle morphology control of perovskite materials through different synthesis methods, 

shedding light on their potential in advanced electronic applications. 

2.1 Introduction 

Perovskite materials like barium titanate (BaTiO3) and strontium titanate (SrTiO3) have been 

of great interest  for applications as ferroelectrics, multilayer capacitors, thermistors, transducers 

and infrared detectors [56][57][58]. Controlling the particle morphology of these materials has 
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opened new opportunities for increased dielectric and ferreoelectric properties. Previous studies 

have shown that thin films of sintered ordered arrangements of barium titanate nanocubes exhibit 

a high dielectric constant of >4000 because of misorientation between neighboring nanocubes 

that give rise to misfit strain that enhances the dielectric properties [16][17]. Other studies have 

also shown that the high charge polarization on the surface of the barium titanate nanocubes has 

led to increased reversibility in the dielectric polarization and low hysteresis loss [69]. The 

results obtained from studies begin to expose the potential in tailoring material properties 

through morphology control on particles and the need to explore methods to produce them.  

Faceted particles have been previously synthesized through a number of methods including 

molten salt [59][60], microwave-assisted [61], composite-hydroxide [62][63][64][65], 

solvothermal [66], and aqueous surfactant-assisted [56][12][57][67][13][16][14][68][69]. 

Depending on the synthesis, there are several parameters such as the addition of salts, 

hydroxides, additives, or surfactants that have a strong effect on the type of particle morphology 

that forms for perovskite materials. The composite-hydroxide-mediated method includes the 

addition of hydroxides to facilitate the nucleation of barium titanate from the precursor materials. 

Nucleates begin to aggregate and form larger particles to reduce the overall energy of the system. 

These aggregates can then form cubic particle morphologies through a surface reconstruction 

[62]. The low melting point of the hydroxides (NaOH, 318°C and KOH, 360°C [85]) also allows 

for reduced synthesis temperatures to produce barium titanate [63], but low synthesis 

temperatures also means that an ample amount of time is needed for the reaction to occur and to 

begin to grow the crystal facets [60]. Shorter synthesis times do not allow for crystals to grow 

into well-defined faceted particles. 
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Similarly for the molten salt synthesis of barium titanate the addition of salts affects the final 

particle morphology. The salts in combination with barium oxide (BaO) and rod-shaped titanium 

dioxide (TiO2) as the starting precursors permit the formation of  cubic particles of barium 

titanate to form as a result of the slower dissolution rate of BaO than TiO2 in the salts [59]. The 

slower dissolution rate allows for the breakdown of TiO2 rods to occur before the BaO is 

dissolved in the molten salts and begins to form a BT shell on the TiO2 cubes [59]. The two 

synthesis methods have shown that hydroxides/salts, the starting Ba and Ti precursors and the 

reaction time all have an effect on the final particle morphology of BT.  

Furthermore, for aqueous synthesis methods there are other parameters that play a role in the 

formation of faceted morphologies of perovskite materials; this includes type of solvent used, pH 

of solution, and the addition of surfactants [56][58][86][11][87]. Specifically, solvents like 

hexane, toluene, 1-butanol, 1-decanol, phenyl ether, and benzyl ether have been used to 

synthesize cubic particles [11]. The polarity of the solvent is what causes the stabilization of 

certain crystallographic planes that lead to the formation of faceted particles [11]. In particular, 

solvents with lower dielectric constants (~2-4) like phenyl ether, benzyl ethel or toluene stabilize 

the terminal (001) planes that are crucial for cubic morphology formation [11]. Decreasing the 

surface energy of certain crystallographic planes allows for the growth of other planes to occur 

changing the final morphology of the particle [88]. This has been observed for the oleic acid 

surfactant-assisted synthesis of barium titanate and strontium titanate, where the oleic acid has 

preferential absorption on the (100) crystal plane which leads to the stabilization of the (100) 

face [87]. The stabilization of the (100) crystal plane allows other crystal faces like the (111) and 

(110) faces to grow.  
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Keeping the formation mechanisms that have been proposed previously, aims at identifying the 

differences in faceted particle formation between barium titanate and strontium titanate. A 

comparison between the molten hydrothermal and the aqueous hydrothermal synthesis methods 

for both barium titanate (BT) and strontium titanate (ST) to produce faceted particles is analyzed. 

The two methods were used to identify the ideal synthesis environment and parameters to 

produce cubic particle morphologies of each of the materials. The formation mechanism of the 

observed faceted particle structures is also proposed for barium titanate and strontium titanate.  

2.2 Experimental Methods 

Two synthesis methods were used to produce barium titanate and strontium titanate in efforts 

in controlling their particle morphology. A molten hydrothermal and aqueous hydrothermal 

methods were used as to compare the successful development and particle morphology of BT 

and ST.  Preliminary experiments were also conducted using the molten hydrothermal method to 

determine the ideal synthesis parameters that resulted in the highest yield of BT nanocubes. 

For the preliminary BT molten hydrothermal experiments, BaCO3 (99+%, A.C.S Reagent, 

Sigma-Aldrich) and titanium dioxide, TiO2 (99.9%, anatase, SkySpring Nanomaterials) were 

used as the starting materials at a concentration of 0.5 mmol. Sodium hydroxide, NaOH (pellets, 

anhy, Sigma-Aldrich) and potassium hydroxide, KOH (Sigma-Adrich) were placed in a 25mL 

Teflon-lined autoclave reactor in a 51.5:48.5 Na/K ratio. BaCO3 and TiO2 were added into the 

Teflon-lined autoclave reactor. The Teflon-lined autoclave reactor was sealed and placed in a 

box furnace at a range of temperatures and times, provided in Error! Reference source not f

ound..  

For the molten hydrothermal method of producing barium carbonate, BaCO3 (99+%, A.C.S 

Reagent, Sigma-Aldrich) and titanium dioxide, TiO2 (99.9%, anatase, SkySpring Nanomaterials) 
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were used as the starting materials at a concentration of 0.5 mmol. Sodium hydroxide, NaOH 

(pellets, anhy, Sigma-Aldrich) and potassium hydroxide, KOH (Sigma-Adrich) were placed in a 

25mL Teflon-lined autoclave reactor in a 51.5:48.5 Na/K ratio. BaCO3 and TiO2 were added into 

the Teflon-lined autoclave reactor. The Teflon-lined autoclave reactor was sealed and placed in a 

box furnace at a range of temperatures and times, provided in Error! Reference source not f

ound.. Similarly for the molten hydrothermal synthesis of strontium titanate, strontium 

carbonate, SrCO3 (>=99.9% metals bas, Sigma-Aldrich) and titanium dioxide, TiO2 (99.9%, 

anatase, SkySpring Nanomaterials) were used as the starting materials at a concentration of 0.5 

mmol. NaOH and KOH (mentioned above) were placed in a 25mL Teflon-lined autoclave 

reactor in a 51.5/48.5 Na/K ratio. SrCO3 and TiO2 were added into the Teflon-lined autoclave 

reactor. The reactor was sealed and placed in a box furnace at the temperatures and times 

outlined in Error! Reference source not found..  

For the aqueous hydrothermal method of producing barium nitrate, Ba(NO3)2 (99+%, A.C.S. 

Reagent, Sigma-Aldrich) and titanium dioxide, TiO2 (99.9%, anatase, SkySpring Nanomaterials) 

were used as the starting materials with a molar ratio of Ti/Ba = 1:1. Ba(NO3)2 was added into 

25mL of distilled water and magnetically stirred for 10 minutes. Once the Ba(NO3)2 was 

dissolved, 5g of sodium hydroxide, NaOH (pellets, anhy, Sigma-Aldrich) was added into the 

solution. After 5 minutes of stirring, TiO2 was added to the solution to form a white liquid. The 

solution was equally split into two 25mL Teflon-lined autoclave reactors. The reactors were 

sealed and placed in a box furnace at a range of different temperatures and times, presented in 

Error! Reference source not found.. Similarly, strontium nitrate, Sr(NO3)2 (99+%, A.C.S. R

eagent, Sigma-Aldrich) and titanium dioxide, TiO2 (99.9%, anatase, SkySpring Nanomaterials) 

were used as the starting materials for the aqueous hydrothermal synthesis of ST, with a molar 
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ratio of Ti/Sr = 1:1. Sr(NO3)2 was added into 25mL of distilled water and magnetically stirred for 

10 minutes. Once the Sr(NO3)2 was dissolved, 5g of NaOH was added into the solution. After 5 

minutes of stirring, TiO2 was added to the solution to form a white liquid. The solution was 

equally split into two 25mL Teflon-lined autoclave reactors. The reactors were sealed and placed 

in a box furnace at a the temperatures and times outlined in Error! Reference source not f

ound..   

