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PREFACE 

The following thesis is written in a publication style format.  Each chapter is 

intended to be coherent without reading the other chapters unless otherwise referenced, 

although a connection between the chapters also exists and is outlined here.  Some 

information is repeated because it is relevant in more than one chapter.  The thesis is not 

formatted for a specific publication.  Instead it is formatted according to the requirements 

of Kazuo Inamori School of Engineering at Alfred University, but broken into segments 

that are adaptable into a format suitable for a specific destination.  After the organization 

of the chapters is described, the remainder of the preface will address the broader impacts 

of this research. 

Chapters one and two are written for adapting into a book chapter, but separated 

because of the difference in content: chapter one consists entirely of a literature review 

and serves as a general introduction to the thesis while chapter two contains a literature 

review and experimental work.  The literature review in chapter two is specifically 

relevant to the experimental work, as is done for the remaining chapters.  The reference 

to the book chapter that is now in press is: O.A. Graeve and J.P. Kelly, “High 

Temperature Materials Processing,” in High Temperature Materials and Mechanisms. 

Edited by Y. Bar-Cohen. Taylor and Francis Group, Boca Raton, FL, 2013. 

Chapter one contains a general introduction to ultra-high temperature ceramics 

(UHTCs).  There is a focus on the thermal management concept for next-generation 

space re-entry vehicles and high-mach aircraft, which has been a major driving force for 

recent UHTC development, and the property requirements for these applications.  The 

oxidation behavior is one of the primary limiting behaviors for UHTC composites and is 

discussed in detail, including the approaches for improving the oxidation behavior.  

Addition of TaC to UHTC composites is one approach for improved oxidation resistance 

and is the connection to studying TaC. 

A broad demonstration of the synthesis technique used for this thesis is provided 

in chapter two.  The work was produced after chapters three and four, but placed prior to 

in this document because it begins to define the criteria for the successful production of 
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non-oxide nanopowders (including borides, carbides, and nitrides among other materials) 

by the solvothermal synthesis method and is broader in scope than the subsequent 

chapters.  The technique is suitable for highly exothermic reactions, but other 

considerations are necessary to determine whether the nanopowders can be made by self-

propagating behavior or require sustained temperature to complete the reaction.  The 

chapter is finished by suggesting the potential to use the solvothermal synthesis technique 

for hundreds of other systems.  General guidelines for using the technique successfully 

are included. 

Chapter three represents the first demonstration of producing LaB6 and TaC by 

the solvothermal synthesis technique.  An alternative method for initiating solvothermal 

reactions that produce LaB6 is introduced that requires no external energy input and the 

process is scaled up to produce larger quantities of TaC powder (up to 50 grams).  This 

chapter is based on a communication published in the Journal of the American Ceramic 

Society: J.P. Kelly, R. Kanakala, and O.A. Graeve, “A Solvothermal Approach for the 

Preparation of Nanostructured Carbide and Boride Ultra-high Temperature Ceramics,” J. 

Am. Ceram. Soc., 93 [10] 3035-8 (2010). 

The fourth chapter presents further anaylsis of the solvothermal synthesis process 

for making TaC nanopowders.  A factorial experimental design without replication is 

used to analyze the powder characteristics.  Visual trends are established for changes in 

reactant concentrations or type of reductant metal that represent the degree of dilution, 

magnitude of the chemical gradients, and reaction temperature.  A 23 factorial design 

with replication is used to corroborate the results with statistical analyses of the variation.  

The benefit of a factorial experimental design is that it allows for analysis of interactions 

between the factors being studied that might not otherwise be apparent.  The results 

demonstrate some level of process control via chemical gradient induced and thermal 

induced diffusion of carbon into tantalum particles.  Reaction temperature to control TaC 

characteristics is highlighted.  The experiments outlined in this chapter were used to 

establish the synthesis conditions that were used in the subsequent sintering studies 

presented in chapters five, six, seven, and eight.  Chapter four is based on a published 

article: J.P. Kelly and O.A. Graeve, “Statistical Experimental Design Approach for the 
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Solvothermal Synthesis of Nanostructured Tantalum Carbide Powders,” J. Am. Ceram. 

Soc., 94 [6] 1706-15 (2011). 

Some of the details for the preliminary resistance sintering trials of TaC powders 

prepared by the solvothermal synthesis method are not included in this thesis, but can be 

found as a conference proceedings publication: B.M. Clark, J.P. Kelly, and O.A. Graeve, 

“Exploring the Synthesis Parameters and Spark Plasma Sintering of Tantalum Carbide 

Powders Prepared by Solvothermal Synthesis,” Mater. Res. Soc. Symp. Proc., 1373, 7-17 

(2012).  This paper highlights the need for adequate post-synthesis processing to remove 

LiOH from the TaC powders. 

Chapter five is based on a conference proceedings paper: B.M. Clark, J.P. Kelly, 

and O.A. Graeve, “Recent Advances on Bulk Tantalum Carbide Produced by 

Solvothermal Synthesis and Spark Plasma Sintering,” Mater. Res. Soc. Symp. Proc., 

submitted (2012).  The chapter addresses the post-synthesis processing necessary to 

consolidate TaC using resistance sintering, including removal of LiOH from the TaC 

powders.  The resistance sintering behavior of the powders was investigated by 

interrupting the sintering cycle at intermediate temperatures, quenching to room 

temperature, and characterizing the compacts.  A Ta2O5 phase develops at relatively low 

temperatures and is then removed at intermediate temperatures, followed by sintering of 

TaC.  The final sintering temperature and carbon additions to the powders influence the 

microstructural development of TaC, particularly with respect to porosity.  Chapters six 

and seven explore these two variables in more detail and have not been submitted for 

publication before submission of this thesis. 

The effect of sintering temperature on densification, grain growth, and 

microstructural development is presented in chapter six.  Grain growth as a result of 

dwelling at the temperatures studied is small relative to grain growth during heating.  

Likewise, the density is not greatly affected by the dwell temperatures studied.  However, 

there is a distinct transition in the microstructure above a critical temperature that 

corresponds to the development of a second pore population at the interfaces between 

TaC grains in addition to porosity at triple points.  The development of pores at the grain 

interfaces is accompanied by the loss of carbon from TaC, which should be avoided for 

producing high quality TaC. 
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Chapters five and six indicate that the amount of free carbon in the powders is 

important for removing the Ta2O5 impurity phase from TaC.  The free carbon content is 

investigated for a sintering temperature that is below the critical temperature established 

in chapter six for avoiding carbon loss from TaC and presented in chapter seven.  The 

optimum conditions resulted in obtaining densities that are at the upper end of those 

obtained in literature without the use of extreme heating or pressure conditions.  High 

density is important for obtaining good mechanical behavior.  Grain growth was 

unaffected by the differences in free carbon content. 

Nanostructured TaC compacts were not obtained because of simultaneous grain 

growth that accompanies densification.  The focus of chapter eight is using additives to 

control grain growth, specifically additions of WC and ZrC.  The original hypothesis was 

that additives in solid solution with TaC would affect the activation energy for carbon 

diffusion, depending on relative size difference between the transition metals, and that the 

differences in carbon diffusivity would influence densification and grain growth.  Some 

conditions enhanced or inhibited grain growth and are discussed.  Decreasing grain size 

can have a positive impact on the mechanical behavior of TaC.  The details of this 

chapter will not be submitted for publication prior to the submission of the thesis. 

Chapter nine is the last chapter and is included as a replacement for a future work 

section that is often included in a thesis.  The chapter outlines hypotheses concerning 

microstructural control of TaC with a focus on nanostructuring and extending the 

hypotheses to other transition metal UHTCs.  The hypotheses developed for TaC is 

supported by the work presented in chapter eight and what is already known about TaC.  

Examples from the literature are also provided to provide support for extending the 

hypotheses to other systems.  The chapter is the basis for a white paper that was 

submitted in response to Special Notice 13-SN-0001, a special program announcement 

for the Office of Naval Research who will be providing unclassified grants on the topic 

after reviewing full proposals. 

While chapter nine presents future research originating from the work done for 

this thesis, the individual chapters highlight future work as well.  More specifically, 

studies that would benefit the analysis of each chapter are often included in the 

conclusion and discussed in the results and discussion sections of the chapter. 
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Melting temperatures for non-oxide ceramics are reported throughout this thesis.  

It is important to realize that melting temperatures are difficult to define for these 

materials.  In many cases, the compounds will decompose via sublimation before melting 

and the decomposition behavior depends on the composition, temperature, and 

environment.  For example, TaC is known to vaporize either congruently or 

incongruently well below the reported melting temperature in a vacuum environment and 

the vaporization rate follows an Arrhenius temperature dependence, but has relatively 

low vaporization rates.  Such behavior complicates the determination of melting 

temperatures, although evidence of melting behavior is found in the literature. 

Some of the figures in this thesis are best represented in color.  Others do not 

require, but benefit from having color.  Overall, there are 45 figures in this thesis that 

contain color.  For the benefit of those with impairment of color perception, each of these 

figures contain the words “With color” inside parentheses after the figure caption to aid 

in seeking help to interpret these images if it is necessary or desired. 

The overall goal of this research is to develop processes for the scaled-up 

manufacturing of nanostructured ceramics for ultra-high temperature applications.  Such 

applications might include leading edge materials for spacecraft and aircraft, propulsion 

technologies, and refractories for energy production or metal processing. 

The broader impacts of this thesis are best evaluated by considering the grand 

challenges for engineering, a list of fourteen achievable and sustainable subjects of great 

importance to society put together by a diverse committee of experts.  This thesis is 

directly or indirectly related to some of the subject areas while not closely related to 

others.  The list is published by the National Academy of Enginering at the request of the 

National Science Foundation and is reproduced here in the order given and described in 

more detail at www.engineeringchallenges.org: 

(i) Make solar energy economical 
(ii) Provide energy from fusion 
(iii) Develop carbon sequestration methods 
(iv) Manage the nitrogen cycle 
(v) Provide access to clean water 
(vi) Restore and improve urban infrastructure 
(vii) Advance health informatics 
(viii) Engineer better medicines 
(ix) Reverse-engineer the brain 
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(x) Prevent nuclear terror 
(xi) Secure cyberspace 
(xii) Enhancee virtual reality 
(xiii) Advance personal learning 
(xiv) Engineer the tools of scientific discovery 

 
The following thesis is directly applicable to topics (ii), (x), and (xiv).  The 

connection between the thesis and these topics is the development of advanced structural 

materials for shielding technologies.  There is also an indirect connection to topics (i), 

(iii), (iv), and (viii).  Most of the remaining topics are focused towards improved 

knowledge, management of information, and integrated systems than they are material 

based needs.  The direct and indirect connections to these grand challenges will be 

discussed in more detail.  The topics will be underlined in the text to provide emphasis. 

Engineering the tools of scientific discovery should be the most obvious broader 

impact derived from reading this thesis.  Part of this engineering challenge is described 

by first asking the question, “How will engineering help us explore the universe?”  There 

are several approaches, including studying the tiny fundamental building blocks of all 

matter as well as the large scale study of the cosmos.  Chapter one describes advanced 

aerospace concepts that contribute to the latter by assisting the development of thermal 

protection systems and propulsion systems.  Exploring frontiers of science requires 

materials that exceed current limitations.  This thesis explores materials for overcoming 

thermal limitations.  The concept of asteroid mining is an idea that currently seems like 

science fiction, or not economical at least, but may someday become a reality as 

technology and needs mature. 

Energy from fusion would also benefit from advanced thermal shielding 

technology.  Some of the materials discussed in this thesis are candidate materials for 

Gen IV nuclear fission reactors because of the low neutron capture cross section, thermal 

stability, and neutron-induced damage tolerance.  Fast flying neutrons will be generated 

during fusion reactions that will interact with the walls of the reaction vessel.  The 

interaction will generate heat and potentially create structural defects that weaken the 

wall materials.  Therefore the vessel must be made with materials that can withstand heat 

and survive structural weakening for extended periods of time, similar to the materials 

that are being developed for next-generation fission reactors. 
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Shielding technologies can also be used to aid the prevention of nuclear terror.  

Current challenges include detecting, securing, deactivating, and tracking nuclear 

materials and devices.  Pulses of neutrons or high energy X-rays interact with nuclear 

materials to produce γ-rays, which can be easily detected and used to monitor imports 

and exports in ports for example.  Scanners for this technology should be equipped to 

shield both the source and signals as a result of the irradiation.  Similar materials as those 

described for fission and fusion chambers above can be expected to be of interest.  

General defense capabilities could also benefit from this thesis.  Propulsion systems 

operating at higher temperatures and generating faster speeds can provide greater 

opportunity to intercept attacks. 

Making solar energy economical and providing energy from fusion are of similar 

scope and part of a broader issue of energy production.  Both can be considered solutions 

to minimizing the environmental impact of energy production, which is also intimately 

connected to developing carbon sequestration methods, by reducing greenhouse gases 

rather than sequestering them.  The specific appeal of these two energy sources compared 

to other forms of energy harvesting techniques is the vast availability of the energy 

source.  The challenges of making solar energy economical include improving the 

efficiency and storing the energy once it is converted. 

Limitations of current solar cell technology can be overcome by using 

nanotechnology.  However, the use of nanotechnology complicates fabrication and 

increases costs.  New technology to produce and fabricate devices incorporating 

nanotechnology is needed.  Self-assembly of atoms, molecules, and particles are 

promising methods for producing ordered nanoarrays that could facilitate such 

technology.  Part of this process would require the use of suitable templates, or surfaces 

that control the self-assembly behavior, but also provide function within the device.  

Two-dimensional materials are a form of nanotechnology that may prove to be suitable 

templates.  Much attention is received from graphene and boron nitride as two-

dimentional materials and to some extent they are tailorable.  Recently, a family of two-

dimensional materials called MXenes has been demonstrated.  Chapter nine of this thesis 

is a precursor to understanding two-dimensional structure within a three-dimensional 

structure for diverse chemistries beyond more traditional layered cerramics, which may 



xi 

ultimately be exfoliated into two-dimensional materials that can be useful templates for 

self-assembly. 

Group IV-VI transition metal carbides, like TaC, are known to have catalytic 

activity for hydrogenation, dehydrogenation, dehydrogenolysis, hydrodenitrogenation, 

oxidation, and isomerization reactions.  The catalytic activity approaches, and sometimes 

exceeds, that of the more expensive group VIII metal catalyst for certain reactions.  

Lower catalytic activity can be offset by the cost reduction for some reactions.  These 

types of reactions can be used as a substitute for carbon sequestration.  Rather than trap 

and store carbon dioxide, it could be converted to fuels and other useful compounds, 

including liquids that are more manageable than gaseous carbon dioxide.  Likewise, such 

reactions could be useful for denitrification, to balance the nitrogen cycle.  These types of 

reactions can also be used for engineering medicines.  Thus materials in this study are of 

interest as catalysts or for catalyst supports.  The development of high surface area 

nanopowders is particularly important for catalysis.  The prospect of two-dimensional 

materials described previously could also become important. 

Several potential impacts of this thesis for the grand challenges of engineering 

have been described.  However, this list fails to fully encompass all of the potential 

usefulness.  Defining the benefits of this thesis is also complicated by the broad potential 

applicability to many material systems.  For example, some of the nitrides studied in 

chapter two are of interest for microelectronics.  The BN studied in chapter two has a 

structure that is thought to be a more suitable precursor to forming cubic BN, a potential 

material for applications requiring ultra hardness.  Perhaps those reading this thesis will 

find alternate ways to exploit these materials in beneficial ways. 
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ABSTRACT 

 Ultra-high temperature ceramics (UHTCs) are a unique class of materials with the 

potential to withstand harsh environments due to covalent bonding, which gives these 

materials high melting temperatures, although decomposition temperatures should also be 

considered.  For example, the melting temperature of TaC is near 4000 K, but may 

vaporize at lower temperratures.  The high melting temperatures also make them difficult 

to process without high pressures and temperatures and to achieve dense ceramics with a 

nanostructure.  Such materials however are appealing for aerospace technologies.  The 

ability to generate high density compacts and maintain a nanostructure could allow for 

unprecedented control and improvement to the mechanical properties. 

 The goal of this work is to develop processes for the synthesis and consolidation 

of nanostructured UHTCs.  A self-propagating solvothermal synthesis technique for 

making UHTC nanopowders is presented.  The technique is fast, scalable, and requires 

minimal external energy input.  Synthesis of transition metal boride, carbide, and nitride 

powders is demonstrated.  TaC is synthesized using a range of synthesis conditions and 

characterized to determine the fundamental mechanisms controlling the nanopowder 

characteristics.  Discussion on purification of the powders is also presented. 

 The sintering of TaC nanopowders produced by the solvothermal synthesis 

method is performed by resistance sintering.  The effects of temperature, heating rate, and 

dwell time on densification and grain growth is presented.  Adequate powder processing, 

carbon content, volatilization, and additives are found to be critical factors affecting the 

densification, microstructure, and grain growth. 

 The optimal range of carbon addition for minimizing oxygen content is 

determined.  WC and ZrC are evaluated as additives for reducing grain growth of TaC.  

Secondary phases and/or solid solutions are capable of suppressing grain growth.  A 

unified approach to solid solution chemistries to control the densification, microstructure, 

and properties of UHTCs in general is presented.  This work has important consequences 

on advancing the properties of UHTCs. 
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CHAPTER 1: INTRODUCTION 

 Ultra-high temperature ceramics (UHTCs) are a class of materials capable of 

withstanding harsh environments.  The key characteristic is a material having a high 

melting temperature, but the remaining properties distinguish UHTC materials.  Unlike 

most ceramics, which are insulators, UHTCs have metallic like properties and 

characteristics as well.  Although UHTCs can withstand high temperature, it is the ability 

to conduct heat away from a hot zone (i.e. high thermal conductivity) that makes them 

suitable for advanced thermal protection systems.  Ultimately, much work is still required 

for obtaining a suitable combination of properties/characteristics designed for specific 

applications. 

 UHTCs are primarily limited by the formation (or lack of formation) of protective 

oxide scales on their surfaces following degradation.  The general approach for obtaining 

a suitable oxide scale is via design of composite materials.  The current understanding of 

the oxide scale formation mechanisms is guiding the design of new composite UHTC 

materials that may result in improved performance of UHTCs.  Tantalum containing 

compounds, such as TaC for example, have been identified as a promising additive for 

improving the oxidation resistance of UHTC composites. 

 Any modification to UHTC composite chemistry should be studied from two 

perspectives.  The actual composite needs to be tested rigorously.  Applications for 

UHTCs require characterization up to potential operating temperatures in both simulated 

operating environments and in actual operating environments.  However, it is also useful 

to know how the individual components of a UHTC behave in the absence of other 

components.  The combination of the two perspectives provides insight for how 

components will interact during processing and application. 

A. Ultra-High Temperature Ceramics 

 Ultra-high temperature ceramics (UHTCs) are designed for ultra-high temperature 

applications.  Therefore, they should have high melting temperatures.  Some researchers 

choose to define UHTCs by their melting temperatures, citing temperatures greater than 
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values ranging from 2773-3273 K.[1-3]  The lower end of this range includes oxide 

ceramics, which are not typically considered UHTC materials. Other researchers consider 

that UHTCs must be able to function at operating temperatures greater than values 

ranging from 2073 to 2773 K.[1,4-7]  Many of the materials classified as UHTCs cannot 

withstand prolonged exposure at these temperatures if the atmosphere is oxidizing.  

Another way of defining UHTCs is by application (such as materials for hypersonic 

flight, space re-entry vehicles, or rocket propulsion).[1,5,8-10]  However, this definition 

overlooks the fact that these materials have the potential to be replacement materials for 

applications that typically do not require UHTC materials. 

 UHTCs are defined as borides, carbides, nitrides, and silicides with melting 

temperatures above 2000 K in this work.  This includes group IV-VI compounds and 

covalently bonded metalloid compounds.  One group III boride has also been included 

(LaB6).  It is important to stress that the temperature limit is lower than typically reported 

for UHTC materials, but is necessary to include materials that have been included as 

additives in UHTC composites to improve the high temperature behavior.  For example, 

SiC has a lower melting temperature than ZrB2 and HfB2, but is an additive used to 

improve the oxidation resistance of these materials at high temperatures.[11-12]  AlN and 

dislicide compounds having even lower melting temperatures (closer to 2000 K) can also 

provide improved behavior at high temperatures.[13-15]  A partial list of materials 

commonly researched as UHTCs is provided in Table 1-I.  In general, the melting 

temperatures are highest for the respective carbide and decreases in the order of boride, 

nitride, and silicide.  As UHTC composites are designed to withstand the harsh 

conditions of multiple applications and ranges of conditions, it may become necessary to 

continue to modify the definition of UHTC materials.  

 The group IV-VI carbides and nitrides can be considered interstitial carbides and 

nitrides.[17]  In these interstitial compounds, the electronegativity difference between the 

two elements is large.  The size of the carbon and nitrogen are small enough to fit in the 

interstitial site of the metal lattice.  The bonding is metallic, giving rise to high electrical 

and thermal conductivities, but also covalent and ionic leading to the refractory and 

brittle nature of the compounds.  The bonding of group IV-VI diborides is similarly 

mixed.[18-19]  The presence of boron-boron, metal-boron, and metal-metal bonds results in 
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covalent, a mixture of covalent and ionic (< 8% ionic), and predominantly metallic types 

of bonding, respectively.  It is these materials that are most interesting for advanced 

thermal protection systems because of their ability to withstand extreme heat and 

dissipate that heat by quickly conducting it away and emit it back to the atmosphere. 

Table 1 – I. Melting Temperatures of UHTCs[16,20] 

Carbides Tm (Κ) Borides 
Tm 
(Κ) Nitrides 

Tm 
(Κ) Silicides 

Tm 
(Κ) 

HfC 4100 HfB2 3640 HfN 3600  --- --- 
TaC 4100 TaB2 3540 TaN 3220 TaSi2 2670 
NbC 3770 NbB2 3270 NbN 2900 NbSi2 2140 
VC 3600 VB2 2373 VN 2593 VSi2 2023 
ZrC 3533 ZrB2 3270 ZrN 3230 Zr5Si3 2420 
TiC 3210 TiB2 3500 TiN 3560 Ti5Si3 2400 
Mo2C 2963 MoB 2625  --- --- MoSi2 2553 
WC 2900 WB 3133  --- --- WSi2 2320 
SiC 2820  --- ---  --- ---  --- --- 
 --- --- LaB6 2770  --- ---  --- --- 
B4C 2720  --- --- BN 3240  --- --- 
 --- ---  --- --- AlN 2470  --- --- 
 --- ---  --- --- Si3N4 2170  --- --- 

 
	   

 UHTC materials such as B4C, BN, AlN, and Si3N4 are characterized by low 

electronegativity, small elemental size differences, and with bonding that is essentially 

covalent.[17]  This gives high melting temperature, but a lack of metallic-like properties 

compared to the interstitial compounds.  In addition to the compounds listed in Table 1-I, 

there are about 240 binary UHTC materials with melting temperatures above 2273 K and 

at least 130 with melting temperature above 2773 K if oxide, sulfide, and phosphide 

compounds are also counted.[21]  The use of oxides, sulfides, and phosphides are not as 

well studied as UHTC components.  These materials can be added to UHTC 

compositions to optimize high temperature properties and behavior. 
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 Research on UHTCs is being fueled by the need for the next generation of 

advanced thermal protection systems for the aerospace and aviation industries.  Such 

applications include, but are not limited to, sharp leading edge structures on space re-

entry vehicles, hypersonic aircraft and missiles, and structural materials for rocket 

propulsion technologies.  These applications require a unique combination of 

thermomechanical and electrical properties.  To fully realize the potential of UHTC 

composites for these applications, a rigorous development and testing program is 

necessary.  More specific details concerning these applications and property requirements 

leading to the identification of base materials for UHTC composites and the required 

testing of these materials will be described herein. 

1. Applications 
 Non-oxide ceramics have been known for nearly 200 years, but most applications 

are more recent.  Their use as UHTCs in aviation has been pursued in the 1960’s and 

early 70’s by industry, primarily for the United States Air Force.[22-29]  A review of the 

status at the beginning of the 1970’s is provided by Fenter.[30]  Given the military 

implications of the research, it is uncertain how much information has been released and 

what is left in secrecy.  Beyond the controlled dissemination of this early information, 

UHTC publications were essentially dormant for decades and begins to appear again in 

the late 1990’s.[12] 

 In the 1990’s the National Aeronautics and Space Administration (NASA) would 

renew interest in UHTC research with the development of sharp UHTC leading edge 

components and testing of such components in real hypersonic flight conditions.[31-34]  

Overall, the emerging technology has the potential to reduce cost, increase reliability, 

increase operability, and improve safety of cargo- and crew-carrying launch vehicles 

when compared to the Space Shuttle, for example.[35-36]  The tests indicated the need for 

improved processing to obtain more suitable microstructures and properties as well as a 

need to improve modeling to predict the in-flight conditions.   

 The design of the recently retired Space Shuttle by NASA consisted of a blunt 

nose and blunt leading edge wing configuration (~10 cm radius of curvature at the wing 

tip).[2]  The first commercial spacecraft to provide transport to the International Space 

Station, the Dragon capsule developed by Space Exploration Technologies Corporation, 
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also relies on blunt features.  The nose and wing leading edges experience the greatest 

deal of aerodynamic heating.  The blunt configuration in conjunction with a high angle of 

attack upon space re-entry are used to limit the aerodynamic heating of these structures 

and allow for the use of thermal protection systems made from carbon/carbon or 

carbon/SiC composite materials.[37-38] 

 For example, a trajectory using a high angle of attack (AOA) is given in Figure 1-

1.  A steep trajectory into the earth’s atmosphere with a high angle of attack is beneficial 

for reducing the exposed temperature of the spacecraft, but specific disadvantages of 

using blunt features include: limited maneuverability, limited re-entry points, ocean 

aborts on take-off, electromagnetic interference that causes communications blackouts, 

and high propulsion requirements to balance the high drag.[31]  A design incorporating 

sharp features (having radius of curvature of several millimeters instead of centimeters) 

can overcome many of these disadvantages.[1-19,21-36,39-42]
  Such vehicles can fly at 

optimum angles of attack with high lift-to-drag ratios, which improves maneuverability.  

This concept is depicted in Figure 1-2.  Vehicles with sharp leading edges are capable of 

flying similar re-entry trajectories as blunt designs, but they can also follow more gentle 

trajectories (trajectory 2 in Figure 1-1 for example) because of the improved gliding 

capabilities.  Gentle trajectories improve safety by allowing re-entry at any point into the 

atmosphere and providing greater abort options. 
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Figure 1 - 1. Arbitrarily drawn trajectories that could be expected for blunt 
leading edge vehicles (trajectory 1) and sharp leading edge vehicles (trajectory 
2) for space re-entry. 

 

 
Figure 1 - 2. Large angle of attack (AOA) for (a) blunt leading edge (BLE) and 

optimum AOA for (b) sharp leading edge (SLE) designs. (c) Lift-to-drag is 
optimum at a critical AOA, and decreases for higher AOA. 

 
 The lack of excess drag to reduce aerodynamic heating implies that the leading 

edges will be subjected to higher temperature.  Furthermore, the reduced curvature of the 

wing leading edge contributes to a greater amount of aerodynamic heating.[3,37]  The 

combined effects result in exposure temperatures that can be in excess of 2073 K, the 

single-use temperature of currently used carbon/carbon or carbon/SiC composite 

materials.[42-48]
  The demands of designs that incorporate sharp leading edges will require 

advanced materials to withstand these temperatures, especially for having multiple-use 

capabilities. 

 There are three schemes proposed in the literature for the advanced thermal 

protection system necessary to enable sharp leading edge components for high-mach 

aircraft and spacecraft.[1-2,5,47,50-56]  The three schemes are depicted in Figure 1-3.  All 

schemes would consist of a sharp leading edge having a radius of curvature of a few to 



7 

several millimeters and length of several centimeters.  The first scheme consists of 

dispersing UHTC phase(s) into a traditional carbon/carbon or carbon/SiC composite 

matrix.  The major advantage to this scheme is that the matrix phase has already been 

engineered to meet many of the demanding requirements, such as the mechanical 

properties for example.  The well-established processing of the matrix phase only 

requires that an understanding of the interactions between the dispersed phase and the 

matrix phase be established and engineered.  Although also an advantage, the major 

drawback to this scheme is that the continuous matrix will still dominate the behavior.  

For example, the poor ablation resistance and oxidation behavior when temperatures 

exceed 2073 K can degrade the interconnected matrix too rapidly. 

 The second scheme is to form thick UHTC coatings on carbon/carbon or 

carbon/SiC composites.  The advantages of this scheme are similar to the first scheme 

since the bulk interior of the component is established technology.  This scheme would 

utilize the least amount of UHTC material, reducing the excess weight associated with 

the relatively high density materials and reducing the overall cost associated with the 

high cost of processing UHTC materials.  Part refurbishment could be as simple as 

removal and reapplication of the coating materials, followed by the necessary quality 

checks.  The major disadvantage of this scheme is that if the coating cracks or is removed 

by damage/spalling, the part will become unprotected and result in large material removal 

of the underlying thermal protection system that cannot withstand the harsh conditions of 

re-entry.  This scenario is reminiscent of the Space Shuttle Columbia disaster in 2003. 
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Figure 1 - 3. Various schemes for sharp leading edges that incorporate ultra-

high temperature ceramics (grey phase). 
 The third scheme in Figure 1-3 is the most promising sharp-leading edge concept, 

a sharp leading edge consisting entirely of a UHTC matrix.  The advantage of this 

configuration is not only the capability to withstand high temperatures, but also the 

capability to dissipate the heat.  The thermal management concept of this scheme is given 

in Figure 1-4.  A high heat flux at the tip of the leading edge would heat the part locally.  

An UHTC composite having a high thermal conductivity can rapidly transport the heat to 

cooler surfaces of the leading edge, where it can be radiated back into the atmosphere for 

UHTC composites having high emissivity.  The heat dissipation method is enabled 

because the heat flux distribution has an inverse square-root dependence on the distance 

from the tip.[3,42]  The thermal equilibrium at the tip is determined by a balance of thermal 

processes into and out of the tip (i.e. convective heating at the tip, chemical heating at the 

tip, thermal conduction of heat away, and radiation of heat away).[42] 
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Figure 1 - 4. Thermal management concept of UHTC sharp leading edges 

demonstrating heat dissipation by heat transport to cooler regions via high 
thermal conductivity (K) and radiation to the atmosphere via high emissivity 
(ε)  (adapted from Squire et al.[2]). 

 
 Modeling of the thermal management concept of a UHTC-based sharp leading 

edge is demonstrated by Savino et al.[39]  In this example the temperature distribution of a 

sharp cone was simulated for a reference trajectory (sub-orbital re-entry reaching speeds 

near Mach 8) and using ZrB2 properties as model parameters.  Figure 1-5 gives the 

temperature distribution in the model component at various times during the simulated re-

entry trajectory.  The important features are that the tip temperature is the hottest, the 

temperature is significantly reduced just millimeters away from the tip, and the hottest 

temperatures are experienced over a short time scale (seconds).  Within 10 mm into the 

bulk of the model, the temperature is approximately 320 K lower at the peak temperature.  

The maximum temperature is achieved at approximately 60 sec into the re-entry 

trajectory.  Within five seconds from achieving the maximum temperature, the tip 

temperature has reduced by 200 K.  Figure 1-5 also demonstrates that a high thermal 

conductivity and high emissivity are favorable for reducing the maximum temperature, at 

the tip of the model.  This is exactly why UHTCs are the most promising materials for 

such an application, particularly zirconium or hafnium diborides as base materials. 
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Figure 1 - 5. (a) Model temperature distribution in a simulated re-entry 

trajectory for a ZrB2 nose cone reaching speeds near Mach 8 and (b) the effect 
of thermal conductivity and emissivity on the tip temperature.  (Dotted lines 
are pseudo contours demonstrating the increasing importantance of emissivity 
at low thermal conductivities/higher temperatures.  Adapted from Savino et 
al.[39]). (With color) 

 
 It is worth noting that the initial modeling and testing by NASA resulted in actual 

temperatures 41-121% lower than expected from modeling.[31]  More recent modeling 

and ground-based testing are in good agreement.[3,57-58]
  Squire and Marschall discuss the 

essential material properties that are necessary to produce accurate models and highlight 

the importance of accuracy and uncertainty in the property measurements.[2]  The 

temperature dependence of all relevant properties are desirable, but are especially critical 

for thermal conductivity, specific heat, emissivity, tensile modulus, and the thermal 

expansion coefficient.  Measurements of thermal conductivity and emissivity can vary 

dramatically with temperature, chemistry, and with processing.[3,59]  Therefore, there is a 

basic research need to understand the fundamental interplay between processing and 

properties of a wide range of UHTC compounds and composites. 

 In addition to space re-entry applications, UHTCs have many other potential uses 

that supplement the benefit of developing these materials.[3,12,58,60-68]  In addition to 

spacecraft, UHTC materials could enable hypersonic aircraft as well, but the UHTCs 

need to be able to withstand extreme conditions for a more extended period of time 

compared to space re-entry (minutes to hours compared to seconds).  For either 
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spacecraft or aircraft, UHTC materials could provide benefits for the propulsion systems.  

For example, by allowing a convectively cooled combustion chamber wall to approach 

temperatures of 3000 K, propulsion efficiency can be enhanced by up to 50%.  Kinetic 

intercept missiles capable of travelling at greater speeds and with greater propulsion 

efficiency would greatly benefit national defense capabilities as well.  Transition metal 

carbide UHTCs are also attractive for high-temperature nuclear power generation.  

UHTCs are currently applied in a variety of applications such as engines, plasma-arc 

electrodes, crucibles, cutting tools, and wear-resistant coatings. 

2. Property and Characteristic Requirements 
 There is an immediate need to develop and test UHTC compounds and 

composites.  Not only will this increase the certainty of material properties and therefore 

the confidence of designers, but it will also facilitate the development of multi-scale 

modeling necessary for UHTC implementation.  Multi-scale modeling will be critical for 

shortening the development time of UHTCs, leading to improvements of existing UHTC 

properties and the development of new UHTC composites.  The modeling of the thermal 

and mechanical responses to simulated environments typical of laboratory testing as well 

as the application is necessary.  It is crucial to understand the differences between 

laboratory testing environments and actual conditions and how this affects UHTC 

behavior to corroborate how modeled and actual behavior during laboratory tests applies 

to the predictability of performance during application.  This is extremely important 

because actual test environment opportunities are rare, often impractical, and 

expensive.[2] 

 The development of analytical performance models for the thermomechanical 

response of UHTCs will require extensive knowledge of UHTC properties, either 

determined experimentally or verified experimentally.[2]  It will also be important to 

know many of these properties as a function of temperature, up to the application 

temperatures.  A slightly more challenging aspect to consider is the development of 

surface oxidation scales (discussed later), which develop in situ.  It may be difficult to 

incorporate the formation of the surface scales and the phase interactions into models that 

will predict actual behavior, but doing so will require the properties of the scale phases 

and an understanding of the scale development. 
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 Table 1-II lists the important properties and characteristics that are necessary for 

developing adequate models of UHTC performance.  The physical, thermal, mechanical, 

and surface properties are used in fundamental equations for computational fluid dynamic 

calculations.  The other properties and characteristics are important support information 

to help track processing related variances.  In reporting properties, it is best to use 

standardized techniques with well-established uncertainty, or else it is necessary to 

establish uncertainty of the technique for newly established methods.  Most of the 

properties and characteristics will need to be known as a function of environment and 

temperature, up to UHTC operating temperatures if possible.  It may be necessary to 

estimate some high-temperature properties. 

1. Testing of Ultra-High Temperature Ceramics 
 It is a great challenge to test UHTCs.  It becomes increasingly difficult, costly, 

and sometimes implausible to design equipment for performing characterization at UHTC 

operating temperatures short of testing components in an actual application environment.  

The ability to test UHTCs extensively is a major contributing factor to the slow pace of 

development of UHTC materials.  Development of UHTCs is expedited by modeling, but 

will still require experimental verification to provide confidence in the models.  Testing 

the properties of UHTCs to develop the models and using them to predict behavior are 

also challenging.  Testing performance of UHTCs is the focus of this section. 

Table 1 – II. Critical Properties and Characteristics for UHTC Analysis and Design[2] 

Physical Properties Density, coefficient of thermal expansion 

Thermal Properties Specific heat, thermal conductivity 

Mechanical Properties Tensile modulus, poisson's ratio 

Surface Properties Total hemispherical emissivity, catalytic 
efficiency, surface roughness 

Other 
Melting/eutectic temperatures, 

microstructural details (phases, lattice 
parameters, grain sizes, pore sizes, 
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distributions), fracture strengths, thermal 
shock resistance, oxidation 

behavior/kinetics 

Considerations 

Standard techniques, error/uncertainty, 
environment, report processing 

history/characterization, temperature, 
reactions at elevated temperatures, 

anisotropy 
 

 There are a variety of testing options currently available for UHTC development.  

A summary of the ground-based testing facilities has been provided in a review by Corral 

and is summarized in Table 1-III.[54]  None of these techniques provides all the 

hypersonic environmental conditions of actual test flights, but rather serve as screening 

tests for further development, where low cost testing in a high-temperature furnace or an 

oxyacetylene torch test can be used to test samples prior to more expensive testing, such 

as Arcjet testing for example. 

 The list of techniques given in Table 1-III does not completely summarize efforts 

to test UHTCs.  Plasmatron facilities in general, rather than just arc-jet testing, have also 

been used to evaluate UHTCs, for example.[26,69-71]  An inductively coupled plasma (ICP) 

design produces a stream free of metal contaminants such as copper that can be found in 

arc-jet flows.  Such metal contaminants could influence the chemical processes during 

the test.  However, because of the difficulties in managing high pressures with an ICP 

design, it is usually used to generate subsonic flows whereas arc-jet facilities can produce 

supersonic flows.  The difference in stream flow behavior can significantly affect the 

thermochemical state of the gas interacting with the test specimen, specifically because of 

the formation of a shock wave generated for supersonic flow.  The differences in flow 

characteristics are summarized in Figure 1-6.  Careful considerations can allow the 

establishment of similar boundary layer edge compositions for the two techniques.  