 

Table 1 Times and temperatures used for preliminary molten hydrothermal synthesis experiments of barium titanate, 
and the comparative studies of the molten hydrothermal and aqueous hydrothermal synthesis experiments of barium 
titanate and strontium titanate. 

Preliminary Molten 
Hydrothermal Synthesis 

Molten Hydrothermal 
Synthesis 

Aqueous Hydrothermal 
Synthesis 

Time (hrs) Temperature 
(°C) 

Time 
(hrs) 

Temperature 
(°C) 

Time 
(hrs) 

Temperature(°C) 

24 220 12 180 12 180 
36 220 12 200 12 200 
48 220 12 220 12 220 
60 220 18 180 18 180 
  18 200 18 200 
  18 220 18 220 
  24 180 24 180 
  24 200 24 200 
  24 220 24 220 

 
 

After the synthesis all the samples were washed three times via centrifugation. The samples 

were first washed once in a diluted acetic acid solution at 10,000 rpm for 10 min, followed by 

two washes in ethanol at 10,000 rpm for 10 min. The samples were then dried in a box furnace at 

60°C for 12 hrs and prepared for characterization. The phase purity of the powders was analyzed 

through X-ray diffraction (XRD) on a D2 Phaser (Bruker AXS, Inc., Madison, WI) using CuK𝛼 

radiation. The count time was 0.3 sec with a step size of 0.014° 2𝜃 from 20 to 90° 2𝜃. Particle 

morphologies were imaged using scanning electron microscopy (SEM) on a Quanta 250 FEG 
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(FEI, Hillsboro, Oregon) at an accelerating voltage of 5 kV. To prevent charging, the samples 

were coated with iridium for 8 sec. Particle morphology and size, as well as electron diffraction 

patterns, were analyzed by transmission electron microscopy (TEM) on a Talos F200X G2 

S/TEM (Thermofisher, Waltham, MA) with an operating voltage of 200 kV. The sample 

preparation for TEM consisted of ~0.5 mg of BT or ST powder dispersed in 300 mL of 

isopropanol alcohol (IPA). Three drops of this suspension were subsequently dispersed in 25 mL 

of IPA and ultrasonicated for 25 min. One drop of the 25 mL suspension was deposited onto a 

200-mesh carbon-coated copper grid. The grid was placed in a vacuum furnace at 75°C to 

completely evaporate the solvent. 

 

2.3 Results and Discussion 

2.3.1 X-ray diffraction 

The XRD patterns of BT synthesized via the molten hydrothermal method are provided in 

Figure 16. All the synthesis temperatures and times (Error! Reference source not found.) 

showed the successful production of cubic BT with space group Pm3m (PDF 01-070-9165). All 

diffraction peaks were sharp and clearly defined. This indicated high crystallinity of the material. 

There was no evidence of peak broadening indicating no large changes in the crystallite size of 

the samples synthesized at different times and temperatures. Crystallite sizes calculated by the 

Scherrer equation of BT samples (Table 2) also showed relatively uniform crystallite sizes for 

the samples synthesized via the molten hydrothermal method. The average crystallite size was 

23.61 nm and a standard deviation of 3.67 nm. Based on the XRD results, BT with high purity 

and crystallinity can be successfully synthesized by the molten hydrothermal method.  
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Figure 16 X-ray diffraction patterns of barium titanate samples synthesized via the molten hydrothermal method at 
(a) 180C, (b) 200C, (c) 220C and for 12 hours (blue curve), 18 hours (red curve), and 24 hours (green curve). X-ray 
diffraction of barium titanate samples synthesized via the aqueous hydrothermal method at (d) 180C, (e) 200C, (f) 
220C and for 12 hours (blue curve), 18 hours (red curve), and 24 hours (green curve). All synthesis temperatures 
and times show the successful development of cubic barium titanate, Pm3m (PDF 01-070-9165). 

 
Table 2 Calculated crystallite sizes from X-ray diffraction of barium titanate samples synthesized by the molten 
hydrothermal and the aqueous hydrothermal synthesis methods at various synthesis times and temperatures.  

 Molten 
Hydrothermal 

Aqueous 
Hydrothermal 

Synthesis 
Temperature (°C) 

Synthesis Time (hr) Crystallite Size (nm) Crystallite Size (nm) 

180 12 23.05 27.21 
180 18 16.74 36.93 
180 24 20.13 38.52 
200 12 23.91 42.40 
200 18 22.05 38.49 
200 24 25.80 40.47 
220 12 27.72 28.53 
220 18 28.36 39.95 
220 24 24.75 39.87 

 
 

The XRD patterns of ST synthesized via the molten hydrothermal method are provided in 

Figure 17. All synthesis temperatures and times showed the presence of cubic ST with space 

group Pm3m (PDF 01-070-8508). The sample synthesized at 180°C for 18 hours also showed a 
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small presence of orthorhombic strontium carbonate (SrCO3, PDF 00-005-0418) at 2𝜃 ~ 25° 

(Figure 17(a)). The formation of the SrCO3 secondary phase has been seen previously by other 

groups [61][89][90][91][92][65]. The presence of SrCO3 in the synthesis of SrTiO3 are likely due 

to an incomplete reaction or traces of the CO32- ion in barium or alkalis [91]. The presence of 

SrCO3 in this study is likely due to an incomplete reaction at this low temperature and time 

because this phase was not observed at higher temperatures and times (see Figure 17(b), 17(c)). 

In addition, the samples synthesized at 180°C for 18 and 24 hours and 200°C for 12 and 18 hours 

had much broader peaks than the sample synthesized at 220°C, evident in the (110) peak (see 

Figure 17(a), 2(b)). The broadening of the XRD peaks likely indicated smaller crystallite sizes of 

the sample. Given the presence of SrCO3 in the sample synthesized at 180°C for 18 hours, likely 

due to an incomplete reaction it can be concluded that crystallites begin to form at 180°C and 

need further time or higher temperatures to continue growing. The samples synthesized at 220°C 

showed the narrowest peaks indicating higher crystallinity at the higher synthesis temperature 

(see Figure 17(c)). Calculations of the crystallite size from the Scherrer equation revealed that 

the smallest crystallite sizes were for the samples with the broader XRD peaks, synthesized at 

180°C for 18 and 24 hours and 200°C for 12 and 18 hours. These samples had calculated 

crystallite size between 3-5 nm.  
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Figure 17 X-ray diffraction of strontium titanate samples synthesized via the molten hydrothermal method at A) 
180C, B) 200C, C) 220C and for 12 hours (blue curve), 18 hours (red curve), and 24 hours (green curve). X-ray 
diffraction of strontium titanate samples synthesized via the aqueous hydrothermal method at A) 180C, B) 200C, C) 
220C and for 12 hours (blue curve), 18 hours (red curve), and 24 hours (green curve). All synthesis temperatures 
and times show the successful development of cubic strontium titanate, Pm3m (PDF 01-070-8508). The sample 
synthesized at 180C for 18 hours (blue curve in (a)) also shows the presence of orthorhombic strontium carbonate 
(PDF 00-005-0418) at about 25° 2𝜃 represented by the purple star. 

 
The XRD patterns of BT synthesized via the aqueous hydrothermal method are provided 

in Figure 16. All the synthesis temperatures and times showed the successful production of cubic 

BT (PDF 01-070-9165). XRD showed sharp well-defined peaks at all synthesis temperatures and 

times, indicating the high crystallinity of the samples. Crystallite sizes calculated by the Scherrer 

equation of BT samples (Table 2) also showed relatively uniform crystallite sizes for the samples 

synthesized via the molten hydrothermal method. The average crystallite size was 36.93 nm and 

a standard deviation of 5.36 nm. Based on the XRD results, both the molten and aqueous 

hydrothermal methods successfully produce BT with high crystallinity and no secondary phases. 
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 The XRD patterns of ST synthesized via the aqueous hydrothermal method are provided 

in Figure 17. All the synthesis temperatures and times showed the successful production of cubic 

ST (PDF 01-070-8508). XRD showed sharp-well defined peaks at all synthesis temperatures and 

times, indicating the high crystallinity of the samples. The average crystallite size calculated by 

the Scherrer equation was 37.51 nm and a standard deviation of 3.36 nm.   