Although potentially useful from a materials science perspective, the gas composition at 

the sample surface is not currently accessible experimentally and would require 

modeling. 
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Table 1 – III. Selection of ground-based testing of UHTCs (adapted from Corral[54]) 

Testing 
method 

High-temp 
furnace 

Oxyacetylene 
torch Solar 

Laser 
subsonic 
tunnel 

Arcjet 

Heating 
mode 

Radiative & 
convective Convective Radiative   

Radiative w/ 
convective 

cooling 

Convective 
w/ some 
radiative 

Maximum 
temperature ~2273 K >2273 K >2873 K ~2773 K >2473 K 

Heat flux N/A >150 W/cm2 250-800 
W/cm2 >250 W/cm2 >250 W/cm2 

Oxygen flux Poor Poor Fair Good Excellent 

Atomic 
oxygen Poor Poor Poor Poor Excellent 

Shear flow N/A Some56 N/A Fair Excellent 
 

 Not all plasmatron facilities are created equal.  For example, the United States Air 

Force arc-jet facilities are used to simulate aero-heating for ballistic atmospheric 

trajectories, while the National Aeronautics and Space Administration arc-jet facilities 

simulate low pressure trajectories of upper atmosphere/planetary reentry.[70,72]  

Understanding the test environments and interactions with materials is an ongoing effort 

and it usually involves computational fluid dynamics that require adequate 

characterization of the part being tested (see previous section).  Other considerations 

beyond those given in Table 1-III include heating rate, modes of ablation, atmospheric 

gradients, and gas pressures to name a few.  

 



15 

 
Figure 1 - 6. Differences in stream characteristics generated by subsonic and 

supersonic flows (adapted from Marschall and Fletcher.[69]). 

 
 Simulated environments related to propulsion technology are also available.  A 

combustion environment has been simulated using a high-pressure burner rig.[74]  Such a 

design is capable of testing at temperatures up to at least 1450°C, pressures of at least 15 

atmospheres, gas velocities of at least 30 m/s, and lean and rich fuel-to-air ratios.  In 

general, testing actual combustion environments for propulsion systems is not as difficult 

as re-entry testing and is something that can be reproduced in ground-based facilities. 

B. Oxidation of Ultra-High Temperature Ceramics 

 The major limitation of all non-oxide ceramics, and therefore important UHTC 

materials, is the tendency to oxidize in the presence of oxidizers (primarily oxygen or 

water) at elevated temperature.  In addition to the higher thermal conductivity and 

relatively low density of ZrB2, it was early recognized as one of the more oxidation 

resistant UHTC non-oxide compounds.  These combined factors make ZrB2 a good 

candidate as a base UHTC material.  Indeed, ZrB2 and HfB2 UHTCs represent the most 
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studied candidate materials for next generation thermal protection systems of space re-

entry vehicles and high mach aircraft. 

 Studying and understanding the oxide scales that form on the surfaces of UHTCs 

(and interact with the UHTC bulk) is arguably the most important feature for 

understanding UHTC limitations and guiding the design of UHTC compositions.  There 

are two ways to design such materials: development of a fully protective oxide scale or 

the development of a partially protective oxide scale for which ablation can be suitably 

controlled. 

 In order for a UHTC utilizing application relying on a fully protective oxide scale 

to be realized, it must be demonstrated that the oxide scale is protective in the 

atmospheric conditions of the application and through the entire application time.  The 

oxidation scale must slow or eliminate further oxidation to be considered protective, 

never leading to an accelerated, or active, oxidation condition in which the scale and 

underlying material are being rapidly removed from the UHTC surface.  Maintaining a 

protective oxide scale provides safety and reliability that is desirable of a UHTC 

component. 

 The development of a partially protective oxide scale is more complex, but can be 

beneficial.  In this case, the protective oxide scale should be fully protective at low and 

moderate temperatures.  However, in the most extreme heating conditions, controlled 

ablation of the material can contribute to the heat removal processes by carrying it away 

with the gases formed during decomposition.  Ablative cooling is the currently used heat 

shielding technology.  If UHTCs are to be used in ablative conditions, then sufficient 

understanding and control over the ablation behavior is necessary and there should be a 

demonstrated advantage over using traditional ablative materials. 

 To reduce costs and further promote the use of UHTCs for advanced thermal 

protection systems, reusability is another key aspect.  From this perspective, a fully 

protective oxide scale is more beneficial than a partially protective oxide scale relying on 

ablation.  To be as economically advantageous as possible, a protective scale must be 

able to withstand thermal cycling without losing integrity or at least require minimal 

refurbishment costs and time compared to already established technology.  Baseline 

analyses of this type are provided in the literature.[36] 
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1. Protective Oxidation Scales 
 The generally improved oxidation resistance of the transition metal diborides 

versus the respective carbides or nitrides can be attributed to their oxidation products.  

While carbides and nitrides form a metal oxide solid and gases such as COx and NOx, the 

borides tend to form a metal oxide solid and B2O3 liquid when oxidation is initiated.[54]  

The liquid phase preferentially developed on the surfaces is an oxygen diffusion barrier 

for further oxidation reactions.  The oxide scale is protective up to temperatures of 

1000°C, above which volatilization of the B2O3 liquid is rapid and no longer able to 

function as a protective layer on the surface.[12] 

 SiC and Si3N4 are notable exceptions of UHTC materials known to have excellent 

oxidation resistance compared to ZrB2 or HfB2 at elevated temperature (above the active 

to passive transition temperature).[74]  This can be attributed to a protective SiO2 layer 

that develops on the surface of these materials at high temperature.  The transition metal 

diboride/SiC system (primarily ZrB2 or HfB2) represents the most studied UHTC system 

and are the current benchmark for UHTC studies.[3-4,7,10-12,14,40,46,49,58-60,67,75-88] 

 ZrB2 or HfB2 with 15-30% by volume SiC is found to have exceptional oxidation 

resistance.  The oxidation of the diboride forms liquid B2O3 that provides oxidation 

protection at low temperatures, a borosilicate liquid that provides oxidation protection at 

intermediate temperatures, a silicate liquid that provides oxidation protection at high 

temperature, and a refractory oxide layer that can provide oxidation protection at ultra-

high temperatures.  This is an oversimplification of the complex oxidation processes, but 

provides the framework for understanding the improved oxidation resistance of these 

composites.  The development of the oxidation scale is highly dependent on the 

composition and thermal history. 

 The ZrB2/SiC and HfB2/SiC UTHC materials tend to have excellent ablation 

resistance at ultra-high temperature compared to SiC because the presence of a porous 

refractory oxide layer.  The porous oxide layer provides a rigid structural framework that 

helps maintain the liquid within the capillaries rather than being rapidly removed from 

the surface via shear flow. 

 The typical microstructure of the ZrB2/SiC or HfB2/SiC UHTC oxidation layer 

after high temperature exposure is provided in Figure 1-7.  Comparisons between Figure 
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1-7a and Figure 1-7b demonstrates that the same features can be observed using 

completely different tests (see Table 1-III).  Comparing Figure 1-7b and Figure 1-7c, 

which are images of the same part, but in different regions, demonstrate that the 

environmental conditions influence the configuration of the oxide scale.  More 

specifically, Figure 1-7b is an image of a region subjected to lower shear stress and lower 

temperature than Figure 1-7c.  The oxidation scale is more compact and retains a higher 

amount of silicate at the low stress/temperature condition. 

 

 
Figure 1 - 7. Typical oxide scale of ZrB2/SiC or HfB2/SiC UHTC after (a) 

furnace oxidation and (b)/(c) arc-jet testing (features include (I) glass layer, 
(II) oxide sub-scale, (III) SiC depleted layer, and (IV) bulk UHTC.  Images 
reproduced from Levine et al. and Monteverede et al.).[49,86] 

 
 Figure 1-7 includes typical observations of ZrB2/SiC or HfB2/SiC after high 

temperature exposure: a glassy silicate layer, an oxide sub-layer, a SiC depletion layer, 

and the bulk ceramic.  Besides the bulk ceramic, all of these features are not always 

observed depending on the thermal history.  It is important to understand how each of 

these layers form, how they can be influenced by interacting with other layers, and 

processes that occur within these layers.  A review is given by Eakins.[10] 
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 The SiC depletion layer is a result of active oxidation.  Active oxidation can be 

activated in different ways.  If the temperature is high enough to cause oxidation, but low 

enough that a protective liquid layer does not form a complete diffusion barrier, then 

active oxidation occurs via loss of CO.  It can also be activated by low pressures, which 

facilitates volatilization of SiO gas.  High temperatures have a similar effect of increasing 

SiO volatility and may induce active oxidation.  Active oxidation can be observed above 

~1600-1700°C even in the presence of a protective liquid layer. 

 It is thought that oxygen mobility through the porous oxide sub-layer can 

influence the active oxidation of SiC just below and therefore the development of the 

depletion layer.  The amount of SiC also influences the depletion layer.  The depletion 

layer thickness decreases with initial increases in silicon carbide, but then thickens for 

larger SiC content.  Optimum SiC content is suggested: enough to form sufficient SiO2 

for oxidation protection, but not enough that SiC becomes interconnected to form direct 

pathways for active oxidation (i.e. must be below the percolation threshold). 

 The typically porous oxide sub-layer is a result of ZrB2 or HfB2 oxidation 

resulting in ZrO2 or HfO2 formation, respectively.  Nodular or columnar grains can be 

observed.  Columnar grains are usually attributed to outgassing to the surface caused by 

oxidation of material within or below this sub-layer and are aligned with the direction of 

gas or liquid transport to the surface (i.e. perpendicular to surface).  If the gas evolution is 

forceful enough, it can dislodge oxide grains into the glassy layer above or remove the 

grains from the material completely in the absence of a protective silicate layer.  This will 

depend on how much gas is being produced, the gas pressure, the morphology of the 

oxide grains, and the interconnectedness of the porous oxide structure. 

 Depending on the composition and temperature, the oxide sub-layer may contain 

a silicate liquid within the pores.  In general the silicate liquids do not wet ZrO2.  Non-

wetting behavior and chemistry variation of the liquid on the surface compared to the 

chemistry beneath the surface are both driving forces for liquid transport to the surface.  

If there is an insufficient amount of liquid, from insufficient SiC content or due to 

material removal, then the oxide sub-scale will typically be porous.  Oxygen transport 

through the oxide layer, which can influence active oxidation of silicon carbide beneath 

this layer, is influenced by the presence or filling of porosity and the defect structure of 
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the oxide.  Phase transformations of the oxide must also be considered and is particularly 

relevant to thermal cycling. 

 The outer glassy layer may or may not be present.  If present, then the 

composition, morphology, and behavior can vary dramatically depending on the thermal 

history.  The composition varies dramatically as a function of temperature and location.  

Higher temperatures cause preferred volatilization of B2O3 and increase the viscosity of 

the glassy melt, which is generally beneficial.  Since B2O3 is removed from the surface, 

the chemistry beneath the surface can vary and is a driving force for transport of the 

glassy liquid phase to the surface. 

 The non-wetting behavior of the liquid phase in contact with ZrO2 is another 

driving force for liquid transport to the surface.  Longer exposure times without high 

volatilization rates will result in thicker glassy layers due to this transport process.  This 

occurs in sub-sonic conditions more so than hypersonic conditions.  The presence or lack 

of aerodynamic forces, in conjuction with the morphology and composition of the 

oxidation scale influences the ability to retain glassy liquids and how thick the glassy 

layer is by how easily the liquid is transported to and removed from the surface.  The 

glassy layer can also contain oxide particles, loosened and carried by gas transport and 

liquid convection cells or by dissolution/precipitation processes.  Sufficient oxide 

particles in the glassy phase, extending from the surface to the oxide sub-layer, can 

provide an oxidation pathway to the bulk UHTC material. 

 The protective liquid glass layer may be depleted at temperatures for which the 

volatility rate of the glassy melt is greater than the rate of formation from its constituents.  

A silicate liquid itself becomes increasingly volatile with temperature, but active 

oxidation of SiC at high temperatures reduces the rate of SiO2 formation via the direct 

formation of SiO gas as well.  Therefore the net removal of the glassy liquid layer is 

relevant at progressively higher temperatures.  The time for complete removal of the 

liquid is going to depend on the specific temperature.  The time will decrease with 

increasing temperature.  This removal process is important because dramatic temperature 

increase of the UHTCs occur at high temperatures in the absence of the protective liquid 

and will limit the exposure times at a given temperature.[69] 
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2. Methodologies of Improving the MB2/SiC Oxidation Scale 
 The typical features in a ZrB2/SiC or HfB2/SiC oxidation scale are a silicate outer 

layer, a porous oxide scale (often containing the glassy phase within the pores), and a SiC 

depletion layer between the oxide sub-scale and the UHTC bulk.  Further details 

concerning the oxide scale have been provided in the previous section.  Based on the 

features of the oxidation scale, Eakins et al. have identified five potential methods for 

improving oxidation resistance: eliminating porosity in the oxide scale, formation of 

refractory oxide phases, using alternatives besides SiC to produce SiO2, preventing 

polymorphic phase transformation of the oxide, and increasing viscosity of the liquid 

phase.[10] 

 The evaporation rate of an oxide is closely related to the vapor pressure of that 

oxide.  The vapor pressures of B2O3, SiO2, and ZrO2 at ambient pressure are given in 

Figure 1-8 as a function of temperature.  Assuming that reasonable oxidation protection is 

provided for a liquid oxide with vapor pressures less than 0.01 Pa, B2O3 and SiO2 would 

provide oxidation protection up to 1273 K and ~1873-1973 K, respectively.  This is in 

good agreement with literature.[10,12]  Using this assumption suggests that ZrO2 could 

provide oxidation protection up to temperatures of 2373-2473 K, increasing the potential 

operating temperature by more than 400 K. 

 Although a simple estimate based on vapor pressure suggests ZrO2 can protect 

UHTCs up to 2373 K, the ZrO2 sub-scale developed from the oxidation of ZrB2 based 

UHTCs is typically porous, rendering it non-protective in the absence of the liquid phase 

to fill the pores at high temperatures.  If the microstructure of the ZrO2 sub-scale was 

dense, the oxidation resistance at ultra-high temperatures could be improved.  Zhang and 

co-workers provide evidence that tungsten in a ZrO2 sub-scale allows for liquid phase 

sintering of ZrO2 grains at 1773 K.[89-90]  Although benefits to low temperature oxidation 

behavior is enhanced there is no indication about how such a liquid might affect the 

behavior at ultra-high temperatures, but it seems likely that the integrity of the sub-oxide 

scale would become limited, possibly melting completely at high temperatures.  If the 

sub-oxide scale was to melt, the ablation resistance would be decreased because of the 

inability to withstand high shear forces that would remove the liquid and expose fresh 

surfaces at the tip of a leading edge. 



22 

 

 
Figure 1 - 8. Vapor pressure of B2O3, SiO2, and ZrO2 as a function of 

temperature (P = 1 atm).  Dotted lines correspond to temperatures where 
vapor pressures exceed 0.01 Pa (adapted from Zhang et al.[40]). (With color) 

 
 Rather than use liquid phase sintering to obtain a dense refractory oxide scale, 

other researchers have used additives based on rare earth elements, particularly those 

containing lanthanum, to obtain high density refractory oxide scales.[93]  This type of 

oxide scale, having superior oxidation/ablation resistance, is demonstrated in Figure 1-9.  

The weight gain after testing an 80ZrB2-20SiC UHTC composite for 600 sec at ~2673 K 

was 3.1% compared to 0.2% for a 70ZrB2-20SiC-10LaB6 UHTC composite.  Phase 

analysis indicated that the oxide scale in Figure 1-9 contained monoclinic ZrO2, 

tetragonal ZrO2, La2O3, and La2Zr2O7.  The benefit of the formed oxide scale is three-

fold: the outermost layer was of high density providing excellent oxidation behavior in 

the absence of a substantial amount silicate phase, the formation of the monoclinic phase 

upon cooling is partially suppressed reducing the impact of the phase transformation that 

is accompanied by a large volume change when thermally cycling, and the La2Zr2O7 

phase has a suitably high melting temperature.  The rare earth zirconates (RE2Zr2O7 

compounds) all have melting temperatures in excess of ~2573 K.  Optimization of these 
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types of compositions and full characterization over a wide temperature range has yet to 

be undertaken. 

 

 
Figure 1 - 9. (a) ZrB2-SiC and (b) ZrB2-SiC-LaB6 compacts after oxyacetylene 

torch testing for 600 sec, reaching temperature of ~2673 K and (c) surface and 
(d) cross-section analysis of the ZrB2-SiC-LaB6, indicating a dense outer 
surface is responsible for advanced ablation resistance (Images reproduced 
from Zhang et al.[91]). (With color) 

	  
 The approaches to improving oxidation resistance so far have relied on the 

formation of a dense oxide scale.  One disadvantage to this approach is that the self-

healing effect of having a liquid phase redistribute over a surface if the scale ruptures is 

lost.  There are a few requirements necessary to increase the temperature limits for a 

design consisting of a porous oxide-scale filled with a liquid phase at operating 

temperatures.  The first requirement is that oxygen diffusion through both the liquid 

phase and the solid oxide phase should be limited, to prevent oxidation of the underlying 

bulk material.  A second requirement is that the polymorphic phase transformations that 



24 

can lead to cracking should be eliminated to prevent failures caused by thermal cycling.  

A third requirement is that wicking to the surface and subsequent vaporization of the 

liquid phase should be limited. 

 The polymorphic phase transformation of ZrO2 from tetragonal at higher 

temperatures to monoclinic at lower temperatures can be a source for oxide scale failure 

during thermal cycling due to the large associated volume changes.  For low temperature 

applications, the phase transformation to the monoclinic phase can be suppressed with 

stabilizing cations such as magnesium, calcium, or yttrium.  However, these cations are 

lost from the ZrO2 lattice at high temperatures and they promote oxygen diffusion via 

formation of oxygen vacancies.  Tantalum can also substitute into the ZrO2 lattice to 

stabilize the tetragonal phase.  The tantalum can be retained at high temperatures and can 

hinder oxygen diffusion through the oxide scale by eliminating oxygen vacancies because 

of the higher valence of tantalum compared to zirconium. 

 The addition of tantalum-containing compounds to ZrB2-SiC UHTC composites 

addresses all three of the previously defined requirements for improving oxidation 

resistance of a solid/liquid type of protective scale.  Diffusivity of oxygen through the 

liquid phase is indirectly proportional to the viscosity of the liquid.[92]  The viscosity of 

borate and silicate glasses can be increased by the addition of various transition metals to 

improve the oxidation resistance.[39,93-96]  The improved oxidation resistance is believed 

to relate to higher liquid viscosity resulting from a higher liquidus temperature and phase 

immiscibility of the liquid.  The conclusion is based on the observation that improvement 

in oxidation is found to correlate well with cation field strength of the added compound 

and immiscibility also increases with increasing field strength.  The phase separation was 

observed with electron microscopy.  Relatively small additions (~3 volume percent) are 

recommended.  Higher amounts degrade oxidation performance caused by dissolution of 

ZrO2 and subsequent ZrO2 dendrite precipitation. 

 However, the mechanism for improved oxidation resistance has not been 

determined exclusively and further research is needed.  Smaller particle sizes in the oxide 

scale, as a result of solid solution oxidation, have also been attributed to improved 

oxidation resistance in addition to the liquid immiscibility theory.[95]  It is thought that the 

finer capillaries in the oxide scale can retain the liquid better.  Many of the studies 
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mentioned thus far have completely neglected grain size in their analysis.  Gasch et al. 

have determined that in the absence of chemical variation, grain sizes in the 

microstructure had a significant impact on the total thickness of the oxide layers and 

therefore oxidation resistance (see Figure 1-10 for example).[13]  Resistance sintering can 

be used to obtain smaller grain sizes than the more traditional hot pressing approach to 

sintering.[13,79,97-98]  The advantage of the resistance sintering technique is the excellent 

heating efficiency and rapid heating rates that can be obtained compared to the hot 

pressing technique.  No advantage was observed if using the same exact heating profile.  

No advantage is reported in other cases, but the sintering parameters often vary 

dramatically in these reports. 

 

 
Figure 1 - 10. Oxidation scale thickness of HfB2-20SiC samples with (a) large 

grain size and (b) small grain size as well HfB2-10SiC-5TaSi2 samples with 
(c) large and (d) small grain sizes after arc-jet testing (Images reproduced 
from Gasch et al.[13]). (With color) 

 
 In addition to decoupling effects like liquid immiscibility and microstructure 

refinement, high temperature and ultra-high temperature behavior also needs to be 

established.  Most of the current studies focus on relatively mild temperatures for UHTCs 

(1273-1873 K).  For example, the effect of possible Ta2O5-ZrO2 eutectics on the oxide 

scale integrity should be established as a function of composition and temperature, which 

could become particularly important at progressively higher temperatures. 
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C. Tantalum Carbide 

 Tantalum carbide is a potential additive to UHTC composite materials.  It is 

useful to understand tantalum carbide itself to understand how it will interact with other 

UHTC components and how it will contribute to UHTC performance.  The bonding and 

structure of tantalum carbide phases can be used to describe many of its properties and 

characteristics.  The most recent Ta-C phase diagram is given in Figure 1-11.  The three 

primary tantalum carbide phases of interest are the TaC1-x monocarbide phase, the 

Ta2C1-x semicarbide phase, and an intermediate ζ-Ta4C3-x phase.  Other interesting 

features within these phases include ordered defect structures and stacking faults. 

 

 
Figure 1 - 11. Ta-C phase diagram (adapted from Gusev et al.[99]).  Single-phase 

fields are labeled and abbreviated, two-phase fields are labeled with the phase 
abbreviations, and a box surrounds the label if the label is outside of the phase 
field.  An “x” denotes possible carbon sub-stoichiometry. (With color) 

 The TaC1-x monocarbide phase (TaC) is of primary interest due to its large 

compositional range and higher melting temperature.  The monocarbide phase has a rock 

salt structure.  The compound is considered an interstitial carbide because the FCC-
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arranged carbon lattice practically fits into the interstitial sites of the FCC-arranged 

tantalum atoms.  The bonding is mixed covalent, metallic, and ionic.  Early views 

considered the primary bonding in tantalum carbide to be metallic.[100]  Later 

developments consider tantalum carbide as primarily covalent due to the carbon p-orbital 

and tantalum d-orbital interaction, slight metallic bonding arising from an extra tantalum 

d-orbital electron that does not participate in the covalent bond, and a small proportion of 

ionic bonding arising from a slight net transfer of charge from the tantalum atoms to the 

carbon atoms.[101-102]  A more detailed description of the nine valence electrons making 

up the ground state have been reported recently and consists of a 1σ22σ21π43σ1 electron 

configuration.[103]  The molecular orbital diagram and density of states relevant to 

bonding for stoichiometric TaC are given in Figure 1-12. 

 

 
Figure 1 - 12. (a) Molecular orbital diagram demonstrating the reconfiguration of 

tantalum and carbon electron states in the TaC ground state (adapted from 
Krechkivska and Morse[103]) and (b) the approximate density of states about 
the Fermi energy for TaC (adapted from Sahnoun et al.[104]). (With color) 

 
 The TaC phase is capable of accommodating a wide range of carbon sub-

stoichiometry.  To achieve stoichiometries approaching TaC1.0, excess carbon may 

necessary, or found in the product.[100,105]  The typical single-phase compositional range 

is considered to be from approximately TaC0.8 to TaC.  Below this compositional range, 

the ζ-Ta4C3-x (Ta4C3) phase is in equilibrium with TaC.  If vacancy ordering is taken into 

consideration, an effect that is inherently difficult to characterize, then the compositional 
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range of single-phase TaC is essentially non-existent at low temperature and is 

demonstrated by the phase diagram in Figure 1-11. 

 At temperatures below 1773 K, vacancy ordering can result in formation of the 

Ta6C5-x (Ta6C5) phase.[106-112]  Noticeable effects of this phase on magnetic susceptibility, 

neutron diffraction data, and heat capacity have been observed over the TaC0.8 to TaC0.9 

compositional range.  The ordering is efficient in that it requires cooling rates above 2000 

K/min to prevent, but inefficient in that complete ordering is not observed even for 

cooling rates as low as 0.16 K/min.  Carbon sub-stoichometry in the TaC phase can be 

evaluated by determination of the lattice parameters using diffraction techniques.  The 

relationship between the lattice parameter and the sub-stoichometery is given by C/Ta = 

6.398a – 17.516.[113]  Some deviations in lattice parameter due to vacancy ordering have 

also been reported.  The equation for describing the lattice parameter for this 

circumstance has been described by the second-order polynomial equation a(C/Ta) = a0 + 

a1(C/Ta) + a2(C/Ta)2, where a(C/Ta) is the lattice parameter in nm, a0 = 0.42131, a1 = 

0.03417, and a2 = -0.00992.[108] 

 Other defects in TaC include dislocations and stacking faults.[100,114-119]  The 

dislocations dissociate into Shockley partials bounding a stacking fault.  The faulted 

regions are believed to be of similar composition and structure as the Ta2C1-x (Ta2C) 

phase, having a hexagonal type of structure.  With decreasing carbon content, the density 

of stacking faults increases and presumably results in the formation of the Ta4C3 

structure.  The Ta4C3 phase is an intermediate structure between the FCC TaC and HCP 

Ta2C structures with alternating layers of FCC and HCP sequencing (i.e. a material with a 

50% stacking fault density).  However, a simple blend of FCC and HCP lattices to 

produce the Ta4C3 is an over simplification.  The formation of shortened Ta-Ta bonds 

between tantalum atoms neighboring the {111} plane where missing carbon atoms 

concentrate results in a distinct energy state approximately 2 eV below Ef.[120]  Similar 

types of relaxation have been observed on terminated (001) surfaces, which form new 

bonds along the surface.[101] 

1. Properties and Characteristics of Tantalum Carbide 
The discussion in this section will be limited to those properties and 

characteristics given in Table 1-II.  Many of these properties and characteristics of TaC 
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can be understood in terms of the bonding and structure of TaC, including the defect 

structures and microstructure. 

The density of TaC is typically reported as 14.5 g/cm3.[121-127]
  Higher density 

values, ranging from 14.6-14.7 g/cm3 have also been reported.[121,128-129]  The discrepancy 

is best explained by an increase in density with a decrease in carbon stoichiometry.[130-131]  

In Bowman’s early work, the lattice parameter was used to determine the theoretical 

density as a function of the TaC carbon content.  These results are demonstrated in Figure 

1-13, which indicate that 14.5 g/cm3 accurately describes the theoretical density when the 

carbon stoichiometry exceeds roughly TaC0.88.  Lower densities could result from 

impurity phases, such as an oxide phase or free carbon. 

 

 
Figure 1 - 13. Variation in TaC density with carbon content (14.5 g/cm3 describes 

the density of TaC0.88-1.00).[113] (With color) 
 
The linear coefficient of thermal expansion for approximately stoichiometric TaC 

up to 2873 K was investigated and compared to other work available in the early 1970’s 

by the Carborundum Company under a contract for the Navy.[132]  The results from this 

work are compiled in Table 1-IV.  The thermal expansion coefficient is decreased with 

decreasing carbon content, passes through a minimum, and then increases again.[102,133]  

Anomalous data was sometimes reported near 2273 K for ascending temperature and was 
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attributed to further specimen densification.[134-135]  Another possible explanation for 

anomalous behavior at higher temperatures is the incongruent vaporization of TaC.[136-137]  

The preferential loss of carbon at higher temperatures lowers the expansion coefficient as 

the test is being performed.  More recent work using neutron powder diffraction resulted 

in a value of 6.4 ± 0.3 10-6/°C over the temperature range from room temperature to 686 

K is in good agreement for lower temperatures.[138] 

Table 1 – IV. Average Thermal Expansion Coefficients of TaC from Jun and Shaffer[132] 

α (10-6/Κ) Temperature (Κ) 
6.55 R.T.-1273 
7.34 1773 
7.86 2273 
8.37 2673 
8.72 2873 

 

Specific heat measurements of TaC have been studied as a function of the carbon 

content, carbon ordering, and temperature.[102,139-140]  When the heat capacity was 

measured over the temperature range of 1200-2500 K over the compositional range of 

TaC0.75 to TaC, a local maximum was found near TaC0.88.  This is demonstrated in Figure 

1-14.  The maximum closely corresponds to the depletion of free electrons as carbon 

stoichioemtry is reduced and is a direct consequence of bonding.  The decrease in modes 

for energy storage requires that more energy is necessary to increase temperature.  If the 

ordered Ta6C5 phase forms, then a greater heat capacity can be observed when compared 

to the disordered TaC1-x phase over the composition range of TaC0.8-0.9 near room 

temperature.  The heat capacity is a complex function of temperature, but seems to 

increase somewhat linearly from room temperature to 3073 K and then increases 

exponentially thereafter.  It is important to point out that each 1% of free carbon in TaC 

increases the specific heat by 4.5-5%. 
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Figure 1 - 14. Specific heat of TaC from 1200-2500 K, (adapted from 

Samsonov[102]). 
 

The thermal conductivity of TaC was investigated by Donald W. Douglas 

Laboratories of McDonnell-Douglas Astronautics in the late 1960’s using an electron 

beam technique.[141]  The specimen tested was stoichiometric and the density was 13.87 

g/cm3 or 95.8% of theoretical.  The thermal conductivity increased from 31.0 W/m•K at 

1200 K to 39.8 W/m•K at 2850 K.  The curve was below that of TaC tested by other 

researchers, but above that of the other researchers’ material after being pre-exposed to a 

temperature dwell at 2756 K.  The reason for the discrepancy in the thermal conductivity 

data associated with the heat soaking was not clear.  Increased sintering or grain growth 

would be expected to increase the thermal conductivity, not lower it.  Another study 

considered the thermal conductivity of nearly stoichiometric TaC deposited onto graphite 

by gas phase diffusional deposition.[142]  In this case, the thermal conductivity was 50 

W/m•K at 1200 K up to about 63 W/m•K at 2000 K, which was reported to be twice as 

high as that obtained by hot compaction of powders.  The higher values were attributed to 

a lower contribution of phonon scattering at grain boundaries, although no formal 

comparison of grain sizes was made.  The density of the film prepared by gas diffusional 

deposition versus specimens sintered by hot compaction were not discussed and could be 
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another cause because pores in the microsctructure could also lower the thermal 

conductivity. 

The Young’s modulus has been studied by the sonic resonance technique from 

room temperature to 1500 K.[143]  The Young’s modulus decreased linearly with both 

porosity and temperature over the ranges studied.  The Poisson’s ratio was determined to 

be 0.21 at room temperature and found to be independent of porosity.  As temperature 

was increased to 1500 K, the Poisson’s ratio increased linearly to 0.24.  Bukatov et al. 

studied the temperature dependence of the Young’s modulus up to temperatures of 2273 

K.[144]  In addition to the linear dependence described in the earlier work, a non-linear 

decrease is observed beginning at 0.4-0.5 of the melting temperature, assumed to result 

from thermally activated vacancy formation, with grain boundaries acting as vacancy 

sources.  A plot of Young’s modulus versus porosity, with different data points from 

literature, is given in Figure 1-15 and suggests an intrinsic Young’s modulus of 457-545 

GPa.[145-146]  The lower values reported by Bakshi et al. are not easily explained.[128,146]  It 

is worth noting that they used a different measurement technique. 

 

 
Figure 1 - 15. Elastic moduli of TaC with porosity. (With color) 

 
The total hemispherical emissivity of TaC has been measured from 1200 to 3750 

K.[147]  For initial heating, the total hemispherical emissivity was between 0.5 and 0.6 up 

to 2100 K.  Thereafter, the total hemispherical emissivity varied linearly from 0.44 at 
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1200 K to 0.54 at 3700 K.  These measurements were compared to previous literature, 

but little data is given concerning the samples so explanation for the results is neglected 

here.  In the same study, the normal spectral emissivity data at 0.65 µm were generally 

higher and changed linearly from 0.75 at 1200 K to 0.5 at 3700 K compared to the total 

hemispherical emissivity.  Lower values at 0.65 µm were obtained from 1400 to 2000 K 

by other authors, more comparable to the total hemispherical emissivity.[148]  The work 

also discusses a decrease in the spectral emissivity with decreasing carbon content.  The 

total hemispherical emissivity was determined to vary from 0.42 at 1300 K to 0.44 at 

3000 K, also requiring an initial heat soak, and is in reasonable agreement with the 

previously mentioned work.[149]  An attempt was made to describe the spectral emissivity 

as a function of temperature and wavelength over the temperature range of 1700 to 3400 

K and wavelength range of 0.44 to 1.06 µm.[150] 

Several researchers have studied the fracture behavior of TaC.[115,122,130,145,151-156]  

The fracture strengths of TaC are highly dependent on the young’s modulus and flaw 

size.  Given the brittle fracture behavior of TaC and the difficulty in sintering, 

microstructural pores are expected to be the strength limiting flaws.  Porosity also 

influences the Young’s modulus (see Figure 1-15).  Assuming everything else to be 

equal, the fracture strength would then become indirectly dependent on the density.  Such 

a correlation is demonstrated in Figure 1-16.  Based on this concept, the average fracture 

strength of fully dense TaC is expected to be near 450-500 MPa.  However, not all other 

characteristics are equal and scattering of the data for such an analysis can be attributed 

to differences in processing resulting in varying carbon stoichiometry and grain size, for 

example.  Most of the fracture strength data has been obtained via flexure testing, 

although tensile testing has also been used and the test method can make a difference. 

Hackett et al. demonstrated that the strength was directly correlated with carbon 

stoichiometry for TaC with similar density (~97%).[130]
  This is despite smaller grain sizes 

for the sub-stoichiometric samples, which would be expected to increase the fracture 

strength by reducing flaw sizes.  Although partially due to differences in density, Shvab 

et al. demonstrated that fracture strengths were improved from 10 to 40 MPa when 

starting with an initial average particle size of 24 µm to 60-120 MPa when starting with 

an initial average particle size of 3.4 µm.[153]  The fracture strength was further improved 
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to 230-430 MPa by starting with an initial average particle size of  170 nm.  It seems 

reasonable to assume that starting with a smaller average particle size results in smaller 

average grain sizes and therefore smaller flaws and higher fracture strengths.  However, 

because density varied, the flaw population can be expected to vary significantly.  Liu et 

al. made the general conclusion that grain size has an impact for samples with similar 

densities.[122]  Bakshi et al. report slightly lower fracture strengths for fully dense TaC 

with an average grain size of 5.6 µm compared to a fully dense TaC with 4.9 µm grains, 

but the results are within experimental error.  The grain size is similar in this case.  A 

systematic investigation of grain size is lacking, but one could expect that fully dense 

TaC with small grain sizes would at least approach the upper limit in Figure 1-16, near 

700 MPa, by reducing flaw sizes.  When TaC was sintered with 15 volume % TaSi2 or 

MoSi2 as a sintering aid, densities between 96-97% were achieved, grain size was limited 

to 1.2-2.5 µm, and fracture strengths were as high as 1091 MPa.[157] 

 

 
 

Figure 1 - 16. Summary of TaC fracture strength found in the literature as a 
function of density.  The black dotted line is an exponential fit to the data.  The 
red dotted lines are arbitrary exponential functions demonstrating the range of 
values reported. (With color) 
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TaC is typically considered to be brittle, but ductility has been demonstrated at 

room temperature under sharp diamond indentation.[114,118]  Slip occurs within the 

<100>/{111} system, accomplished mainly by the motion of a/2<011> edge dislocation 

glide.  This is similar to the behavior of face-centered cubic (FCC) metals and is 

attributed to the FCC tantalum lattice.  However, unlike pure FCC metals, bulk plastic 

deformation is prevented by the interstitial carbon resulting in Suzuki hardening.[116]  

Plastic deformation requires overcoming the Suzuki hardening mechanism via carbon 

diffusion, which becomes appreciable only at higher temperatures.  Bulk plastic 

deformation has been observed at temperatures as low as 1553 K.[114,155]  The transition 

temperature from brittle-to-ductile behavior is decreased for low strain rates and sub-

stoichiometry, which facilitate carbon diffusion and plastic flow in the absence of brittle 

failure.  Grain-boundary sliding, controlled by dislocation climb, is another deformation 

mechanism that is activated at higher temperatures.  Smaller grain sizes are expected to 

influence the transition temperature via the grain-boundary sliding mechanism. 

Given the low fracture toughness of the monocarbide TaC phase (3-5 MPa•m0.5), 

the thermal shock resistance is not expected to be exceptional.[130]  However, the ζ-Ta4C3 

phase has excellent fracture toughness, as high as 13 MPa•m0.5 approaching that of 

carbon/SiC composites.  The low toughness/thermal shock problem can also be overcome 

by part design.  A functionally-graded microstructure, achieved either by fiber 

reinforcement or compositional grading, has been used for these purposes.[158-161] 

TaC does not have good oxidation resistance.[156,162-166]  Oxidation of the 

monocarbide phase results in a direct transformation to a porous, non-protecitve Ta2O5 

oxidation layer.  The Ta2C phase is slightly more oxidation resistant, perhaps due to the 

intermediate oxycarbide phase that forms prior to the Ta2O5 phase.  For high temperature 

applications in oxidizing atmospheres, composites with engineered oxide scales having 

superior oxidation resistance will be necessary, like those discussed in a previous section. 

2. Tantalum Carbide Synthesis 
Joly described the synthesis of TaC in 1876 by heating a mixture of Ta2O5, 

tantalite, carbon and NaHCO3 at 1773 K.[167]  Since then, the reduction of an oxide and 

carburization or direct carburization of tantalum metal at elevated temperatures (even 

well above 1773 K) using solid carbon or hydrocarbon gases has been used by many 
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researchers.[168-178]  Due to the high processing temperatures and nature of the precursors, 

the particle sizes achieved by this method are relatively large.  The amount of oxygen due 

to a surface oxide layer is typically small because of the low surface area.  Reactions 

have been performed at temperatures as low as 973 K by using more reactive precursors 

to form nanoparticles, but a reaction above 1773 K is favored for producing powders with 

low oxygen and free carbon contents.  If highly reactive precursors and low temperatures 

are used, oxygen content will likely be higher and purification may be necessary.  

Residual carbon to reduce the oxygen during subsequent processing (i.e. sintering) is 

actually favorable for small particle sizes with high oxygen content. 

The reaction between tantalum and carbon to form TaC is a highly exothermic 

reaction.[16,179]  This makes the synthesis of TaC by self-propagating high-temperature 

synthesis (SHS) possible, which many researchers have used.[180-181]  This technique 

benefits from a small initial particle size and a high green density compact.  Simultaneous 

pressure application and/or electromagnetic field assistance have been applied to improve 

the combustion wave propagation, completion of reaction for enhanced phase purity, and 

higher densities during simultaneous sintering.  Secondary additives producing gases and 

liquids during the reaction are also used and can affect the final product density and 

composition, but add complexity to the reactions.  The primary disadvantage of this 

technique is the lack of process control after the reaction is initiated.  Limited control of 

temperature has been achieved by diluting the reactants with the final product to reduce 

temperature or performing the synthesis at elevated temperatures to increase the reaction 

temperature. 