 Overall, the XRD results showed the successful production of the BT and ST 

compositions with both the molten hydrothermal and aqueous hydrothermal synthesis methods. 

The aqueous hydrothermal synthesis of ST showed the slight presence of SrCO3 at the lower 

synthesis temperatures and times. Following X-ray diffraction, scanning electron microscopy 

was used to observe the particle morphologies of all the samples.  

2.3.2 Scanning electron microscopy  

 The scanning electron micrographs of the preliminary molten hydrothermal experiments 

showed the development of faceted particles at all synthesis temperatures and times (Figure 18 

(a)-(d)). Larger cubic and rod-like particle structures were observed with increasing synthesis 

time. The sample synthesized at 220°C for 24 hours showed the greatest uniformity in particle 

morphology and size (Figure 18(a)) compared to the longer synthesis times. These experiments 

and previous work on aqueous synthesis of ST helped identify the maximum synthesis time and 

temperature as 24 hours and 220°C, respectively, to prevent the formation of rod-like structures 

and to keep the greatest uniformity in particle morphology and size [60][86].    
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Figure 18 Scanning electron micrographs showing BT samples synthesized for A) 24 hours, B) 36 hours, C) 48 
hours, D) 60 hours at 220°C, and E) transmission electron micrograph of . The samples synthesized for 24 hours 
showed higher homogeneity in particle size and morphology. Longer synthesis times produced more rod-like 
particle structures.   

 

The SEM micrographs of the BT samples synthesized by the molten hydrothermal 

method are shown in Figure 19. Figure 19(a)-(b) and Figure 19(d)-(e) did not show the formation 

of clear faceted particles. As the temperature increased to 220°C (Figure 19(g)-(i)), the presence 

of faceted particles was observed. This was most apparent in the sample synthesized at the 

highest temperature (220°C) and time (24hrs) (Figure 19(i)). All samples synthesized at 220°C 

showed the successful production of cubic particles (Figure 19(g)-(i)), while the samples 

synthesized for 24 hours at temperatures lower than 220°C displayed a lower yield of faceted 

particles. The results of the SEM micrographs suggest that 220°C is a critical temperature to 
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produce uniform, faceted particles and synthesis temperatures below 220°C may require longer 

synthesis times to allow the facets of the particles to form. 

 

 

Figure 19 Scanning electron micrographs showing particle morphology of BT synthesized by the molten 
hydrothermal method. A) 180C - 12 hrs, B) 180C - 18 hrs, C) 180C - 24 hrs, D) 200C - 12 hrs, E) 200C - 18 hrs, F) 
200C - 24 hrs, G) 220C - 12 hrs, H) 220C - 18 hrs, I) 220C - 24 hrs 

  

SEM micrographs of ST samples synthesized by the molten hydrothermal method did not 

show the successful production of cubic particle morphologies (Figure 20). At synthesis 

temperature 180°C, the 12- and 18-hour synthesis times displayed random morphologies (see 

Figure 20(a)-(b)). The samples synthesized at higher temperatures and times showed longer 

particle structures with non-smooth surfaces (Figure 20(c)-(i)). The ridges along the length of the 

rod-like particles suggest the aggregation of the smaller particles along the same direction with 
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increasing temperature and time. These results indicate that the molten hydrothermal synthesis 

method was only successful in producing faceted particles with the right composition for barium 

titanate and was unsuccessful in producing faceted particles of strontium titanate.  

 

 

Figure 20 Scanning electron micrographs showing particle morphology of ST synthesized by the molten 
hydrothermal method. A) 180C - 12 hrs, B) 180C - 18 hrs, C) 180C - 24 hrs, D) 200C - 12 hrs, E) 200C - 18 hrs, F) 
200C - 24 hrs, G) 220C - 12 hrs, H) 220C - 18 hrs, I) 220C - 24 hrs 

 

The SEM micrographs of BT synthesized by the aqueous hydrothermal method are shown in 

Figure 21. All the samples portrayed random particle morphologies. There was no evidence of 

faceted particle morphologies at any of the synthesis times and temperatures. The particles were 

highly agglomerated and smaller in size, therefore is was concluded that unlike the molten 

hydrothermal synthesis this method was not successful in developing faceted particles of BT.   
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Figure 21 Scanning electron micrographs showing particle morphology of BT synthesized by the aqueous 
hydrothermal method. A) 180C - 12 hrs, B) 180C - 18 hrs, C) 180C - 24 hrs, D) 200C - 12 hrs, E) 200C - 18 hrs, F) 
200C - 24 hrs, G) 220C - 12 hrs, H) 220C - 18 hrs, I) 220C - 24 hrs 

  

The SEM micrographs for the ST samples synthesized by the aqueous hydrothermal 

method are shown in Figure 22. The samples at all synthesis temperatures and times show the 

development of faceted particles. The samples synthesized at 180°C displayed a combination of 

smaller non-faceted particles and larger faceted particles. This suggests that longer reaction times 

and higher synthesis temperatures are needed to allow the faceted particles to fully form. The 

sample synthesized at 200°C for 24 hours showed the greatest uniformity in particle size and 

morphology (Figure 22(f)) with particle sizes of about 60-80 nm. The SEM micrographs showed 

that the aqueous hydrothermal synthesis method was only successful in producing the right 

composition of faceted particles of strontium titanate. The difference in starting precursor, 
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BaCO3 vs. Ba(NO3)2, as well as the starting environment plays a role in the final particle 

morphology of BT. The starting precursors in the aqueous hydrothermal method were barium 

and strontium nitrate. Differences in solubility in water between the two, where the solubility of 

barium nitrate at room temperature is 10.3 g/100 g water and the solubility of strontium nitrate is 

80.2 g/100 g water [93], can potentially change the reactivity of the mixture. The lower solubility 

of BT would cause the Ba to be consumed much faster into solution than the strontium. The lack 

of faceted particles in the BT samples may suggest that the Ba is consumed much quicker than 

the time needed for the reaction to happen and for the faceted particles to form.   

 

 

Figure 22 Scanning electron micrographs showing particle morphology of ST synthesized by the aqueous 
hydrothermal method. A) 180C - 12 hrs, B) 180C - 18 hrs, C) 180C - 24 hrs, D) 200C - 12 hrs, E) 200C - 18 hrs, F) 
200C - 24 hrs, G) 220C - 12 hrs, H) 220C - 18 hrs, I) 220C - 24 hrs 
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In summary, the SEM results showed that the molten hydrothermal method was only 

successful in producing faceted particle morphologies of BT. Similarly, the aqueous 

hydrothermal method was only able to produce faceted particle morphologies of ST. The 

differences in the results between the two materials may be related to the differences in reactivity 

and solubility of the barium and strontium precursors.  

 

2.3.3 Transmission electron microscopy  

 TEM micrographs of the cubic particles for BT, synthesized by the molten hydrothermal 

method at 220°C for 24 hours, and ST, synthesized by the aqueous hydrothermal method at 

220°C for 24 hours, are shown in Figure 23. These samples were chosen to analyze via TEM 

because they showed very well-defined and uniformly sized faceted particles. They also 

produced the greatest yield of faceted particles among all the samples. The faceted particle 

morphology is clearly observed in the TEM micrographs (Figure 23(a) and (d)). The size of the 

nanocubes shown in the TEM micrographs for BT and ST were ~50 nm and 575 nm 

respectively. The fast Fourier transform (FFT) micrographs are shown in Figure 23(b) and (e). 