Gas-phase reactions have been used to synthesize TaC.[186-196]  This is typically a 

low-temperature synthesis method that utilizes vapors of tantalum chloride compounds 

and hydrocarbons in hydrogen/argon gas streams, although direct vaporization of 

tantalum metal has also been applied.  Precursors are typically more expensive, but the 

technique is particularly useful for applying dense coatings and is one of the few 

techniques capable of providing unique fiber/whisker morphologies with transition metal 

catalysts.  High purities can be difficult to achieve.  Products will often contain a mixture 

of the monocarbide phase, sub-carbide phase, tantalum metal, and/or carbon residuals. 
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TaC has been synthesized by precipitation in molten salts and metals with and 

without electromagnetic field assistance.[197-199]  Dense coatings, powders, and nanofibers 

have been made by this method.  A unique sub-class of SHS synthesis known as solid-

state metathesis (SSM) reactions is in this category and has been applied to produce 

TaC.[200-201]  The premise is to use exchange reactions to form the compound of interest 

and a co-produced salt.  Besides exchange reactions, a secondary mechanism includes 

reductive recombination, where the precursors are reduced to elemental form followed by 

reaction from the elements.  The reaction is typically self-sustaining if the reaction 

temperature exceeds the melting temperature of the co-produced salt.  The advantage 

over traditional SHS is that the coproduced salt from the exchange is an effective heat 

brake applied to the reaction, limiting the maximum reaction temperature to that of the 

boiling point of the salt.  The lower temperatures favor formation of small particles.  

However, the reactions are not as exothermic and the self-propagating aspect of 

traditional SHS reactions is limited.  For reaction temperatures below the melting point of 

the co-produced salt, extended times at moderately elevated temperatures may be 

necessary to complete the reaction.  Ma et al. experiments with greater complexity of 

metathesis reactions by suggesting compositions that produce a vapor phase.[162] 

Other laboratory-scale synthesis techniques involving nanoparticle synthesis have 

been presented in the literature.[163,202-204]  However, since these techniques are prepared 

by special processes, with more hazardous chemicals, and/or for low quantity yields 

compared to the other techniques, they are not covered in any detail here.  Table 1-V 

summarizes the more common techniques that have been used for the synthesis of TaC 

and advantages/disadvantages of each. 

3. Sintering 
 The sintering of dense TaC is challenging, summarized by evaluating Table 1-VI.  

Recently, in 2011, fully dense TaC of high purity has been reported.[128]  Resistance 

sintering at temperatures of 2123 K and pressures of 263-363 MPa were used to do this, 

in comparison with 89% density using an applied pressure of 100 MPa.  Yohe and Ruoff 

report fully dense TaC in 1978 using pressures of 1.5 to 4.5 GPa, but with 12% Ta2O5 as 

a result of high oxygen content in the powders that were used.[126]  High density has only 

been reported for these high pressure sintering studies. 
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Table 1 – V. Advantages and Disadvantages of TaC Synthesis Techniques 

Technique Advantages Disadvantages 

High Temperature 
Carburization 

Low free carbon content, 
inexpensive raw materials, 
large scale production is 
demonstrated 

Energy intensive, large 
particle sizes 

Low Temperature 
Carburization 

Similar to well established 
high-temperature 
carburization, can produce 
small particle sizes 

Requires highly reactive 
precursors, purity, 
processing time, and particle 
agglomeration 

Self-Propagating 
High-Temperature 
Synthesis 

Requires only ignition, fast, 
simultaneous densification 
possible, self-purifying, 
large scale production is 
demonstrated, inexpensive 
raw materials 

Simultaneous densification 
difficult, reaction 
temperature results in large 
and agglomerated particles, 
phase purity, lack of control, 
aggregated particles 

Gas-Phase Synthesis Can obtain fiber/whisker 
morphology, can be used to 
apply coatings, low 
processing temperatures, 
fine particle size achievable, 
industrial scale feasible 

Typically use expensive 
precursors, high phase purity 
is difficult to achieve, 
potentially hazardous gases, 
possible particle 
agglomeration/aggregation 

Molten Salt/Metal 
Synthesis 

Used to apply coatings, 
nanopowders or single 
crystals can be obtained, 
fiber/whisker morphology 
possible, relatively low 
temperatures used 

Requires leaching and 
further chemical purification, 
requires extended periods of 
time at intermediate 
temperatures possibly 
leading to aggregation 

Metathesis 
Reactions, sub-class 
of Molten Salt/Metal 
Synthesis and Self-
Propagating High-
Temperature 
Synthesis 

Exothermic reactions 
provide energy, co-produced 
salt limits temperature and 
can produce small particle 
sizes, combines advantages 
of multiple techniques 

Limited exothermicity may 
require moderate 
temperatures to be sustained, 
requires leaching and further 
chemical purification, 
precursor limitations, may 
lead to particle aggregation 
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Table 1 – VI. Density (% ρth), Grain Size (G), Powder Type, Applied Pressure (P), and 
Temperature (T) used to Sinter Nearly Stoichiometric (or Unreported) TaC by Different 

Sintering Methods 

Unspecified sintering method       
% ρth G (µm) Powders P (MPa) T (K) Reference 

97 12 -- -- -- 144 

      Conventional Sintering 
	   	    % ρth G (µm) Powders P (MPa) T (K) Reference 

65-89 0.17-24 Micro and submicro -- 2673-2973 153 
91 6 Micro -- 2223 206 

60-95 0.1-18 Nano -- 1373-1873 127 
81-98 2-12 Micro and submicro -- 2473-2673 122 

      Hot pressing 
    % ρth G (µm) Powders P (MPa) T (K) Reference 

85 0.8 Submicro 30 2173 121 

81-94 
0.02-
0.31 Nano 1500-4500 1073-1773 126 

89-95 -- -- -‐-‐	   3423 132 
75-97 1.3-2.8 Micro 30 2173-2673 123 

97 57 -- 105 2173 114 

      Induction heated hot pressing 
   % ρth G (µm) Powders P (MPa) T (K) Reference 

< 96 
0.03-
0.94 Micro and nano 80 1623 205 

      Resistance heated hot pressing 
  % ρth G (µm) Powders P (MPa) T (K) Reference 

68-97 0.33-9 Micro 30-75 2173-2673 152 
89-100 0.56-5.6 Submicro 100-363 2123 128 
	  	   	  	   	  	   	  	   	  	   	  	  

 

The detrimental effect of oxygen on sintering was noted in the first sintering 

report using nanostructured powders having oxygen content > 1%.[127]  It was determined 

that the removal of oxygen to less than parts per thousand ranges was essential for 

obtaining high quality TaC of high density.  However, the thermal treatments that were 

necessary to remove the oxygen grew the primary particle sizes from nanostructured to 
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the sub-micron regime, casting some doubt on the practical interest of using nanopowders 

with high surface area.  They also noted that liquid phases could form at temperatures as 

low as 1100°C as a result of binary eutectics between the carbide and transition metal 

impurities such as iron, nickel, cobalt, and chromium.  The liquid is wetting, exists 

intergranularly, and some evidence is provided to suggest that the liquid phase is directly 

responsible for grain growth for the intermediate sintering temperatures used in the study 

(1373-1873 K).  Furthemore, this is the same temperature at which densification began, 

hinting that densification was by liquid phase sintering.  Despite starting with 

nanopowders, final average grain sizes were between 2-20 µm.  The difficulty achieving 

full density was attributed to intragranular porosity as a result of the grain growth, but it 

is difficult to separate out the effects of oxygen and metallic impurities as a cause. 

Yohe and Ruoff developed processing procedures to obtain nanopowders from 

nominally submicron powders and sintered these nanopowders using high pressures 

(1.5-4.5 GPa) and intermediate-to-high temperatures (1073-1973 K).[126]  The densities 

and grain sizes as a function of temperature are demonstrated in Figure 1-17.  

Densification was complete ranging from 1273-1573 K and depended on pressure.  

Higher temperatures lowered the density, perhaps by initiating non-densifying sintering 

mechanisms or by vaporization of impurity phases.  When sintered at these temperatures 

and pressures, sub-micron average grain sizes were achieved.  Fully dense specimens 

were obtained, but only realized after accounting for the oxide content.  An oxide content 

of 11.8% Ta2O5 was estimated based on oxygen content.  Figure 1-17 indicates that a 

pressure of approximately 3 GPa is necessary for completing densification without grain 

growth by comparing the appropriate densification and grain growth curves.  

Densification is complete just below 1373 K, the same temperature at which grain growth 

is beginning to become evident.  A total transition metal impurity content of about 0.6% 

is reported. 

Additions of carbon and B4C in small quantities have been used to enhance 

densification by removing oxygen impurities.[123]  The reactions between these additives 

and Ta2O5 produce gaseous species that can be removed prior to intermediate to late stage 

sintering.  The reaction with carbon becomes favorable just above 1373 K while reaction 

with B4C is favorable at all temperatures (vaporization of resulting B2O3 requires 
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intermediate temperatures).  Despite achieving higher densities at lower temperatures, 

densification was still accompanied by grain growth.  In fact, grain growth could be 

worse despite higher densities indicating that grain growth is not responsible for poor 

densification.  It seems likely that the additives change the sintering mechanism, allowing 

the use of reduced temperatures. 

 

 
Figure 1 - 17. (a) Density and (b) grain sizes of TaC sintered at temperatures 

from 1073-1923 K and pressures from 1.5-4.5 GPa (dotted lines correspond to 
temperature of maximum density. Adapted from Yohe and Ruoff.[126]) (With 
color) 

 
It is interesting to note that the highest density reported in Table 1-VI, besides the 

high-pressure studies previously discussed, was obtained by a conventional sintering 

process with no pressure application.[122]  The key features described for obtaining high 

density without pressure assistance is a small particle size and a narrow size distribution.  

Based on the microstructures, it was determined that the narrow particle size distribution 

prevented grain growth and therefore entrapment of porosity.  The microstructures of the 

sintered specimens using the two different powders, but similar sintering parameters are 

given in Figure 1-18.  Although a smaller grain size (with smaller pore sizes) is observed 

for the slightly denser sample, the conclusion that was made is questionable for two 

reasons. 
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Figure 1 - 18. Microstructures observed by pressureless sintering of TaC at 2573 

K, (a) Powder B with a particle size of 360 nm and (b) Powder C with a particle 
size of 250 nm (images reproduced from Liu et al.[122]). (With color) 

 
The first reason is that the porosity is primarily at the interfaces between grains 

without much evidence for intragranular porosity.  Other researchers have observed this 

type of microstructure as well.[152,207]  Furthermore, the study by Zhang et al., 

demonstrated that higher densities with the use of additives, to remove oxygen impurities, 

were obtained even in the presence of more extensive grain growth.[123]  It seems that 

grain growth is not the controlling factor for low densities by entrapment of porosity, but 

that the porosity is controlled by oxygen impurities.  Ta2O5 is liquid at typical sintering 

temperatures and could vaporize, forming pores. 

The second observation that makes the argument for their conclusion questionable 

is the presence of faceted grains in the denser microstructure that is characteristic of the 

substoichiometric Ta4C3 phase (see Figure 1-19), which has a higher density and could 

contribute to the slightly higher density that was obtained (see Figure 1-13).[130,208]  The 

study by Hackett et al. demonstrate that while higher densities were obtained for sub-

stoichiometric samples, the % of theoretical was lower.[130]  Carbon stoichiometry was 

not characterized for the samples demonstrated in Figure 1-18.  Besides the carbon 

stoichiometry, it is possible that the higher density can be attributed to the process of 

removing oxygen impurity by reaction of TaC with Ta2O5 to form sub-stoichiometric 

TaC and gaseous CO by-product.  The sample with slightly higher density had 20% more 

oxygen content. 
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Figure 1 - 19. Microstructural differences observed for (a) TaC and (b) TaC0.7 

(images reproduced from Hackett et al.[130]). 
 

It seems likely that the slightly different densities between the two powder sets 

could be attributed to particle size alone, which influences the sintering 

temperature/densification and impacts oxygen content of the powders.  The average 

particle size of the powder used to produce the denser samples was 250 nm compared to 

360 nm for the other powders.  Enhanced sintering for smaller particle sizes has been 

reported by other researchers.[154,205,207]  Decreasing the particle size apparently changes 

the mechanism for mass transport, and therefore the sintering mechanism.  Sub-micron 

powders sinter at lower temperatures (~1873 K) with a reaction order indicator of 

approximately n = 1 during the first stage of sintering, indicating diffusion/viscous flow 

and grain boundary sliding as the dominant sintering mechanisms.  Evidence for viscous 

flow is given at intermediate temperatures.[114]  However, coarser micrometer sized 

powders require higher temperatures to sinter, with a reaction order indicator of near n = 

3 and indicating a surface self-diffusion mechanism.  The surface diffusion mechanism is 

a non-densifying mode of sintering that will result in low final density. 

A consequence of grain boundary sliding during the initial stage of densification 

is a sharp increase in grain size in the early stages of sintering (orders of magnitude) with 

little linear grain growth during isothermal holding, which is observed by multiple 

researchers.[153-154,209-212]  Zhang et al. gave an alternate explanation for the simultaneous 

densification and grain growth, corresponding to similar activation energies for these 

processes.[123] The activation energy for grain growth during isothermal holding at 

temperatures from 2673-2973 K was determined to be 380 kJ/mol, while the activation 

energy of viscous flow during hot pressing at 16 MPa and 3323 K was determined to be 
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406 kJ/mol.[123,153,208]  If viscous flow is the dominant mechanism, then grain growth will 

be immediately initiated at the onset of densification. 

Zhang et al. further suggested that the best sintering aids would be those that 

promote densification below temperatures where rapid grain growth occurs, but that it is 

unclear which additives would be most effective.[123]  It has been proposed that the 

combination of TaB2 and carbon phases left in the microstructure after reacting TaC and 

B4C inhibited grain growth.[145-146]  Additions of MoSi2 did not have an effect on TaC 

grain growth.[206]  The form, reactivity, and quantity of excess carbon added to TaC was 

noted to influence grain growth, thought to be due to excess carbon at the grain 

boundaries.[128,207] 

Revisiting the data provided in Table 1-VI and corresponding literature, sub-

micron grains are only achieved for samples of low density, before densification is 

adequate, or for extreme pressure or heating conditions that allow for rapid densification 

before grain growth can occur significantly.[126,128,152,205]  It seems reasonable to assume 

that if nanostructured TaC is to be obtained without the use of extreme heating or 

pressure conditions, then it will be necessary to find suitable additives to control the 

microstructural development.  Systematic investigations of additives to control 

microstructural development will be beneficial for designing such systems and may also 

provide insight to how TaC will interact with other components of UHTC composites. 
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CHAPTER 2: SYNTHESIS OF NANOSTRUCTURED TRANSITION 
METAL BORIDE, CARBIDE, AND NITRIDE POWDERS 

PRODUCED BY SOLVOTHERMAL SYNTHESIS 

A. Introduction 

Non-oxide ceramics are ceramics consisting of a metal bonded with either 

metalloids or non-metals, other than oxygen, and have become an important class of 

materials.  Non-oxides are rarely found in nature and are sometimes found in meteorites.  

This rarity ensures that any commercial use of these materials will require synthetic 

processes. 

Bursts of development have occurred depending on a particular need and some 

non-oxide materials have been developed more than others.  For instance, Si3N4 was a 

highly pursued material beginning in the 1950’s for the use of lightweight ceramics for 

more efficient engines.[1-2]  Although an all ceramic engine was never successfully 

implementeed, the intense research efforts to do so have resulted in the development of 

other important classes of materials (silicon aluminum oxynitrides, other oxynitrides, and 

oxynitride glasses for example).  Overall, the possibility for replacing some engine 

components with Si3N4 and introduction of these materials in other suitable markets as 

processing was developed, tested, and improved.  Si3N4-based materials are in some ways 

one of the most well understood advanced ceramic systems as a result of intense 

development.[3-5]  Although silicon based non-oxide materials are a great example of 

successful and widespread commercialization of non-oxide materials, they only represent 

a small subset of ceramic non-oxide possibilities. 

Ultra-high-temperature ceramics (UHTCs) are a particular subclass of non-oxides 

that had begun to be get some attention in the early 1960’s to mid 1970’s for materials 

that could be capable of withstanding the harsh environments of space applications.[6-7]  

UHTC research has been substantially expanded in more recent years to meet new 

technological challenges, particularly as potential candidates for extreme environments 

associated with hypersonic flight, rocket propulsion, and space re-entry conditions.[8-11] 
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The definition of UHTCs varies, but in general corresponds to ceramics with 

melting temperatures above ~3000 K for use in high-temperature applications where 

temperatures may be near the range of 2000-3000 K.[12]  Some of the transition metal 

borides, carbides, and nitrides meet this specification and some authors have limited their 

definition to these materials.[12-13]  Table 2-I provides a summary of selected compounds 

demonstrating such high melting temperatures. The high melting temperatures and 

relatively good thermal-chemical-mechanical stability of these materials is attributed to 

covalent bonding.  Adiabatic flame temperatures are also provided in the table and will 

be discussed later. 

Table 2 – I. Melting Temperatures (Tm) and Adiabadic Flame Temperature (Tad) by 
Reaction from the Compound Constituents of Selected Ultra-High Temperature 

Ceramics[14-15] 

Carbides Tad 
(K) 

Tm 
(K) 

Borides Tad 
(K) 

Tm 
(K) 

Nitrides Tad 
(K) 

Tm 
(K) 

HfC 3900 4100 HfB2 3520 3640 HfN 5100 3600 
TaC 2700 4100 TaB2 3370 3540 TaN 3360 3220 
ZrC -- 3533 ZrB2 3310 3270 ZrN 4900 3230 
TiC 3210 3210 TiB2 3190 3500 TiN 4900 3560 

 

Although the melting temperatures of non-oxide UHTCs are high, special care 

must be considered for realizing the use of these materials at high temperatures without 

significant decomposition.  Virtually all non-oxide ceramics in almost every application 

environment of interest are in a state of non-equilibrium with the atmosphere and the 

effective use of the material relies on the characteristics of the degradation processes 

involved.  The most common non-equilibrium condition of interest is the result of being 

exposed to a chemically oxidizing atmosphere, which has been addressed by many 

authors not limited to the references provided for examples.[16-20]  The oxidation 

resistance is a frequent deficiency in UHTCs, but can be improved with appropriate focus 

on compositional/composite design to engineer a protective oxidation scale. 

The oxidation mechanism for a non-oxide can be classified into active (typically 

associated with weight and material loss that is continuous) and passive (typically 
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associated with weight gain with material conversion that slows with time).  Active 

oxidation should be avoided completely for most applications.  The typical weight gain 

associated with passive oxidation is the result of oxide scale formation and the oxidation 

slows with time because the scale acts as a barrier that limits further oxidation.  The 

oxide scale can also be considered protective or non-protective.  Non-protective oxide 

scales may result when the scale is porous, is not in equilibrium with the atmosphere, 

and/or cracking of the scale occurs (from physical damage, thermal shock, or stresses 

from interaction with the non-oxide bulk for example). 

The ideal UHTC from a design perspective will balance high melting temperature 

(to act as the bulk structural support) with a relatively stable oxide scale on the surfaces 

to protect the bulk from further oxidation at high temperatures.  The general approach to 

this is by designing UHTC composites.  The composite should form a dense scale on its 

surfaces that is as stable as possible with both the UHTC bulk and the atmospheric 

conditions.  The stability of the scale with the UHTC bulk depends on chemical stability, 

good adhesion, similar thermal expansions to prevent stress development, and low 

thermal expansion to minimize the risk of thermal shocking the UHTC.  The interactions 

between the oxide scale and the atmosphere should be minimal, requiring that the oxide 

scale that forms is also highly refractory.  However, some lack of refractoriness may be 

beneficial for “healing” cracks that may form in the scale and will also require a balanced 

design approach. 

One particular issue with exploring UHTC composites is that their high 

temperatures and stability make them expensive to produce and process, significantly 

hindering the ability to study them as extensively as would otherwise be possible.  As an 

example, Levine et al. report on the study of ZrB2, but explicitly state that they did not 

study HfB2 because of cost limitations.[11]  Although computer aided design and 

modeling will help select appropriate materials for the design of UHTC composite 

materials, experimental verification and testing is still a necessity.  Utilizing 

nanostructured powders has the potential to reduce sintering temperatures, which could 

reduce processing costs. 

There are several techniques currently utilized for the synthesis of nanostructured 

non-oxide ceramics.[21-22]  For obtaining nanostructured non-oxides, the synthesis method 
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should result in nano-regime crystallite sizes and ideally have low levels of 

agglomeration, have high phase purity, have high chemical purity (including clean 

surfaces), and be a well understood and controllable process.  An ideal synthesis method 

for ensuring a low cost would also be energy efficient, fast, scalable, and be able to 

produce a diverse group of materials (in this case a broad range of UHTCs that can be 

used for composite development).  All of the typical synthesis methods satisfy some of 

these criteria, but often fall short for a few of the other desired characteristics.  New 

techniques or modifications to currently used techniques that address these issues are 

desirable. 

Table 2-I also demonstrates that these materials having high melting temperatures 

also have high adiabatic flame temperatures by the stoichiometric reaction between the 

metal and non-metal.  The adiabatic flame temperature is the theoretical temperature that 

an exothermic reaction will achieve if all of the heat is transferred to the system (reaction 

products) with no heat loss to the environment and assuming full conversion of the 

reactants.  Realistically heat is also lost to the environment.  Highly exothermic reactions 

having high adiabatic flame temperatures (> 2073 K) are empirically suitable for self-

propagating high temperature synthesis (SHS) of materials.[14]  The high reaction 

temperature and short reaction time during SHS result in a reaction that approaches 

adiabatic behavior and therefore reaches a temperature that approaches the adiabatic 

flame temperature. 

 A promising and scalable solvothermal synthesis method was recently reported 

for synthesizing TaC and LaB6.[23-24]  Scalability is important because large-volume 

production assists in driving costs downward.  The solvothermal synthesis of these 

materials relies on SHS reactions within a melt.  The SHS nature of the reaction provides 

energy efficiency, requiring only a low amount of external energy to ignite the reactants, 

which also contributes to low synthesis costs.  Similar to traditional SHS, the reaction is 

fast, assisting scalability by allowing for large quantities of powders to be produced 

rapidly.  Similar techniques have been demonstrated in kg-quantities.[25-27]  The melt 

reduces grain size, overcoming the difficulty to produce fine powders from traditional 

SHS.  The empirical relationship for the successful synthesis of a material by 

solvothermal synthesis is expected to be similar to that for the parent SHS technique.  
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Thus, reactions having adiabatic flame temperatures >2073 K, like many listed in Table 

2-I, are good candidates for the solvothermal synthesis method. 

 By eliminating the use of pressure for solvothermal synthesis, the necessity of an 

autoclave was eliminated and the reaction could be performed in simpler apparatus.  The 

simpler apparatus is not as costly as an autoclave and the thin walls of the reaction vessel 

allow for much faster heating and cooling rates when compared to using an autoclave, 

which helps make the process faster from start to finish and minimizes agglomeration 

caused by reprecipitation. 

 The solvothermal process has been used to obtain TaC powders that were 

nanostructured, phase pure, and had a low level of agglomeration.[23-24]  Some flexibility 

in various responses versus processing variables was also demonstrated.[24]  In fact, the 

only appealing aspects of an ideal process that were described earlier that have not been 

studied for this solvothermal synthesis method include chemical purity and demonstrating 

that a broad range of materials can be synthesized using this method.  The primary 

chemical impurities of non-oxides include carbon or carbon containing impurities, 

oxygen, metals and halogens.  Removal of these impurities from non-oxides is already 

well studied.[28]  Therefore, the purpose of this work will be to demonstrate the potential 

of the solvothermal synthesis method for making a diverse set of UHTC powders and 

begin to define the criteria that defines the conditions for successful reactions. 

 It is important to note that the purpose is to demonstrate the synthesis of these 

materials, not to optimize the synthesis.  Some aspects of process optimization have been 

provided previously.[24] 

B. Experimental Procedures 

Table 2-II, Table 2-III, and Table 2-IV give details about the the non-oxides that 

were explored, the reaction equation that was used in each instance, the precursor 

information, and the amounts of reactants that are used to produce a three-gram 

theoretical yield of powder, except for BN.  A one-gram theoretical yield was used for 

BN because of the low density of the material.  The procedure for each of these 

experiments is similar.  All mixing was performed in an argon atmosphere.  The 

compound precursors were weighed out according to the amounts given in Table 2-IV, 
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which correspond to the reaction equations given in Table 2-II, and hand mixed using a 

mortar and pestle.  This mixture was added to a 95 ml fused-silica test tube.  The 

reductant metal, either lithium or calcium, was weighed out in the amount given in Table 

2-IV and added on top of the reactant mixture, but not mixed because the reductant is 

added in granular form to reduce its reactivity.  The test tube was then lightly sealed with 

a rubber stopper and removed from the argon atmosphere to be ignited underneath a 

chemical fume hood. 

Table 2 – II. Balanced Solvothermal Synthesis Reactions of Various Ultra-High 
Temperature Ceramics 

Compound Reaction 
TaB2 2TaCl5 + 8NaBH4 + 20Ca → 2TaB2 + 4B+5CaCl2 +15Ca + 8Na +16H2 
HfB2 HfCl4 + 6B + 8Ca → HfB2 + 4B + 2CaCl2 + 6Ca 
ZrB2 ZrCl4 + 6B + 8Ca → ZrB2 + 4B + 2CaCl2 + 6Ca 
HfC HfCl4 + 3C + 12Li → HfC + 2C + 4LiCl + 8Li 
ZrC ZrCl4 + 3C + 12Li → ZrC + 2C + 4LiCl + 8Li 
TaN TaCl5 + 3NH4Cl + 15Li → TaN + 2NH3 +8LiCl + 7Li + 3H2 
HfN HfCl4 + 3NH4Cl + 24Li → HfN + 2NH3 +7LiCl + 17Li + 3H2 
ZrN ZrCl4 + 3NH4Cl + 12Li → ZrN + 2NH3 +7LiCl + 5Li + 3H2 
BN NaBH4 + 3NH4Cl + 18Li → BN + 2NH3 + 3LiCl + 15 Li + 3H2 

 

Table 2 – III. Supplier Information for Raw Materials 

Reactant Reactant Information 
TaCl5 99.8%, Alfa Aesar, Ward Hill, MA 

NaB4H 98%, Alfa Aesar, Ward Hill, MA 
Ca Granular, 99%, Fisher Scientific, Pittsburgh, PA 

HfCl4 99.9%, Alfa Aesar, Ward Hill, MA 
B amorphous (submicron), Sigma-Aldrich, St. Louis, MO 

ZrCl4 98%, Alfa Aesar, Ward Hill, MA 
C  Lampblack 101, Degussa, Parsippany, NJ 
Li granular, 99%, Sigma-Aldrich, St. Louis, MO 

NH4Cl Fisher Scientific, Pittsburgh, PA 
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Table 2 – IV. Reactant Amounts used to Produce Boride, Carbide, and Nitride Powders 

MXy Compound M Precursor (g) X Precursor (g) Reductant (g) 
TaB2 5.30 2.24 5.94 (Ca) 
HfB2 4.80 0.97 4.81 (Ca) 
ZrB2 6.20 1.72 8.52 (Ca) 
HfC 5.04 0.57 1.31 (Li) 
ZrC 6.77 1.05 2.42 (Li) 
TaN 5.51 2.47 1.60 (Li) 
HfN 4.99 2.50 2.60 (Li) 
ZrN 6.64 4.57 2.37 (Li) 
BN 1.52 6.47 5.03 (Li) 

 

Prior to igniting, the test tube was rotated at an unspecified angle to mix the 

granular reductant with the other powder reactants.  Once mixed the test-tube stopper was 

loosened so that it rested on the top and would allow for outgassing.  The test tube was 

lowered into the center of a tube furnace that was held at either 548 K if lithium is used 

as the reductant or 873 K if calcium was used as the reductant.  Once the samples were 

thoroughly ignited, they were immediately removed from the furnace and allowed to air 

quench. 

After cooling to room temperature, the reaction products were removed from the 

test tube by adding water, thus forming either LiOH or Ca(OH)2, depending on the 

reductant that was used, to free the reaction products.  The contents were emptied into a 

250 ml beaker.  Additional water was added to the beaker to create a 100 ml suspension, 

which was magnetically stirred for 1800 s, followed by ultrasonication for 1800 s.  All 

ultrasonication for this work was performed using an ultrasonic cleaner with the 

perforated tray accessory (Model FS30, Fisher Scientific, Pittsburgh, PA).  The ultrasonic 

cleaner was filled with water until the water level was even with the level of suspension 

in the 250 ml beaker.  All further washing utilizes a similar ultrasonication step.  An 

additional 900 sec of magnetic stirring was performed after ultrasonication.  The 

suspension was centrifuged at 15,500 × g for 300 sec and decanted to prepare for the 

powder washing procedures so that the lithium or calcium hydroxide can be removed. 
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Lithium hydroxide is very soluble in water.  Three consecutive water wash cycles 

were performed for all experiments that used lithium.  A water-wash cycle is defined as 

creating a 100 ml suspension of the powder using deionized water, magnetically stirring 

for 1800 s, ultrasonicating for 1800 s, magnetically stirring for an additional 900 s, 

centrifuging the powders at 15,500 × g for 300 s, and decanting the fluid above the 

powders.  After the three cycles, the powders were left under a fume hood to dry.  

Powders which contained calcium hydroxide were washed and rinsed according to a 

procedure that was previously defined.[24] 

 Powder X-ray diffraction (XRD) was performed using a diffractometer (Siemens 

D5000, Siemens, New York, NY) by scanning from 15 to 85° 2θ using CuKα radiation, a 

step size of 0.04° 2θ and a dwell time of two sec after dispersing the powders on a zero-

background holder.  Software (Jade 8, Materials Data, Inc., Livermore, CA) was used to 

qualitatively evaluate the phases present in the powders.  Additional analyses were 

performed on the powders that were close to being optimized.   The analysis software 

was also used to analyze the average crystallite sizes for these samples.  The crystallite 

sizes were determined using the Williamson-Hall technique.[29]  Previous work, which 

uses cross-characterization, suggests that this method is accurate within approximately 

10% error.[23]  Since the crystallite size analysis depends on accurate full width at half 

maximum (FWHM) measurements for the peaks, whole profile fitting was used to help 

reduce error in the FWHM values. 

 Specific surface area (SSA) measurements were determined using the Bruauer- 

Emmett-Teller (BET) method (Tristar 3000, Micromeritics, Norcross, GA) after 

degassing in argon for 1 day at 423 K.  Density measurements were performed by helium 

pycnometry (AccuPyc II 1340, Micromeritics, Norcross, GA) after drying the powders in 

an oven at approximately 253 K for 1 hour.  The crystallite size was computed from the 

SSA and density measurements to compare to the crystallite size calculated from the X-

ray diffraction data. 

 Thermogravimetric analysis (TGA) was performed in air using a 

thermogravimetric analyzer (Q50, TA Instruments, New Castle, DE) by heating from 323 

to 1273 K using a heating rate of 5 K/min.  This method was used to evaluate weight 

losses caused by adsorbed molecules, weight gains due to oxidation, and weight losses 
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associated with elimination of free carbon for example.  Physisorbed molecules are 

typically observed as low temperature weight loss.  Oxidation is observed as a weight 

gain.  Free carbon reacts with oxygen at elevated temperatures and manifests as a weight 

loss as gas is evolved. 

 Dynamic light scattering (DLS) was performed (NanotracTM ULTRA, Microtrac, 

Montgomeryville, PA) after dispersing 0.02 grams of powder in 30 ml of deionized water 

and allowing the suspension to magnetically stir for one hour, followed by 300 sec of 

ultrasonication prior to measurement.  The DLS measurements were repeated four 

additional times with 30 sec of ultrasonication between each measurement.  Each run 

consisted of an average of five 30-sec measurements as is recommended by the 

manufacturer of the instrument and ASTM standard E2490-09. 

 Scanning electron microscopy (SEM) was performed (FEITM Quanta 200F, FEI 

Company, Hillsboro, OR) to observe particle characteristics and supplement particle and 

crystallite size analyses.  SEM samples were prepared by dispersing 10 mg of powder 

into 25 ml of water, magnetically stirring for 1 hr, ultrasonicating for 10 min, drop 

coating onto a silicon wafer, and drying in an oven set at 363 K. 

C. Results and Discussion 

1. Borides 
Figure 2-1 gives the powder X-ray diffraction patterns and the resulting phase 

analyses for the attempts at synthesizing various diboride powders.  Phase-pure TaB2 was 

obtained.  The breadth of the X-ray diffraction peaks for TaB2 indicates low crystallinity.  

Temperatures between 1173-1474 K improved the crystallinity of TaB2 that had been 

deposited by chemical vapor deposition and is a process that could be incorporated to 

improve crystallinity for powders produced by the solvothermal synthesis method.[30]  

There are few reports on bulk TaB2 powder synthesis.  The synthesis trials for HfB2 and 

ZrB2 were not able to yield phase pure powders.  In addition to the diboride phases that 

were desired, monoboride phases, the respective metal phases, and oxide phases were 

present.  Although phase pure powders were not obtained for the latter diborides, 

valuable information is still obtained. 



72 

 
Figure 2 - 1. Powder X-ray diffraction patterns and phase identification for the 

attempted (a) TaB2, (b) HfB2, and (c) ZrB2 synthesis. (With color) 

 
Comparing the three experiments in Figure 2-1 and comparing the precursors for 

these experiments given in Table 2-II indicate that the boron precursor selection is 

important.  The high phase purity for TaB2 is most likely due to the fact that NaBH4 was 

used for the boron source rather than the direct use of boron for the other two 

experiments.  Since NaBH4 goes through a decomposition reaction that produces gas, it 

can be expected to form a high surface area boron source.[31]  The submicron particle size 

of the boron would be relatively large with low surface area and therefore less reactive.  

The evolution and ignition of hydrogen during the decomposition of NaBH4 may also be 

favorable for promoting the reaction.  Although some success was achieved forming 

HfB2 and ZrB2 from the respective chloride compound and boron, attempts to form these 

compounds using NaBH4 as the boron source produced no diborides (results not 

included) because ignition and self-propagation of the reaction did not occur. 

The synthesis of transition metal diborides has been performed via metathesis 

reaction between the respective chlorides and MgB2.[32,33]  A reaction scheme involving 
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two activation energies, corresponding to two reaction steps, was proposed and 

supported.  The first reaction is the formation of MgCl2, metal particles, and boron 

particles as intermediates.  The second reaction forms the transition metal diboride 

product via reaction between the metal and boron particles.  Both of these reactions have 

an associated adiabatic flame temperature.  The empirical relationship for traditional SHS 

is still a relevant selection criterion: the adiabatic flame temperature of the second 

reaction must be sufficiently high (>2073 K), but could not alone explain self-

propagating behavior.  An additional criterion was developed:  the adiabatic flame 

temperature for the intermediate reaction must exceed the melting temperature of the 

MgCl2 for the reaction to become self-propagating.  The presence of a liquid after the 

intermediate reaction promotes mass transport to allow the intiation and propagation of 

the second reaction.  The concept of the two-step reaction scheme was used to explain 

why Group IV chlorides were not self-propagating while Group V chlorides were, similar 

to the observations of this study. 

Solvothermal reactions are proposed to be conceptually similar to metathesis 

reactions and therefore expected to behave similarly.[23,24]  The difference is the greater 

complexity of the solvothermal reactions.  The ignition of solvothermal synthesis is 

closely related to the self-ignition temperature of the metal reductant.  The transition 

metal chloride is reduced by the reductant metal forming metal particles and the chloride 

via a methathesis reaction.  The non-metal source may already be particles, may be 

reduced to non-metal particles by the reductant via a metathesis reaction, or may 

decompose to form the non-metal particles depending on the precursor.  It is proposed 

that the adiabatic flame temperature of the reaction sequence up to this point determines 

if the reaction is self-propagating if the adiabatic flame temperature of the subsequent 

reaction is sufficiently high.  If the intermediate adiabatic flame temperature melts any of 

the intermediate componenets, including excess reactants and compounds formed by 

reaction with the environment, or combination of components (i.e. eutectic melting) that 

promote sufficient mass transport, then the reaction will become self-propagating. 

Non-propagating methathesis reactions involving Group IV chlorides and MgB2 

to form transition metal diborides could be completed by prolonged external heating at 

temperatures greater than 923 K or by coupling the non-propagating reaction with a self-
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propagating reaction.[33]  The external heat or self-propagating reaction in addition to the 

non-propagating reaction provides the energy necessary to melt MgCl2, facilitating mass 

transport to complete the reaction sequence.  In another example, phase pure HfB2  with 

an average primary particle size of 25 nm could be formed by reacting HfCl4 and 

excessive NaBH4 in an autoclave at 873 K for 12 hours.[34]  A solvothermal reaction 

between HfCl4, boron, and magnesium to produce HfB2 by prolonged heating produced 

yields as high as 81% with a mixture of nanometer and micrometer particles.[35]  

Therefore, providing an additional energy input is expected to promote the solvothermal 

synthesis reactions used in this study as well as promote reactions that are otherwise non-

propagating. 

Other precursors are available to promote the synthesis of borides.  

Nanocrystalline ZrB2 has been made by diluting an SHS reaction between ZrO2, H3BO3, 

and magnesium with up to 20 weight percent NaCl, for example.[36]  The reaction was 

inititated at 943 K and required leaching of an oxide phase in boiling HCl, but 

demonstrates the potential of using H3BO3 as a boron source.  Furthermore, a 

combination of H3BO3 and carbon can produce B4C as a potentially useful reactant path 

to diboride formation (B4C could also be used).[37]  Other alkali borohydrides are also 

available. 