The interplanar spacings from the FFT micrographs were determined as 0.41 and 0.31 nm for BT 

and ST respectively. This differs from the interplanar spacings calculated from the X-ray 

diffraction peaks, where the interplanar spacings were 0.28 nm and 0.39 nm for BT and ST 

respectively. The electron diffraction patterns oriented about the 110 and 100 zone axis for BT 

and ST respectively are shown in 23(c) and  Figure 23(f).  
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Figure 23 Transmission electron micrographs of A) 110 zone axis of BT synthesized at 220C for 24h with molten 
hydrothermal method and B) 100 zone axis of ST synthesized at 220C for 24h with aqueous hydrothermal method 

 
2.3.4 Faceted particle formation mechanisms 

 Two main growth mechanisms have been proposed for the hydrothermal synthesis BT, in 

situ and dissolution-precipitation. The in-situ growth process involves the reaction of TiO2 with 

dissolved barium from the precursor. As the reaction continues a layer of BaTiO3 begins to form 

on the surface of TiO2 and continues to grow as more barium diffuses and until the TiO2 is 

consumed. It has also been speculated that the nucleation of nanocubes in the amorphous 

colloidal gel of the titanium precursor and the coalescence and aggregation of the nucleates lead 

to larger cubic particles. Within the colloidal gel the nucleates orient themselves into preferential 

directions to aggregate and reduce the high energy surfaces and the overall free energy of the 
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system [70]. The suppressed crystal growth of certain crystallographic planes allows for faster 

exposure of characteristic planes of the cubic structure. An important factor in the successful 

production of cubic particle morphologies is controlling the growth rate of the {100} surfaces. In 

BT the {110} surfaces have a higher density of metal ions, creating a protective shell on these 

surfaces reduces the growth rate along these directions so that other surfaces like {100} are able 

to grow faster giving rise to the cubic particle structure [71].  

The second growth mechanism that has been previously reported for the hydrothermal 

synthesis of both BT and ST faceted particles is dissolution-precipitation [65][94][95]. This 

growth method begins with the breakdown of the titanium precursor to form Ti(OH)x4-x that will 

later dissolve and react with barium ions to precipitate BT [94]. Contrary to. The in-situ growth, 

the dissolution-precipitation involves a fast dissolution of the titanium precursor which provides 

sufficient Ti to allow the reaction to come to completion and be able to form the faceted 

particles. This means that for an in-situ growth a lack of Ti would result in unreacted barium. 

This was seen in the X-ray diffraction patterns of the ST sample synthesized by the molten 

hydrothermal method at 180°C for 18 hours (Figure17(a)). The X-ray diffraction patterns also 

show these ST samples to be more amorphous. This unreacted precursor and the amorphous state 

suggest an in-situ growth mechanism of ST at low synthesis temperatures and times. Unlike ST, 

this was not observed for the BT samples synthesized by the molten hydrothermal method.  

The SEM micrographs of the preliminary molten hydrothermal synthesis experiments shown 

in Figure 18 demonstrated the effect of time on the development and growth of the BT faceted 

particles (see Figure 18(a)-(d)). The size of the particles increased, from ~80 nm to >100nm, 

with longer synthesis times as shown in Figure 18(a)-(d). There was a larger distribution of small 

and large faceted particles for the samples synthesized at the longer times. The SEM 
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micrographs also show evidence of the formation of longer rod-like structures for the longer 

synthesis times, shown in Figure 18(d). Figure 24 shows a closer inspection of the BT cubic 

particles composed of a grid like pattern of small components, ~1-2 nm in size.  

 

 

Figure 24 (a) Transmission electron micrograph of ST synthesized by the aqueous hydrothermal method at 220°C 
for 24 hours. The micrograph shows a grid-like pattern, marked with the red squares, on the faceted particle 
suggesting the coalescence of smaller crystallites in specific crystallographic directions to produce the larger 
faceted particle. (b) Schematic of the growth mechanism of the smaller crystallites into larger faceted particle 
structures with increasing synthesis time. 

  

The results of the SEM and TEM evaluations suggest aggregation of smaller crystallites 

along specific crystallographic directions to form the larger faceted particles. For synthesis times 

lower than 24 hours the faceted particles tend to grow uniformly and have an average size of 80-

100 nm (see Figure 17(a)). The coalescence of these smaller cubic particles begins to happen at 

synthesis times above 24 hours. These samples show a larger range of faceted particle sizes from 

the 80-100 nm to faceted particles as large as 500 nm (see Figure 17(d)). The TEM micrograph 

shown on Figure 24 suggests that these larger faceted particles are able to grow as a result of the 

aggregation of the smaller nanocubes. The SEM micrographs summarized on Figure 17 suggest 

that the aggregation of the smaller nanocubes occurs on preferential faces, indicated by the 

formation of the rod-like structures at the longer synthesis times (see Figure 17(b)-(c)). Further 
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synthesis time causes even further growth of the rod-like structures (see Figure 17(d)). The 

development of these faceted morphologies through aggregation for BT synthesized by the 

molten hydrothermal method can be described by the model shown in Figure 24.  

 In summary, the results of the X-ray diffraction, SEM and TEM results suggest the 

growth of faceted particles of BT and ST through aggregation of smaller crystallites in specific 

crystallographic directions. The growth mechanism for the ST sample synthesized by the molten 

hydrothermal method was proposed as in-situ, while the growth mechanism for all other samples 

was proposed as dissolution-precipitation.   

2.4 Conclusions 

Perovskite materials like barium titanate and strontium titanate have been promising 

materials for applications as ferroelectrics and multilayer capacitors. Morphology control of the 

particles of these materials can enhance the electronic properties like the dielectric constant and 

the ferroelectricity behavior. This study looked at understanding the formation mechanisms of 

faceted particles of barium titanate and strontium titanate synthesized by the molten 

hydrothermal and aqueous hydrothermal methods. SEM results showed the successful 

development of faceted particles for BT synthesized by the molten hydrothermal method and for 

ST synthesized by the aqueous hydrothermal method. X-ray diffraction results revealed the 

presence of unreacted SrCO3 and an amorphous structure for the ST sample synthesized by the 

molten hydrothermal method, suggesting an in-situ growth mechanism of ST. The TEM results 

suggested the formation of faceted particles through aggregation of smaller crystallites in the 

identical crystallographic directions.   
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Chapter 3 Phase Transitions and Oxidation Behavior During 
Oxyacetylene Torch Testing of TaC-HfC Solid Solutions 
 
 
 
3.1 Abstract 

Tantalum carbide (TaC) and hafnium carbide (HfC) have some of the highest melting 

temperatures among the transition metal carbides, borides, and nitrides, making them promising 

materials for high-speed flight and high temperature structural applications. Solid solutions of 

TaC and HfC are of particular interest due to their enhanced oxidation resistance compared to 

pure TaC or HfC. This study looks at the effect of Hf content on the oxidation resistance of TaC-

HfC sintered specimens. Five compositions (100 vol.% TaC, 80 vol.% TaC + 20 vol.% HfC, 50 

vol.% TaC + 50 vol.% HfC, 20 vol.% TaC + 80 vol.% HfC, and 100 vol.% HfC) were fabricated 

into bulk samples using spark plasma sintering (2173 K, 50 MPa, 10 min hold). Oxidation 

behavior of a subset of the compositions (100 vol.% TaC, 80 vol.% TaC + 20 vol.% HfC, and 50 

vol.% TaC + 50 vol.% HfC) was analyzed using an oxyacetylene torch for 60 s. The TaC-HfC 

samples exhibited a reduction in the oxide scale thickness and the mass ablation rate with 

increasing HfC content. The improved oxidation resistance can be attributed to the formation of 

a Hf6Ta2O17 phase. This phase enhances oxidation resistance by reducing oxygen diffusion and 

serving as a protective layer for the unoxidized material. The superior oxidation resistance of 

TaC-HfC samples makes these materials strong contenders for the development of high-speed 

flight coatings. 

3.2 Introduction 

Ultra-high temperature ceramics have been identified as promising materials for nozzle 

throats/liners, jet engine components, and high-speed aircraft, among many other unique uses 

[96][97][98][99]. This broad family of materials includes borides [100][101][102], carbides 
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[103], and nitrides, that exhibit extremely high melting temperatures resulting in high chemical 

stability [104][105][106][107], in some cases high thermal and electrical conductivities 

[108][109][110], and significant strength and hardness [111][112][113][114]. In particular, 

transition metal carbides such as tantalum carbide (TaC) and hafnium carbide (HfC) have gained 

significant interest because they possess the highest melting temperatures, above 4000 K, among 

transition metal carbides [115]. TaC and HfC crystallize in the cubic rock-salt ( ) 

structure, and exhibit mixed covalent, ionic, and metallic bonding [116], which gives rise to high 

thermal conductivity (~55.8 W/m•K) [117], significant flexural strength (~500 MPa) [118][119], 

and relatively high hardness (~15 GPa) [120][121]. These carbides can also form a passive oxide 

surface layer that provides some oxidation resistance. However, improving oxidation resistance 

in these materials is still a critical issue to enable their use in high-temperature applications 

[122]. 

Previous oxidation studies [123][124] of monolithic TaC have shown limitations in its 

oxidation resistance at high temperatures. Specifically, the formation and presence of a-Ta2O5 

on the surface of TaC causes melting at temperatures (~2145 K) much lower than the melting 

temperature of TaC (4041 K) [115], thus the resistance to temperature is very negatively 

impacted. Additionally, the formation of the a-Ta2O5 melt further attacks the original, 

unoxidized material (i.e., increases the amount of oxidized material recession) causing thicker, 

porous oxide layers and delamination. Furthermore, the porosity present in the oxide layer 

exacerbates oxygen diffusion and reduces the mechanical integrity. Monolithic HfC exhibits 

better oxidation resistance than TaC due to the creation of a three-layer structure consisting of an 

HfO2 outer layer, a dense intermediate layer containing hafnium, carbon, and oxygen, and the 

unoxidized bulk carbide. The intermediate layer has good adhesion to the HfO2 outer layer and to 

Fm3m
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the unoxidized bulk material, preventing delamination of the oxide [125]. The lack of cracks and 

pores allow the intermediate layer to act as an oxygen diffusion barrier and prevent further 

oxidation of the bulk carbide [125][126]. Although HfC outperforms TaC at high temperatures 

(>2273 K), it can still develop a highly porous HfO2 layer that provides poor oxidation resistance 

at temperatures below 2073 K, making it unsuitable for high-temperature and high-speed 

applications [127]. 

The development of TaC-HfC solid solutions is promising for improving the oxidation 

resistance beyond that of the individual constituents [128]. Although there are very limited 

studies on the oxidation performance of such samples, preliminary oxyacetylene torch tests have 

shown the development of a protective, crack-free oxide layer, although it is on solid solutions 

that also contain MoSi2 [129]. The superior oxidation resistance is related to the presence of an 

intermediate tantalum/hafnium oxide phase (Hf6Ta2O17). This phase serves as a barrier between 

liquid Ta2O5 and solid HfO2, leading to the development of a scaffold structure that prevents 

further materials recession of the underlying bulk carbide [128]. While this is an excellent first 

step, a more refined and comprehensive understanding of the oxidation resistance in these 

materials is necessary. For this purpose, the oxyacetylene torch is becoming a popular rapid 

screening technique as a ground test to replicate heat fluxes expected in high-speed flight. 

In this study, we describe the relationship between chemical composition and oxidation 

resistance of TaC-HfC samples prepared using the spark plasma sintering technique. We 

prepared various compositions (single-phase 100 vol% TaC, 80 vol.% TaC + 20 vol.% HfC solid 

solution, 50 vol.% TaC + 50 vol.% HfC solid solution, 20 vol.% TaC + 80 vol.% HfC solid 

solution, single-phase 100 vol% HfC) and measured their densities and hardness values. Lower 

relative densities were obtained for the 20 vol.% TaC + 80 vol.% HfC solid solution and the 
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single-phase100 vol% HfC sample. To allow for accurate comparison between all compositions, 

only those with higher relative densities were studied for oxidation resistance. Oxyacetylene 

torch tests of single-phase TaC, 80 vol.% TaC + 20 vol.% HfC solid solution, and 50 vol.% TaC 

+ 50 vol.% HfC solid solution, were completed and the surface phases and elemental 

compositions were determined from X-ray diffraction and energy dispersive X-ray spectroscopy. 

As a result, we show the influence of composition on oxidation resistance in this paper. 

3.3 Experimental Procedure 

Commercial tantalum carbide (TaC, American Elements, 99.5%, 325 mesh) and hafnium 

carbide (HfC, Stanford Advanced Materials, 99.5%, 50-150 micrometer size) powders were used 

as starting materials. As-received powders were ball milled for 24 hours using ethanol as the 

solvent and 5.15 mm SiC milling media to reduce particle size. The ball-to-powder weight ratio 

was 3:1. Powders were dried using a rotary evaporator. The particle sizes of the ball-milled 

powders were measured using a laser diffraction particle size analyzer (Beckman Coulter LS 13 

320). Corresponding amounts of ball-milled TaC and HfC powders were weighed to produce 

compositions 100TaC (i.e., 100 vol.% TaC), 80TaC-20HfC (i.e., 80 vol.% TaC and 20 vol.% 

HfC), 50TaC-50HfC, 20TaC-80HfC, and 100HfC. The TaC-HfC mixtures were ball milled for 

an additional 24 hours in ethanol using 5.15 mm SiC media. In preparation for spark plasma 

sintering, 15 g of powder for each composition were loaded into a 20 mm graphite die to create a 

~3 mm thick pellet. The samples were densified on a FCT Systeme GmbH HP D25 system at a 

temperature of 2173 K using a heating rate of 100 K/min for a 10 min hold time at temperature 

and a pressure of 50 MPa. Densities of the sintered specimens were determined using the 

Archimedes method. Vicker’s microhardness was measured using a QATM Qness60 A+ with 
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Qpix Control2 software, using a 1 kgf load and 12 s dwell time. Five different microhardness 

indents were measured for each sample. 

Oxidation tests were conducted using an oxyacetylene torch. The samples were mounted 

on a mechanical stage that positions the samples at the desired distance from the torch tip, thus 

controlling the heat flux experienced by the sample. The sample was mounted at a 90° angle 

relative to the torch tip, and the sample was swung into the lit torch (0°) via a rotary motor to 

begin the oxidation test. The 100TaC, 80TaC-20HfC, and 50TaC-50HfC samples were exposed 

to the torch for 60 s at a heat flux of 400 W/cm2, corresponding to a distance of 52 mm from the 

torch tip. The heat flux at this distance was measured using a Gardon gauge (TG-1000-52, Vatell 

Corporation). The gas flow rates were 8 slpm for acetylene and 10.81 slpm for oxygen. The fuel 

to oxidizer ratio was 0.74. The surface temperature and emissivity values of the samples were 

measured using a Teledyne FLIR one-color pyrometer (FLIR A300 series with FLIR ResearchIR 

software; T: -15-3000°C) and a Pyrofiber® Lab Automatic Emissivity Measurement System 

(AEMS) one-color pyrometer with laser pulse (Pyrofiber Lab System, Pyrometer LLC; T: 850-

3000°C). The phases of the powders and densified samples before and after oxidation testing 

were identified using X-ray diffraction on a Bruker D2 Phaser with Lynxeye (1D mode) detector 

and Cu Ka radiation. The surface and cross sections of each oxidized sample were evaluated 

using scanning electron microscopy and energy dispersive X-ray spectroscopy on a FEI Quanta 

650 system with a Zeiss Gemini 500 Xmax 80 detector. 

3.4 Results and Discussion 

 Scanning electron micrographs of commercial TaC (100TaC), mixed TaC-HfC 

[corresponding to 80 vol.% TaC + 20 vol.% HfC (80TaC-20HfC), 50 vol.% TaC + 50 vol.% HfC 

(50TaC-50HfC), and 20 vol.% TaC + 80 vol.% HfC (20TaC-80HfC) mixtures prepared by ball 
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milling], and commercial HfC (100HfC) powders after milling are illustrated in Figure 25. The 

average particle sizes of the as-received powders were 0.7 µm and 1.8 µm for TaC and HfC, 

respectively. The particle sizes of the powders after milling, listed in Table 3, increase with HfC 

content since the HfC powders are larger compared to TaC both in the as-received state and after 

milling. High relative densities were achieved for the 100TaC (100.6%), 80TaC-20HfC 

(100.4%), and 50TaC-50HfC (97.9%) samples consolidated using the spark plasma sintering 

technique, which has been effectively used for densification of carbides [130][131][132], as well 

as a variety of other materials [133][134][135][136][137][138][139]. One of the benefits of this 

sintering technique is the capability to consolidate difficult to sinter powders, such as carbides, at 

lower temperatures compared to other techniques [140][141][142][143], thus the relevancy of its 

use in this study. 
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Figure 25 Scanning electron micrographs of ball milled (a) 100TaC, (b) 80TaC-20HfC, (c) 50TaC-50HfC, (d) 
20TaC-80HfC, and (e) 100HfC powders.  
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Table 3 Particle size of the ball-milled powders, relative density and hardness values of TaC, TaC-HfC composites, 
and HfC following spark plasma sintering. Values for density and hardness reported from literature are also 
provided.  