2. Carbides 
 Powder X-ray diffraction patterns for attempts at synthesizing HfC and ZrC, are 

given in Figure 2-2.  Both experiments resulted in two phases: a major phase of the 

expected carbide phase and a trace phase of the respective metal.  This has been observed 

in the solvothermal synthesis of TaC as well.[24]  Unpublished results obtained as part of a 

previous study indicate that improved mixing of the choride and carbon can eliminate the 

residual metal phase.[23]  In addition, trace amounts of metal phase can be eliminated 

using thermal treatments to homogenize the powders, or may naturally homogenize 

during sintering processes for example.  Similar to TaC, ZrC and HfC can incorporate a 

high content of carbon vacancies.[38-40]  The carbide phases can react with the metal to 

form sub-stoichimoetric carbides and convert the small amounts of residual metal to the 

sub-stoichiometric carbide phase without destabilizing the carbide phase during the heat 

treatments.  This is demonstrated for TaC in Figure 2-3. 
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Figure 2 - 2. Powder X-ray diffraction patterns and phase identification for the 

attempted (a) ZrC and (b) HfC. (With color) 

 
 For the carbides attempted by the solvothermal synthesis process, in this work and 

in previous work, high phase purity is achieved.[23,24]  In contrast to the boride 

compounds tested and the boron sources used, high surface area elemental carbon sources 

are readily available.  Lithium was also used as the reactive metal.  Lithium and lithium 

chloride have lower melting and vaporization temperatures than calcium and calcium 

chloride, which may facilitate self-propagating behavior although a lower reaction 

temperature overall is obtained.[24]  The higher success of the carbide phase formation 

indicates that the formation of carbide phases may be coupled with diboride reactions to 

initiate self-propagating behavior.  If the the reaction is designed so that the carbide phase 

is promoted only as an intermediate phase, diborides of high phase purity might be 

obtained this way.[41] 
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Figure 2 - 3. Powder X-ray diffraction patterns for (a) TaC containing residual 

tantalum and (b) the same TaC after heat treating at 873 K for 3 hours in 
argon to reduce the tantalum phase. (With color) 

 

D.  Nitrides 

Forming nitride compounds by self-propagating solvothermal reactions is not as 

straightforward as borides and carbides because precursor selection is more limited.  

Elemental nitrogen is a gas and therefore not readily mixed as a reactant by the 

preparation methods used in this work.  To circumvent this, the decomposition of NH4Cl 

as a nitrogen source was used.  However, the decomposition stills forms a gaseous 

nitrogen source.  It is assumed that boron and carbon dissolve into the reaction melt and 

react from the melt for solvothermal reactions, which has been proposed before.[42]  

Nitrogen dissolution in the melt can occur as well, but the gas can also escape from the 

reaction.  The NH4Cl can react with other chloride precursors to form amido and imido 

complexes and add further complexity.[43] 
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The powder X-ray diffraction patterns for the attempts at forming nitride 

compounds are given in Figure 2-4.  The predominant phase when attempting to 

synthesize TaN matched the powder diffraction file of a solid solution phase having 

similar structure to that of cubic TaN, but also containing lithium.  This is a reminder that 

the metal reductants can react with other reactants or products and should be considered 

in studying the reaction paths and the purity of chemicals produced by the solvothermal 

method, but is beyond the scope of this work.  A similar pattern to the (Li,Ta)N 

compound can be observed for a nitrogen rich/tantalum deficient compound.  Cubic TaN 

produced by combustion synthesis has been known to contain excess nitrogen.[44,45]  The 

cubic TaN is a high temperature and high pressure phase, but is also a metastable phase 

observed for combustion or low temperature synthesis of nanocrystalline material.[44-48]  

In addition to the (Li,Ta)N phase, phases of tantalum, SiO2, silicon, and TaSi2 were 

found.  The phases containing silicon are contamination from the fused-silica vessel. 

 

 
Figure 2 - 4. Powder X-ray diffraction patterns and phase identification for the 

attempted (a) TaN, (b) HfN, (c) ZrN, and (d) BN. (With color) 
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The TaN expeirment is the first and only experiment in which the sample tube 

melted locally and formed a hole in the side of the test tube, but the experiment was not 

repeated to determine if the cause of melting is inherent to the reaction or if there is an 

alternate explanation.  The melting is unlikely inherent to the reaction because it did not 

happen for any other experiment that used similar precursors.  The specific test tube used 

for the experiment may have been defective, since the melting was only in one location of 

the test tube, but the experiment will need to be repeated to verify this.  The experiment 

was not reproduced in this work because optimization was not a goal. 

The unintended formation of TaSi2 demonstrates that disilicide compounds can be 

synthesized by the solvothermal synthesis method as well.  Thin films of TaSi2 have been 

studied extensively for microelectronic applications.[49-60]  Likewise, HfN and ZrN are of 

interest for microelectronic applications.[61-63]  Reports of bulk TaSi2 powder synthesis 

include self-propagating high temperature, mechanochemical, and solid-state metathesis 

syntheses.[64-67]  Nanocrystalline TaSi2 is a potentially useful material for UHTC 

composites, but is in need of further development. 

The results of experiments to form HfN and ZrN in Figure 2-4 are similar.  Both 

resulted in a predominant phase of either HfN or ZrN with a respective oxide phase.  The 

oxide phase could be reduced or eliminated by process optimization, which is beyond the 

scope of this work.  There was slightly less oxide contamination for ZrN synthesis than 

for HfN synthesis.  The cause is unclear and could be due to thermodynamic stability, but 

looking at the different reaction equations in Table 2-II highlights another possible cause.  

The reaction to form ZrN utilized less metal reductant and the lower reductant amount 

could contribute to the better phase conversion to ZrN compared to conversion to HfN as 

a consequence of the gaseous nature of nitrogen.  With less melt, the nitrogen gas can 

directly react with the other reactants rather than having to dissolve into the melt, where it 

possibly has low solubility.  Direct reaction may be beneficial in this case.  This indicates 

that it may be difficult to produce nitrides of high purity and with fine particle size since 

the diluent effect of the reductant may also hinder the reaction and favor oxide formation 

and not enough diluent also favors oxide formation.[24]  Further optimization is necessary 

to compete with other methods for synthesizing nanocrystalline transition metal nitrides, 

which produce powders of higher phase purity.[68,69] 
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The results in Figure 2-4d demonstrate that phase-pure BN was obtained.  

Although the X-ray diffraction pattern appears to be phase pure, the purity is concluded 

cautiously.  Given the previous difficulties of forming phase-pure nitride powders, mostly 

due to oxide impurities, it is reasonable to assume that this experiment also resulted in 

oxide impurities.  Boron oxide is a known glass former and would be difficult to detect 

by X-ray diffraction as a glass phase.  There is little-to-no evidence of an amorphous 

hump in the powder diffraction pattern, however.  Boron oxide compounds may be 

dissolved and removed in the washing procedures.  A more detailed study has been 

performed by another researcher.[70]  Thermal treatments can be used to  crystallize B2O3 

to aid in identification of the contaminant, similar to a method that was developed to 

optimize the removal of LiOH contaminant in TaC powders.[71] 

The BN formed by this method has a turbostratic structure (t-BN) that is reported 

by several researchers.[72-76]  The crystal structure of t-BN is an intermediate structure 

between that of hexagonal BN and amorphous BN, where the hexagonal rafts are 

randomly oriented about the c-axis.  Intercalation between hexagonal rafts is also 

possible.[77-78]  The disorder in t-BN provides a higher reactivity compared to more 

crystalline forms of BN.  For this reason, the use of t-BN is a proposed solution to the 

sintering difficulties of the higher crystalline forms.  It is also thought to be more readily 

transformed into cubic BN than other crystalline phases, being an intermediate phase in 

the transformation of rhombohedral BN to cubic BN for example.  Intercalation may 

catalyze (or hinder) the conversion to cubic BN via control of boron, oxygen, and dopant 

structural defects.[79-86] 

1. Analysis of TaB2, ZrC, HfC, and BN 
Experiments for the synthesis of TaB2, HfC, ZrC, and BN all produced powders 

that had excellent phase purity.  Therefore, further characterization of these powders was 

performed to determine the particle sizes and oxidation behavior. 

The average primary particle sizes were calculated from X-ray diffraction data.  

The sizes were also calculated from SSA and density measurements.  The results are 

summarized in Table 2-V.  There is relatively good agreement between the average 

primary particle sizes using the two different techniques for the TaB2, ZrC, and HfC 

powders despite the rudimentary approach of using SSA and density measurements, 
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which requires an assumption that the particles are spherical.  Deviation from spherical 

shape will affect the accuracy of the calculation.  The reasonable agreement between the 

two techniques indicates that the particles are likely to have equiaxed morphology, but it 

is impossible to determine if the primary particles are spherical, slightly oblong, or 

faceted from this analysis.  There is a strong disagreement for the BN powders.  The 

disorder in t-BN results in small crystalline domains that do not represent the primary 

particle size, explaining the small crystallite sizes measured by X-ray diffraction.  

Electron microscopy will be performed to corroborate these results. 

The particle size distributions of the four powders, measured by dynamic light 

scattering, are given in Figure 2-5.  The particle size distributions for the TaB2, ZrC, and 

HfC powders have a narrow primary size distribution between 50 to 200 nm with a small 

upper-tail size distribution of larger particles up to about a one micrometer, which could 

be agglomeration or aggregation of smaller particles or a second population of larger 

particles.  An upper-tail distribution caused by aggregation of small particles or 

consisting of larger particles is a drawback because it can promote grain growth during 

sintering.  TaC with particle sizes less than 200 nm was produced by ultrasonic 

dispersion, centrifuging, and filtration of powders that originally contained particle sizes 

in the micrometer range.[87]  Optimization of the current washing procedure can therefore 

be used to separate out the larger aggregate sizes from the smaller particles.  A dispersion 

study could be used to address agglomeration of particles.  Electron microscopy can 

provide insight for distinguishing the cause of the upper-tail size distribution and will be 

presented. 

Table 2 – V. Crystallite Sizes of TaB2, HfC, ZrC, and BN Measured by X-Ray 
Diffraction Line Broadening (dXRD) and Calculated from Density/Surface Area 

Measurements (dCALC) 

Compound dXRD (nm) dCALC (nm) 
TaB2 3 10 
ZrC 45 32 
HfC 30 37 
BN 3 436 
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Figure 2 - 5. Particle size distributions of TaB2, ZrC, HfC, and BN measured by 

dynamic light scattering (average sizes are given in the legend). (With color) 
 

Comparing the ratio of the average particle sizes to the average crystallite sizes 

gives a figure of merit of 41, 3, and 3 for the TaB2, HfC, and ZrC powders, respectively.  

This indicates a relatively large level of agglomeration for the TaB2 powders, despite the 

relatively small particle sizes.  Fine crystallites will have a high tendency for 

agglomeration.  The HfC and ZrC powders, consisting of slightly larger crystallites, had a 

lower level of agglomeration.  For all three of these powders, it is unclear whether the 

agglomeration is soft agglomeration or hard agglomeration (i.e. aggregation).  It is 

impossible to distinguish without performing a dispersion study or obtaining direct 

evidence of particle necking from a technique such as transmission electron microscopy 

for example. 

The particle size distribution for the BN powder is similar, but has a much 

broader primary size distribution from about 50 to 400 nm with an average particle size 

of 159 nm.  This is smaller than the crystallite size that was calculated from density and 
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specific surface area measurements.  Large differences between particle size analyses 

may be due to agglomeration of the powder, porosity in the particles, and/or a large 

deviation from spherical shape.  Electron microscopy may help determine the cause. 

 TaB2, ZrC, HfC, and BN powders were evaluated by using back-scattered 

electron imaging with an accerlating potential of 20 kV.  The micrographs, given in 

Figure 2-6, indicate that the powders have small primary particle sizes, agreeing well 

with the particle size analysis.  There is little evidence of particles as large as the upper-

tail size distributions given in Figure 2-5 (>200-400 nm), indicating that the tails are a 

result of agglomeration or aggregation.  A lower accelerating potential, to reduce the 

interaction volume, would improve the analysis by providing better resolution.  This is 

especially important for compounds with low average atomic number, such as BN. 

 

 
Figure 2 - 6. Back-scattered electron image of (a) TaB2, (b) ZrC, (c) HfC, and 

(d) BN powders. 
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 The images given in Figure 2-6 suggest the powder grains are equiaxed rather 

than being fibrous or plate-like for example, but the poor resolution of the BN image 

(Figure 2-6d) is difficult to analyze.  The secondary electron image of BN, which is 

produced from a smaller interaction volume, is given in Figure 2-7.  Elongated structure 

is observed in the image that could result from a fibrous morphology or from the edge of 

a plate-like morphology.  Fiber, whisker, tube, and platelet morphologies can be expected 

for BN, although equiaxed structure has also been observed for nanocrystalline 

t-BN.[72-75,99-103]  These analyses support the particle size analysis by SSA and density 

measurements.  It is impossible to distinguish whether the equiaxed particles have 

spherical or faceted morphology without high resolution images at high magnification, 

adding unerctainty to the particle size calculations based on SSA and density.  

 

 
Figure 2 - 7. Secondary electron image of BN powders, highlighting a few 

examples of bright edges that could correspond to whisker or platelet 
morphologies. (With color) 
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The average particle size of TaB2 obtained in this study is exceptionally small.  

TaB2 prepared by reduction of Ta2O5 using B4C resulted in average particle sizes of 400 

nm.[86]  This size was obtained via interpretation of images, a method that can result in 

artificially low particle sizes because it neglects aggregation.  Necking between particles 

is observed in the images indicating that aggregation is present.  Co-synthesis of TaB2 

with ZrB2 by solution based processing and thermal treatments resulted in particle sizes 

between 200-600 nm, a range also determined from electron imaging.[41]  There are few 

reports in the literature on the synthesis of TaB2 in general. 

The sizes of the ZrC and HfC are comparable to those found by other methods.  

Hafnium carbide has been produced by by mechanical activation of HfCl4 + C + Mg 

followed by pyrolysis at 1373 K.[89]  The technique was different than the solvothermal 

synthesis technique, but the fundamental reaction mechanisms are expected to be similar.  

However, impurities were not leached out resulting in the presence of MgO contaminant.  

The powders appear to be fine from electron imaging (primary particle sizes are less than 

100 nm), but a true particle size analysis was not performed to make direct comparisons.  

Mechanical alloying, mechanically induced self-propagating reactions, and solution-

based synthesis or laser pyrolysis to form nanocrystalline oxides followed by 

carbothermal reduction provided nanocrystalline ZrC or HfC according to X-ray 

diffraction, but particle sizes are again inadequately characterized.[90-95]  Aggregation and 

grain sizes several micrometers in size are clearly evident in nanocrystalline ZrC powders 

produced by solution-based processing followed by carbothermal treatment.[96]  

Characterization of the particle size distribution is important for further processing of 

powders. 

In comparison to the other techniques, the solvothermal synthesis technique is 

generally less energy intensive and requires similar if not less intensive post-synthesis 

processing than the other techniques producing fine nanopowders.  Although similar 

primary particle sizes are achieved by other methods, it is not easy to make a direct 

comparison between the levels of aggregation in the powders produced by the different 

methods, though aggregation is clearly evident in some reports. 

Thermogravimetric analysis (TGA) gives information about the presence of 

physisorbed molecules and oxidation.  TGA results for the powders are given in Figure 
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2-8.  All of the powders immediately begin to lose weight upon heating.  The initial 

weight loss is likely caused by the release of physisorbed molecules, most likely water 

based on previous work on solvothermal synthesis.[97]  The HfC powders lost 

approximately one weight percent mass, whereas the other powders lost about six weight 

percent.  The BN powder has a secondary weight loss regime starting between 473 and 

523 K.  This may be caused by the release of physisorbed molecules with greater 

attraction to BN than those initially released, the release of chemisorbed molecules, the 

loss of intercalated atoms or molecules, or the burning of contaminant.  The exact cause 

will require further study beyond the scope of this work. 

 

 
Figure 2 - 8. Thermogravimetric analysis of TaB2, HfC, ZrC, and BN powders. 

(With color) 

 
After the primary weight losses, there is a weight gain assumed to be associated 

with oxidation of the powders.  Figure 2-8 indicates that the onset of oxidation of TaB2, 

HfC, and ZrC powders all occur around 573 K.  The initial oxidation is slow, but 

becomes quite significant above approximately 673 K.  These values are lower than 
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typically reported for nanocrystalline borides and carbides and could be due to higher 

reactivity caused by smaller particle sizes.[98]  Oxidation was complete for TaB2, HfC, 

and ZrC powders by heating to 973 K for all of these powders, occurring by slightly 

lower temperature for the ZrC and HfC powders.  The BN powders are more oxidation 

resistant.  The first weight gain for BN is observed at approximately 823 K.  The 

oxidation of BN is relatively slow up to about 1098 K.  Complete oxidation of BN was 

not achieved even at 1273 K. 

For the ZrC and HfC powders, there is an additional weight loss after oxidation, 

assumed to be associated with the oxidation of free carbon.  Residual carbon is expected 

from the reaction equation given in Table 2-II.  The TaB2 powders should also have 

residual boron in them, but boron is not lost as a result of oxidation and is a possible 

explanation for why there is no additional weight loss observed for this sample.  This 

type of oxidation behavior is confirmed for HfB2 as well.[34]  Residual reactants should 

not be of concern for BN because excess nitrogen is lost as gas.  This is demonstrated by 

the oxidation of TaN for example, which behaves similar to that demonstrated by the 

oxidation of TaB2 in Figure 2-8.[47]  The possible presence of residual reactants in the 

powders is a reminder that they should be removed from the powders prior to 

consolidation if they are undesirable for the end-use of these powders.  This is an issue 

that should be addressed in a chemical purity study of the powders synthesized by the 

solvothermal method. 

 

2. Potential of the Solvothermal Synthesis Technique 
The materials selected for this study were based on the basic concept developed 

for self-progagating high temperature synthesis (SHS).[14]  In general, materials with 

adiabatic flame temperatures exceeding 2073 K by reaction from their metal and non-

metal components are good candidates for SHS.  However, self-propagating behavior is 

more complex for solvothermal synthesis.  Many of these reactions proceed via metal 

nucleation and growth from decomposition of a precursor followed by diffusion of a non-

metal into the metal.[23-24,26,32-33]  This diffusion process is therefore important because the 

non-metal must be able to diffuse into the metal particle for the particle size, temperature, 

time, and concentration conditions.  Self-propagating metathesis reactions in chlorides 



87 

also suggests that the adiabatic flame temperature for the reaction producing 

intermediates must exceed the melting temperature of the solvent in order to facilitate 

rapid mass transport to initiate and sustain the traditional SHS reaction from the 

intermediates.[30,33] 

In the event that self-propagating behavior cannot be initiated by solvothermal 

synthesis, but otherwise would be for traditional SHS, reactions can be promoted by 

increasing the ignition temperature such that the adiabatic flame temperature is increased 

accordingly, by coupling with a self-propagating reaction, or by prolonged heating above 

the melting temperature of the solvent.  Thus, compounds synthesized by traditional SHS 

remain great candidates for the solvothermal synthesis method by either self-propagating 

reactions or non-propagating reactions if the conditions are understood and the process 

modified accordingly.  A partial list of over 500 materials synthesized by SHS are 

provided in Table 2-VI, after Moore and Feng.[27] 

Table 2 – VI. Compounds Synthesized by Self-Propagating High-Temperature 
Synthesis. Adapted from Moore and Feng.[27] 

Borides CrB, HfB2, NbB, NbB2, TaB2, TiB, TiB2, LaB6, MoB, MoB2, 
MoB4, Mo2B, WB, W2B5, WB4, ZrB2, VB, V3B2, VB2 

Carbides TiC, ZrC, HfC, NbC, SiC, Cr3C2, B4C, WC, TaC, Ta2C, VC, Al4C, 
Mo2C 

Nitrides Mg3N2, BN, AlN, SiN, Si3N4, TiN, ZrN, HfN, VN, NbN, Ta2N, 
TaN (hexagonal and cubic) 

Silicides TiSi3, Ti5Si3, ZrSi, Zr5Si3, MoSi2, TaSi2, NB5Si3, NbSi2, WSi2, 
V5Si3 

Aluminides NiAl, CoAl, NbAl3 
Hydrides TiH2, ZrH2, NbH2, CsH2, PrH2, 

Intermetallics NiAl, FeAl, BnGe, NbGe2, TiNi, CoTi, CuAl 
Carbonitrides TiC-TiN, NbC-NbN, TaC-TaN, ZrC-ZrN 

Cemented 
carbides TiC-Ni, TiC-(Ni,Mo), WC-Co, Zr3C2-(Ni,Mo) 

Binary 
compounds 

TiB2-MoB2, TiB2-CrB2, ZrB2-CrB2, TiC-WC, TiN-ZrN, MoS2-
NbS2, WS2-NbS2 

Chalcogenides MgS, NbSe2, TaSe2, MoS2, MoSe2, WS2, WSe3 

Composites TiB2-Al2O3, TiC-Al2O3, B4C-Al2O3, TiN-Al2O3, TiC-TiB2, MoSi2-
Al2O3, MoB-Al2O3, Cr2C3-Al2O3, 6Vn-5Al2O3, ZrO2-Al2O3-2Nb 
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E. Conclusions 

 Evaluation of nine different material systems, including borides, carbides, and 

nitrides indicates that self-propagating high-temperature solvothermal synthesis is a 

suitable technique to investigate for developing a variety of different non-oxide 

nanopowders for ultra-high-temperature applications.  The technique produced the phases 

of interest for all nine material systems.  Four of the nine systems resulted in high phase 

purity without process optimization. 