Composition 
(vol.%) 

Particle 
size (µm) 

Relative 
density 
(%) 

Hardness 
(GPa) 

Reported 
relative 
density 
(%)[121] 

Reported 
hardness 
(GPa)[121] 

100TaC 0.7 ± 0.6 100.6 14.9 ± 0.4 97.2 14.9 ± 0.3 
80TaC-20HfC 0.6 ± 0.6 100.4 22.6 ± 0.5 97.8 18.1 ± 0.2 
50TaC-50HfC 0.7 ± 0.6 97.9 22.2 ± 0.7 97.7 19.9 ± 0.6 
20TaC-80HfC 0.9 ± 0.6 93.6 24.2 ± 0.5 97.5 18.4 ± 0.3 
100HfC 1.3 ± 0.8 95.1 20.4 ± 1.0 94.5 18.5 ± 0.5 

 
 

The 20TaC-80HfC (93.6%) and 100HfC (95.1%) samples had lower densities and, thus, 

were not included in the oxyacetylene torch testing. This amount of porosity (~5%+) would 

likely dominate the ablation behavior of the materials, making it difficult to assess the role of the 

composition. The decrease in density in these two latter samples is likely an effect of the larger 

particle sizes and particle size distributions (i.e., larger standard deviation values) of the HfC 

powders (1.3 ± 0.8 µm) compared to all other powders. Larger particle size distributions are 

known to inhibit sintering due to rapid depletion of smaller grains by large neighboring grains, 

leading to a decreasing densification rate and reduction of necks between particles [144]. 

Hardness values for all samples are listed in Table 3. The lower relative density of the 

100HfC sample (95.1%) may also explain the lower hardness of this sintered sample [115], 

compared to the 80TaC-20HfC (Hv = 24.2 ± 0.5 GPa) and 50TaC-50HfC (Hv = 22.2 ± 0.7 GPa) 

samples. Previous studies have shown higher hardness values for mixtures with increasing 

hafnium content [145] due to the greater bonding energy between hafnium and oxygen, 

compared to tantalum and oxygen [146]. The slightly higher hardness value for the 20TaC-

80HfC sample (24.2  ± 0.5 GPa) may be explained by the higher hafnium content, regardless of 

the lower density. One would expect a similar hardness behavior for the 100HfC sample (i.e., it 
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should be higher), but as mentioned previously, the hardness value for this specimen is the 

lowest of all specimens. Similar behavior has been reported in literature. The solid solutions 

exhibit lattice distortions that occur from replacements if the Ta atoms with Hf atoms in the 

lattice. Since Hf atoms are greater in size then the Ta atoms then the distortions cause local stress 

fields that result in hardening [147]. 

The X-ray diffraction patterns for all sintered specimens are illustrated in Figure 26. All 

diffraction peaks of the 100TaC and 100HfC samples correspond to the TaC ( , PDF 00-

006-0524) and HfC ( , PDF 00-039-1491) structures, respectively. Dashed lines in the 

figure demarcate the locations of the peaks in the powder diffraction files for each compound. 

The TaC-HfC samples exhibit diffraction peaks intercalated between the corresponding 100TaC 

and 100HfC peaks, indicating the formation of single-phase TaC-HfC solid solutions. This is 

expected since the TaC-HfC binary phase diagram [148] describes the formation of a TaC-HfC 

solid solution at a temperature of 1160 K and higher, significantly lower than the sintering 

temperature used in this study (2173 K), thus, thermodynamically there is an opportunity to form 

a solid solution. Peak shifts towards lower 2q values for increasing hafnium content in the solid 

solutions, indicates that the lattice parameter increases due to the larger atomic radius of hafnium 

compared to tantalum [149]. 

Fm3m

Fm3m
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Figure 26 X-ray diffraction patterns of the TaC, TaC-HfC, and HfC sintered specimens. Dashed lines indicate peaks 
for TaC PDF 00-006-0524 (longer dashes) and HfC PDF 00-039-1491 (shorter dashes).  
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The emissivity-corrected temperature for the torch-facing surface of the 100TaC (Tmax = 

2021 K), 80TaC-20HfC (Tmax = 1966 K), and 50TaC-50HfC (Tmax = 1987 K) samples during 

oxidation testing are illustrated in Figure 27. The inset of Figure 27 shows a slightly more 

steady-state behavior (i.e., decreased slope) of the 100TaC sample at the maximum temperature 

(~1873-2023 K) compared to the solid solutions. This likely occurs due to differences in thermal 

conductivity between TaC and HfC. The thermal conductivity of TaC (22.1 W•mK-1) is slightly 

higher than HfC (20 W•mK-1) and increases more rapidly with temperature [150][151]. As such, 

the 100TaC sample more effectively transfers heat allowing the sample to reach a steady-state 

temperature more quickly than the TaC-HfC samples. This also results in faster heating rates and 

higher maximum temperatures, which may not be desirable for high-speed vehicle applications, 

as it could lead to accelerated formation of the passive oxide phases and overall loss in structural 

rigidity [123]. 
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Figure 27 Emissivity-corrected temperature with respect to time for the torch-facing surface of the 100TaC (blue, 
short dashes), 80TaC-20HfC (red, long dashes), and 50TaC-50HfC (black, solid line) specimens during 
oxyacetylene torch testing.  
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The optical micrographs of the oxidized samples after torch testing are shown in Figure 

28. The micrographs demonstrate higher oxidation for the 100TaC sample [Figure 28(a)], 

evident in the whiter coloration of the sample surface, compared to the TaC-HfC samples, which 

exhibit a slight gray coloration. The samples were dark gray before torch testing, typical of TaC 

and HfC. To quantify oxidation resistance, mass ablation rates were calculated, resulting in 

values of 2.1 mg/s for 100TaC, 1.4 mg/s for 80TaC-20HfC, and 0.8 mg/s for 50TaC-50HfC 

[Figure 29(a)]. Reduction in the mass ablation rate represents a lower mass of material 

undergoing ablation per unit time, equating to an increase in oxidation resistance. The rate 

decreases with increasing hafnium content, with the rate of the 50TaC-50HfC sample 

characterized by a value that is less than half compared to the 100TaC sample. Note in Figure 

29(b)-(d) that the oxidation was uniform across the entire specimen, not in localized regions. The 

80TaC-20HfC sample displayed evidence of delamination [Figure 29(c)]. Closer inspection on 

the SEM micrographs of the 50TaC-50HfC sample also revealed crack formation between the 

bulk material and the oxide layer, suggesting early stages of delamination. The delamination in 

the solid solution samples may be due to the development of local stresses as a result of lattice 

changes between the bulk material and the oxide layer. The bulk carbide material exhibits a 

cubic crystal structure and the oxides formed for the solid solutions display monoclinic (𝛼-

Ta2O5) and orthorhombic (Hf6Ta2O17) structures. Similar to the effect on the hardness, the 

distortions that occur due to the replacement of Ta atoms by Hf atoms give rise to local stresses 

in the solid solutions which may be contributing to the delamination of the 80TaC-20HfC 

sample.  
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Figure 28 Optical micrographs of the (a) 100TaC, (b) 80TaC-20HfC, and (c) 50TaC-50HfC oxidized samples.  

 
 



 
 

61 

 
Figure 29 (a) Mass ablation rate and oxide layer thickness of torch-tested samples; the mass ablation rate (left y-
axis) is represented by circles and the oxide layer thickness (right y-axis) by squares. Combined images from 
scanning electron micrographs of the (b) 100TaC, (c) 80TaC-20HfC, and (d) 50TaC-50HfC specimens after torch 
testing. Top of each image is the torch-facing side of the sample.  
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X-ray diffraction was used to identify the oxide phases that formed on the surface during 

torch testing, illustrated in Figure 30. The samples incorporate mainly a-Ta2O5. The triclinic 

Ta2O5 phase may be present, albeit minimally. Only the 50TaC-50HfC sample contains 

monoclinic HfO2, whereas both samples containing Hf result in the formation of Hf6Ta2O17 from 

the following chemical process [128]: 

 

From this, it can be surmised that the 80TaC-20HfC sample formed some small amount of HfO2 

that reacted with Ta2O5 to form the Hf6Ta2O17 phase, depleting HfO2 from the surface.  Since the 

50TaC-50HfC sample contains more hafnium, the amount of HfO2 is higher and does not 

become depleted during the formation of the Hf6Ta2O17 phase. Previous studies have described 

the formation of Hf6Ta2O17 as a four-part process. First, the TaC-HfC solid solution forms a-Hf-

O and a Ta-rich Ta-Hf solid solution. Then, the oxygen saturation of the a-Hf-O causes the 

transformation to monoclinic HfO2 and Ta-rich Ta-Hf solid solution. Further diffusion of oxygen 

results in the development of monoclinic HfO2, a metastable tantalum oxide phase, and a Ta-Hf-

O solid solution that finally produces Hf6Ta2O17 [152]. The driving force for the formation of the 

intermediate phases is a result of the slow kinetics of the process associated with the higher 

diffusivity of oxygen compared to tantalum and hafnium. The Hf6Ta2O17 phase is known to 

improve oxidation resistance. It is thermally stable up to ~2523 K [153] and has low oxygen 

diffusion [152], resulting in a passive protective layer against further oxidation [128][154]. The 

presence of this phase is likely contributing to the reduction in the ablation rate and oxide scale 

thickness in our samples. 

Ta2O5 +6HfO2  ⎯→⎯  Hf6Ta2O17
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Figure 30 X-ray diffraction patterns of the torch-facing surface for the oxidized (a) 100TaC, (b) 80TaC-20HfC, and 
(c) 50TaC-50HfC specimens. As the content of Hf is increased, the peaks associated with Hf6Ta2O17 phase increase 
in intensity, whereas the peaks associated with Ta2O5 decrease in intensity. The monoclinic phase of Ta2O5 has 
several PDF cards that are very similar (PDF #00-01801303, #01-075-9706, #00-018-1303, #00-027-1447). The 
presence of the triclinic form of Ta2O5 is somewhat speculative, as the peaks have very low intensity.  
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Figure 31 illustrates the energy dispersive spectroscopy maps of the three oxidized 

samples. The oxide scale thickness decreases as the hafnium content increases [see Figure 31(a), 

(e), and (j)], as previously discussed. The homogeneous Ta- and O-rich areas within the oxide 

scale in the 100TaC sample [Figure 31(b) and (d)] are likely corresponding to the a-Ta2O5 phase 

identified from X-ray diffraction (Figure 30). A line scan across the oxide scale [Figure 32(a)] 

corroborates the results from the X-ray mapping, where we see a significant increase in the 

oxygen signal within the scan region demarcated by the two dashed lines. The 80TaC-20HfC and 

50TaC-50HfC samples both have tantalum [Figure 31(f) and (k)] and hafnium [Figure 31(i) and 

(n)] in the oxide layer, likely the Hf6Ta2O17 phase. The 80TaC-20HfC sample exhibits a 

homogenous distribution of the Ta, Hf, and O [Figure 31(f), (h), and (i)] throughout the oxide 

scale, indicating absence of the HfO2 phase and supporting the X-ray diffraction findings. A 

large majority of the oxide layer is then composed of the a-Ta2O5 phase and regions of the 

Hf6Ta2O17 phase, based on the phase information obtained from X-ray diffraction in Figure 30 

and from the variations in Hf concentration from the energy dispersive X-ray line scan in Figure 

32(b), which indicates the presence of small, dispersed, regions of Hf6Ta2O17 as the scan moves 

across the oxide layer, resulting in peaks of Hf. The 50TaC-50HfC sample exhibits Hf- and O-

rich regions within the oxide layer, most evident between 40 and 60 µm [Figure 32(c)], which 

shows significant variation in the Hf and O signal as the scan moves across the oxide layer, 

which can be attributed to the HfO2 phase identified from X-ray diffraction. Directly below the 

oxide layer at approximately 80 µm, the composition gradually changes to Hf and C. The deeper 

unoxidized sections of the sample show the presence of Hf, Ta, and C, beyond the ~80 µm 

interface. This coincides with the layered structure described by Yang et al. [152] where the 
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oxide layer consists of the Hf6Ta2O17 phase followed by two intermediate layers that are Hf- and 

O-rich, and the bulk TaC-HfC solid solution. 

 

Figure 31 (a) Scanning electron micrograph, and X-ray maps of (b) Ta M𝛼!, (c) C K𝛼!,#, and (d) O K𝛼!, of 
100TaC. (e) Scanning electron micrograph, and X-ray maps of (f) Ta M𝛼!, (g) C K𝛼!,#, (h) O K𝛼!, and (i) Hf M𝛼!, 
of 80TaC-20HfC. (j) Scanning electron micrograph, and X-ray maps of (k) Ta M𝛼!, (l) C K𝛼!,#, (m) O K𝛼!, and (n) 
Hf M𝛼!, of 50TaC-50HfC. The arrow marked as the scan line is relevant to the results presented in Figure 32. 
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Figure 32 Energy dispersive line scans across the interface between the oxide layer and the unoxidized bulk 
material of the (a) 100TaC, (b) 80TaC-20HfC, and (c) 50TaC-50HfC samples. The red dashed lines correspond to 
the red dashed lines marked in the micrographs of Figure 31.  
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In summary, oxyacetylene torch tests were conducted on three spark plasma sintered 

samples (100TaC, 80TaC-20HfC, and 50TaC-50HfC) to assess the oxidation resistance of TaC-

HfC solid solutions in comparison to TaC. Emissivity-corrected temperature curves showed a 

higher maximum temperature and a more steady-state behavior in the 100TaC sample compared 

to the TaC-HfC samples. The oxidized samples showed a decrease in mass ablation rates and 

oxide scale thickness with increasing Hf content. The improved oxidation resistance of the TaC-

HfC samples can be attributed to the presence of a complex oxide phase, Hf6Ta2O17, identified 

from X-ray diffraction. The high thermal stability and low oxygen diffusion of Hf6Ta2O17 allows 

it to act as a protective oxide layer for the unoxidized carbide material. Energy dispersive X-ray 

line scans show the formation of two layers within the oxide scale for the 50TaC-50HfC sample, 

with a Hf-, Ta, and O-rich surface layer, followed by a Hf- and O-rich layer that decreases in 

oxygen concentration deeper into the oxide scale. 

3.5 Conclusion 

Transition metal carbides, including TaC and HfC, have some of the highest melting 

temperatures among the large family of carbide, boride, and nitride ceramics, making them 

promising materials for high-speed flight and high temperature structural applications. TaC-HfC 

solid solutions are of particular interest in efforts to improve the oxidation resistance of TaC and 

HfC. In this study, oxyacetylene torch tests were conducted on TaC and TaC-HfC sintered 

samples. X-ray diffraction results showed that the Hf content influences the oxide phase 

formation in the TaC-HfC solid solutions, resulting in Hf6Ta2O17. This oxide phase is known to 

enhance oxidation resistance by reducing oxygen diffusion, thus serving as a protective layer for 

the unoxidized material. Energy dispersive X-ray line scans revealed a Hf-, Ta-, and O-rich 

surface layer on the oxide scale that transitions into Hf- and O-rich with decreasing oxygen 
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concentration further into the oxide scale. The TaC-HfC solid solutions showed a reduction in 

oxide scale from 0.24 µm for the 100TaC sample, to 0.13 for the 80TaC-20HfC sample, and 0.08 

µm for the 50TaC-50HfC sample, and a mass ablation rate from 2.1 mg/s for the 100TaC 

sample, to 1.4 mg/s for the 80TaC-20HfC sample, and 0.8 mg/s for the 50TaC-50HfC sample. 

The results presented in this study show enhanced oxidation resistance in the TaC-HfC samples. 

As such, TaC-HfC solid solutions are promising materials for the development of next 

generation aerospace vehicle protective coatings. 

3.6 Supplementary Experiments 

3.6.1 Phase separation of HfC powders 

The reduction in density of the 20TaC-80HfC and 100HfC samples (Table 3) can be 

related to the larger particle sizes of the starting HfC powder, evidence from the higher densities 

of the samples with larger TaC content. In efforts to increase the density of the 20TaC-80HfC 

and 100HfC samples phase separation experiments were conducted to try to reduce the starting 

particle size of the HfC powder. The ball-milled powders of 100HfC were dispersed in 

isopropanol alcohol (IPA) and centrifuged at various RPMs for 1 min to separate and collect the 

smaller particles in the solution. The ball-milled powders were centrifuged at 1000 RPM. The 

solution, after centrifugation, was collected and any sedimentation on the bottom or the sides of 

the container was removed from the next round of centrifugation. The size of the particles 

dispersed in solution were measured using a laser diffraction particle size analyzer (Beckman 

Coulter LS 13 320). The collected solution was centrifuged again at 1000 RPM for 1 min and 

any sedimentation on the bottom or the sides of the container was removed. The size of the 

particles dispersed in the resultant solution were again measured using the Beckman Coulter 

particle size analyzer.  
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The particle size analyzer results showed a significant decrease in particle size after each 

round of centrifugation as shown in Figure 33. The HfC powder after ball-milling and before 

centrifugation had a d50 value of 1.63 𝜇m. After one round of centrifugation at 1000 RPM for 1 

min, the d50 value of the powder was reduced to 1.082 𝜇m. After an additional round of 

centrifugation at 1000 RPM for 1 min the d50 value was reduced even further to 0.773 𝜇m, less 

than half of the original d50 value before any centrifugation.  

 

 

Figure 33 Particle diameter vs. volume percent of HfC powders (a) after ball-milling and before centrifugation, (b) after 
centrifugation at 1000RPM for 1 min, and (c) after two rounds of centrifugation at 1000 RPM for 1 min.  

  

Although the phase separation experiments led to a successful decrease in particle size of 

HfC, the time needed to yield enough powder for Spark Plasma Sintering (SPS) would be 

significant. The starting amount of HfC powder before centrifugation was 15 grams dispersed in 

about 500 mL of IPA. After the second round of centrifugation, the powder was dried using a 

rotary evaporator and weighed. The weight of the powder collected after the second round of 

centrifugation was about 0.6 grams. There was a significant loss of HfC powder after the phase 

separation experiments. The SPS experiments required 15 grams of powder to create a 100HfC 
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sintered sample. This means that ~25 rounds of phase separation experiments would be required 

to produce enough powder for one sample of 100HfC. 

Based on these findings, future experiments will look into the synthesis or purchasing of 

finer HfC powder for the development of TaC, HfC, and TaC-HfC blends for oxyacetylene torch 

testing.  

3.6.2 Preliminary Oxyacetylene Torch Tests 

Several preliminary oxyacetylene torch tests were conducted in efforts of identifying the 

ideal testing parameters and sample set-up. The goal of the initial experiments was to identify at 

what position from the torch and after how long would the sample reach a temperature of 

2800°C. This was set as the target temperature before running the oxyacetylene torch tests and 

was selected based on previous oxidation experiments done on TaC and HfC. The experimental 

plan was to begin the torch tests at a distance of 4 cm from the torch tip and then move in 

increments of 0.5 cm closer to the torch tip, while waiting for the temperature to saturate on the 

surface of the sample at each distance. The gas flow rates were 8 slpm for acetylene and 10.81 

slpm for oxygen. The fuel to oxidizer ratio was 0.74. The surface temperature and emissivity 

values of the samples were measured using a Teledyne FLIR one-color pyrometer (FLIR A300 

series with FLIR ResearchIR software; T: -15-3000°C) and a Pyrofiber® Lab Automatic 

Emissivity Measurement System (AEMS) one-color pyrometer with laser pulse (Pyrofiber Lab 

System, Pyrometer LLC; T: 850-3000°C). 

The first sample that was tested under the oxyacetylene torch was 100TaC. The 100TaC 

was attached to a graphite rod sample holder using a graphite adhesive. Once the sample was 

positioned on the graphite sample holder the graphite adhesive was cured for 10 hours at 120°C 

in a large box furnace. After curing the sample was taken to the oxyacetylene torch and mounted 
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for testing. The sample was mounted at a 90° angle relative to the torch tip, and the sample was 

swung into the lit torch (0°) via a rotary motor to begin the oxidation test. The starting distance 

was 4 cm from the torch tip. As stated above, the initial goal of the experiment was to try to 

reach a temperature of 2800°C by waiting for saturation at each distance from the torch tip and 

moving closer in 0.5 cm increments. During this first run, the 100TaC sample lasted 2 minutes 

and 7 seconds in front of the torch before spalling off the graphite sample holder. Pyrometer data 

revealed a maximum temperature achieved of 2600°C. The surface oxidation of the 100TaC 

sample is shown in Figure 34.  

 

 

Figure 34 Optical micrograph of the 20-mm 100TaC sample oxyacetylene torch tested for 2 min and 7 sec at 4 cm from the torch 
tip.  

  

In efforts of trying to achieve the target temperature of 2800°C, the next two 100TaC 

samples were oxyacetylene torch tested at a distance closer to the torch tip. The next two runs 

were conducted at a distance of 3 cm from the torch tip. The second 100TaC sample was 

mounted in the same manner as the first 100TaC, where the sample was mounted at a 90° angle 

relative to the torch tip and was swung into the lit torch (0°) via a rotary motor to begin the 
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oxidation test. The sample lasted about 56 seconds in front of the torch before exploding and 

breaking of the sample holder in 3 pieces, as shown in Figure 35a. The third 100Tac sample was 

also oxyacetylene torch tested at a distance of 3 cm from the torch tip. Similar to the second 

sample, this sample exploded and broke off the sample holder in 3 pieces after 10 seconds of 

being exposed to the torch (Figure 35b).  

 

 

Figure 35 Optical micrographs of the 20-mm 100TaC sample oxyacetylene torch tested for (a) 56 seconds and (b) 10 sec at 3 cm 
from the torch tip. 

 These preliminary torch tests revealed an issue of mismatch between the thermal 

expansion of the sample (TaC) and the sample holder (graphite). Supplemental oxyacetylene 

torch experiments revealed that increasing the distances (6-10 cm) from the torch tip to reduce 

thermal shock did not allow for the sample surface to reach high enough temperatures for proper 

oxidation testing and analysis of these materials. The goal is to simulate temperature 

environments similar to the ones these materials will experience in high-speed flight. In order to 
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obtain valuable data and information to assess the feasibility of these materials for these 

applications, the torch tests must reflect temperatures closer to those seen in high-speed flight.  

 These results sparked the design of the vacuum sample holder that was used for the 

oxyacetylene torch experiments of the TaC-HfC samples discussed in the Results and Discussion 

section above. This eliminated the thermal shock that was occurring with the original graphite 

sample holder. The results of the preliminary torch tests also shifted the driving target to be heat 

flux instead of temperature. A heat flux of 400 W/cm2 was selected and measured using a 

Gardon gauge (TG-1000-52, Vatell Corporation). The heat flux dictated the distance of the 

sample from the torch tip. These preliminary experiments were critical in identifying optimal 

torch testing parameters. The changes to the oxyacetylene torch tests described here allowed us 

to obtain the results outlined in the Results and Discussion section above.  

3.7 Future Work  

 The results from the oxyacetylene torch tests on the 100TaC, 80TaC-20HfC, and 50TaC-

50HfC samples provided a good starting point to begin to understand the improved oxidation 

resistance of the TaC-HfC solid solutions. Future experiments will aim to improve the density of 

the 20TaC-80HfC and 100HfC samples by purchasing starting HfC powders with smaller 

particle sizes for ball milling and sintering. The goal is to obtain relatively high densities (>95%) 

on these compositions to be able to conduct oxyacetylene torch tests with the same conditions as 

the first three compositions (100TaC, 80TaC-20HfC, and 50TaC-50HfC). This will provide a 

comprehensive analysis on the oxidation resistance of TaC-HfC solid solutions with respect to 

HfC content.   
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