 Although the solvothermal synthesis method is ideal from many aspects (can 

produce nanocrystals having low levels of agglomeration, is a process that can be varied 

to allow for process control, is energy efficient, is fast, is scalable, and is diverse), there is 

still an issue of purity.  Surface adsorption is readily apparent from this work, but has not 

been addressed extensively.  Classifying the powders made by this synthesis method is 

also necessary to eliminate undesired large particles that may be detrimental to a final 

product. 

 Many of the fundamentals aspects of the solvothermal synthesis process can be 

understood from the parent techniques: self-propagating high temperature synthesis and 

synthesis by metathesis reactions.  The primary task for developing the fundamental 

understanding of the solvothermal synthesis technique is to establish the consequences of 

increased complexity of the reaction as a result of the various precursors that are used and 

the intermediates that may form during the reactions as a consequence of decomposition, 

metathesis reactions, nucleation and growth, diffusion, and reaction. 

 This work, the parent synthesis techniques, and the literature provide insight for 

selecting systems and processing parameters to perform solvothermal synthesis.  The 

following general criteria are recommended for the successful utilization of the 

solvothermal synthesis technique: 

 

- The compound of interest should have an adiabatic flame temperature 
greater than 2073 K for the stoichiometric reaction from the compound’s 
elements and is the primary selection criterion. 
 

- If the adiabatic flame temperature of the intermediate reactions exceeds 
the melting temperature of an intermediate component to promote mass 
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transport and is high enough to initiate the secondary reaction, then the 
reaction can proceed via self-propagating behavior. 

 
- If the adiabatic flame temperature of the intermediate reaction does not 

exceed the melting temperature of an intermediate component, then mass 
transport will be hindered and self-propagation will not occur. 

 
- In this case of non-propagating behavior, it may be possible to make the 

reaction self-propagating by providing additional energy (i.e. thermal 
energy, electric field enhancement, coupling with other self-propagating 
reactions, etc.). 

 
- For self-propagating behavior that does not produce high product yield or 

in the absence of self-propagating behavior, sustained temperatures above 
the melting point of an intermediate component that facilitates mass 
transport and the reaction can be applied for extended periods of time to 
complete the reaction. 

 
- The compound of interest should not react unfavorably with other 

components utilized in the solvothermal synthesis process. 
 

- The compound of interest must be able to be separated from the reaction 
byproducts by chemical, thermal, physical, or other processes. 

 

 Many boride, carbide, nitride, silicide, aluminide, hydride, intermetallic, 

chalcogenide, and composite materials have been produced by self-propagating high-

temperature synthesis, which is the primary selection criterion for the solvothermal 

synthesis technique.  These materials have a diverse set of applications that include 

abrasives, cutting tools, polishing powders, resistive heating elements, shape-memory 

alloys, high-temperature materials, steel processing additives, corrosion protection, 

molten-metal containment, and those that take advantage of certain magnetic and 

electrical properties, demonstrating the wide diversity of materials and applications that 

may benefit from the solvothermal synthesis technique. 
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CHAPTER 3: A SOLVOTHERMAL APPROACH FOR THE 
PREPARATION OF NANOSTRUCTURED CARBIDE AND BORIDE 
ULTRA-HIGH TEMPERATURE CERAMICS 

A. Introduction 

Transition metal carbides, such as TaC, are some of the most refractory ceramics 

known, having melting temperatures up to ~4000 K.  Besides being refractory, other 

beneficial properties include thermomechanical stability, thermochemical stability, 

corrosion and wear resistance, good creep and fatigue resistance, unique optical and 

electronic properties, high emissivity at elevated temperatures, and catalytic 

characteristics.[1-8]  These materials are of particular interest in the aerospace industry, 

where re-entry conditions and internal rocket conditions result in harsh environments 

with demanding specifications.  In addition to carbides, transition metal borides are also 

relevant materials for aerospace applications.  In the case of ZrB2/SiC composites, the 

oxidation resistance can be significantly enhanced with additions of LaB6 to provide 

outstanding behavior for temperatures up to 2673 K.[9] 

 Solvothermal synthesis for carbide materials has been independently 

demonstrated by Ma, Hu, Gu, and their co-workers.[6,10,11]  The technique is historically 

defined as synthesis in a non-aqueous solvent by the application of temperature and 

pressure within the confines of an autoclave.  This can result in heavily agglomerated 

powders due to the long processing times without a form of stabilization.  Typical 

reactants include chloride compounds and alkali/alkaline earth metals where the metals 

reduce the chloride reactants and provide nascent metal seeds to form the desired 

materials, but other reactants, including metal powders, have been used to replace 

chloride compounds in some instances. 

 Due to the use of an autoclave for the process, the reaction is not directly 

observable.  Lack of direct observation has made the fundamental mechanisms of this 

technique difficult to define.  For purposes of this study, solvothermal synthesis will be 

redefined to include the synthesis in a heated solvent, but without pressure.  Specifically, 

the focus of this work is to demonstrate a unique solvothermal synthesis approach where 
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synthesis is performed in transparent fused-silica test tubes, rather than in an autoclave, 

and to demonstrate the viability of using the technique to make carbide and boride 

nanopowders such as TaC and LaB6, while at the same time allowing direct observation 

of the reactions taking place during the process.  This study confirms that the process is 

similar to a self-propagating high-temperature synthesis (SHS) process, eliminating the 

need for an autoclave and long processing times, and produces fine and unagglomerated 

powders. 

B. Experimental Procedures 

 Reactant weighing and mixing was performed in an argon-filled glove box.  Three 

types of samples were prepared:  (1) thermally-ignited TaC, (2) thermally-ignited LaB6, 

and chemically-ignited LaB6.  For the case of the thermally-ignited TaC synthesis, 5.57 

grams of TaCl5 (99.8%, Alfa Aesar, Ward Hill, MA) and 0.56 grams of carbon 

(Lampblack 101, Degussa, Parsippany, NJ) were mixed using a mortar and pestle.  The 

mixture was added to a fused-silica test tube with 1.62 grams of lithium (granular, 99%, 

Sigma-Aldrich, St. Louis, MO), mixed with a spatula, and sealed with a rubber stopper.  

A 50-g batch, using 92.8 grams of TaCl5, 9.3 grams of carbon, and 27.0 grams of lithium, 

was also performed in a 600 ml stainless steel beaker to demonstrate scale-up.  The 

reactants were mixed using 3x carbon stoichiometry and 3x lithium stoichiometry 

according to the following equation: 

LiClTaCLiCTaCl 5  55 +⎯→⎯++      (1) 

 A similar procedure was used for the synthesis of LaB6.  Lanthanum (III) chloride 

hydrate (99.9%, Alfa Aesar, Ward Hill, MA), boron (Sigma-Aldrich, St. Louis, MO), and 

lithium granules were used.  The amounts of lanthanum (III) chloride hydrate, boron, and 

lithium for the thermally-ignited sample were 3.82, 2.02, and 0.97 g, respectively, which 

correspond to 2x boron stoichiometry and 3x lithium stoichiometry.  For the chemically-

ignited sample, the reactant amounts were the same except for the amount of boron, 

which was reduced to 1.01 g, corresponding to 1x boron stoichiometry.  The reaction 

stoichiometries were determined according to the following equation: 

LiClLaBLiBLaCl 3  36 63 +⎯→⎯++      (2) 
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 After mixing, the closed sample tubes were removed from the glove box for 

ignition underneath a chemical fume hood.  Before ignition, the test tubes were hand 

rolled to achieve mixing of the lithium granules with the rest of the reactants.  The 

thermally ignited samples were lowered into a tube furnace that was held at a temperature 

of 548 K, just above the self-ignition temperature of lithium, after loosening the rubber 

stoppers to allow for outgassing.  Once ignition occurred, the sample was immediately 

removed from the furnace and allowed to air quench.  For the chemically ignited sample, 

the rubber stopper was removed from the test-tube.  Water was added into the test tube 

until ignition occurred and the sample was allowed to air-quench. 

 After air-quenching, the samples were solid reaction products, including lithium-

based compounds.  They were removed from the test tubes by adding water, forming 

lithium hydroxide and freeing the reaction products.  The products were then poured into 

a 250 ml beaker.  Enough water was added to create a 100 ml suspension, which was 

magnetically stirred for 15 min, followed by ultrasonication for 15 min, and magnetic 

stirring for another 15 min.  The suspension was centrifuged at 15,500 × g for five 

minutes, decanted, and allowed to dry.  The dried powders were lightly ground in a 

mortar and pestle to prepare them for washing procedures. 

 For washing, the TaC samples were magnetically stirred with 100 ml of 

concentrated nitric acid (15.8 N) for 30 min, followed by ultrasonication for 30 min, 

magnetic stirring for another 15 min, and centrifuging at 15,500 × g for five minutes.  

Two water rinses were performed by adding water to the centrifuge tubes and 

ultrasonicating for five minutes before centrifuging again.  A final ethanol rinse was 

performed in a similar manner.  After pouring of the supernatant, the sample was allowed 

to dry in air for 24 hours before mixing with a mortar and pestle and storing for 

characterization.  A modified washing procedure was used for the 50-g batch of TaC.  

Three water washes, using a procedure similar to the nitric acid wash, were performed 

before drying and mixing.  The washing procedure for the LaB6 samples is described 

elsewhere.[12] 

 The samples were characterized by powder X-ray diffraction using a 

diffractometer (Siemens D5000, Siemens, New York, NY) by scanning from 15 to 85° 2θ 

using a step size of 0.04° 2θ and a dwell time of two seconds after dispersing the powders 
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onto a zero-background holder.  Software (Jade 8, Materials Data Incorporated, 

Livermore, CA) was used to estimate the average crystallite sizes using the Williamson-

Hall technique.  For TaC, the analysis software was also used to perform profile fitting 

and unit-cell refinement to determine the lattice parameter.  The lattice parameter was 

used to determine the compound stoichiometry according to the equation C/Ta = 6.398a – 

17.516.[13]  Dynamic light scattering (DLS) (Nanotrac™ ULTRA, Microtrac, Inc., 

Montgomeryville, PA) was used to determine the particle size distribution of 0.01 grams 

of powder dispersed in 25 ml of deionized water.  The DLS samples were allowed to 

magnetically stir for 24 hours and were ultrasonicated for five minutes before the 

measurements were taken.  Each DLS measurement consisted of an average of five 30-

sec runs as is recommended by the manufacturer of the instrument and in conjunction 

with ASTM standard E2490-09.  Scanning electron microscopy (SEM) was performed 

using a microscope (FEI™ Quanta 200F, FEI Company, Hillsboro, OR 97124) to 

observe particle morphology and supplement particle and crystallite size analyses.  SEM 

samples were prepared by dispersing 0.01 grams of powder into 25 ml of acetone, 

magnetically stirring for 1 hour, ultrasonicating for 10 min, drop coating onto a silicon 

wafer, drying, and then carbon-coating.  Specific surface area (SSA) measurements were 

performed using a surface area analyzer (Tristar 3000, Micromeritics, Norcross, GA 

30093) after degassing in argon for 24 hours at 423 K.  Density measurements were 

performed by helium pycnometry (AccuPyc II 1340, Micromeritics, Norcross, GA 

30093) and was used with SSA measurements to calculate an average crystallite size for a 

comparison with the average crystallite sizes obtained by X-ray diffraction.  The average 

crystallite size was calculated in nanometers according to 6000/(SSA•ρ), where SSA is 

the specific surface area in m2/g, ρ is the density in g/cm3, and the particles are assumed 

to be spherical. 

G. Results and Discussion 

 Direct observation of the solvothermal reaction suggests that it is a fast, self-

sustaining reaction, requiring only ignition.  Ignition can be achieved either thermally or 

chemically.  To thermally ignite a sample, the self-ignition temperature of the lithium 

metal must be exceeded by the application of heat.  Chemical ignition can be achieved by 
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reacting lithium with water to produce lithium hydroxide and hydrogen.  Either process 

results in a strong exothermic reaction that propagates the combustion wave.  Thermal 

ignition of other metals or the use of other exothermic reactions should be possible 

ignition methods.    Once the system is ignited, molten lithium and/or lithium compounds 

form the solvent for chemical reactions to occur in.  The temperatures achieved during 

ignition are well above the decomposition temperatures of the chlorides (~513 K for 

TaCl5 and ~1273 K for LaCl3 versus reaction temperatures as high as ~1653 K) and 

therefore the reaction to form TaC will proceed from the nascent metal particles and 

carbon or boron.  The reactions to form TaC and LaB6 from their metal and non-metal 

result in exothermic combustion (having adiabatic flame temperatures of 2700 K and 

2800 K, respectively).[14]  The energy from the reaction has the capability of driving the 

temperature of the solvent up to, but not exceeding, the vaporization temperature until the 

reactants are depleted or not coverted at a fast enough rate to prevent cooling.  Figure 3-1 

demonstrates the reaction sequence in real time snapshots, with images taken every two 

seconds after ignition for a total time of 30 sec. 

 

 
Figure 3 - 1. Images of the self-propagating solvothermal synthesis reaction, 

followed by cooling, for the synthesis of TaC.  Images are taken every two 
seconds for 30 sec after ignition (t = 0 s). (With color) 
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The higher the exothermicity of the reaction, the more likely this process will 

work for a given system.  Based on similar reactions in chloride salts, it seems probable 

that self-propagating reactions will occur if the adiabatic temperature of the reaction is 

greater than the melting point of the solvent.[15]  Faster heating and cooling rates can be 

achieved with this approach when compared to synthesis in a thick-walled autoclave 

vessel.  This can inhibit grain growth during the process and prevent secondary 

reaction/crystallization events from occurring during a dwell or slow cool.  Furthermore, 

the apparatus is simpler, costs much less, and can accommodate larger batch sizes more 

readily than an autoclave.  To demonstrate the ease of scale-up, the 50-g batch was 

prepared in a larger container. 

The X-ray diffraction patterns and calculated crystallite sizes for the three small-

scale powders that have been washed are given in Figure 3-2.  Results indicate that TaC 

and LaB6 samples of high phase purity were obtained and the average crystallite sizes 

were 25, 84, and 81 nm for the TaC, thermally-ignited LaB6, and chemically-ignited 

LaB6, respectively.  The source of ignition made no difference on the average crystallite 

size of the LaB6 powders, suggesting that the mechanism for the synthesis of the powders 

is the same regardless of how the reaction is ignited and further supports the idea that the 

reaction proceeds by self-propagating synthesis from the reaction between the metal and 

non-metal as a secondary reaction.  Since TaC properties are known to vary with 

compound stoichiometry (C/Ta), it is important to report this value.  The compound 

stoichiometry, determined by lattice refinement, was 0.94.  The 50-g batch was nearly 

phase-pure, containing a minor amount of tantalum metal (not shown).  The decrease in 

phase purity is believed to be a result of mixing, where localized regions were carbon 

deficient and indicates that process optimization is required.  The crystallite size for the 

large batch-size was 25 nm and the compound stoichiometry was 0.94 indicating no 

change from the smaller batch-size. 

Figure 3-3 illustrates the dynamic light scattering (DLS) results for the three 

small-scale samples.  TaC has an average particle size of 97 nm with a skewed upper-tail 

distribution that falls off rapidly (the majority of particles are below 200 nm).  Similarly, 

the majority of particles were below 200 nm for the large-scale batch, but the average 



105 

particle size was 73 nm, indicating a small improvement in the particle size distribution.  

The average particle sizes of the two LaB6 samples were larger than for the TaC samples.  

Furthermore, the two LaB6 samples have a small bimodal peak in the upper-tail 

distribution.  The second mode occurs around 500-600 nm and was more prevalent in the 

chemically-ignited sample. 

 

 
Figure 3 - 2. X-ray diffraction patterns for 3-g TaC and LaB6 powders after 

washing. (With color) 

 
A useful figure of merit to characterize the amount of particle aggregation is a 

ratio between the average particle size and average crystallite size.  These figures of merit 

are 3.9, 1.6, and 2.0, for the TaC, thermally-ignited LaB6, and chemically-ignited LaB6, 

respectively, which suggest a low state of agglomeration for the powders.  The figure of 

merit for the 50-g TaC batch is 3.0, indicating that scaling up assisted in achieving a 

lower extent of agglomeration.  TaC synthesized via solvothermal synthesis and using an 

autoclave resulted in TaC with an average crystallite size of 40 nm, based on SEM 

imaging, but the powders are agglomerated due to their fine size making a particle size 
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analysis difficult.[6]  However, particle necking is clearly evident from the images, 

indicating significant aggregation.  Another study performing solvothermal synthesis of 

TaC in an autoclave report a crystallite size of 15-40 nm and slight agglomeration from 

TEM analysis.[11]  Neither analysis presents the true particle size to obtain a figure of 

merit.  Thus, it is proposed from the visual data that both sets of powders are heavily 

aggregated due to the long processing times and slow cooling from the use of an 

autoclave. 

 

 
Figure 3 - 3. Particle size distributions for TaC and LaB6 powders.  Average 

particle sizes are given in the legend. (With color) 
 
 A scanning electron micrograph for the TaC samples is given in Figure 3-4.  TaC 

grains appear to be equiaxed rather than elongated or plate-like and the images 

demonstrate that the individual grains are small, agreeing well with the crystallite size 

analysis.  The specific surface area for the small-scale and large-scale synthesis of the 

TaC samples were 39.9 and 19.5 m2/g, respectively, while the measured densities were 

7.6 and 9.7 g/cm3, respectively, much lower than the theoretical density of 14.5 g/cm3.  
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The disagreement could arise from free carbon or oxide contamination and requires 

further analysis.  The estimated average crystallite sizes using the surface area and 

density data were 20 and 32 nm, respectively, and are in good agreement with the value 

of 24 nm determined by X-ray diffraction, supporting an equiaxed grain morphology 

although it is impossible to distinguish if the grains are rounded or faceted from this 

analysis. 

 

 
Figure 3 - 4. Back-scattered electron image of TaC powders.  

 
 Figure 3-5 demonstrates that the LaB6 samples have a faceted morphology, most 

likely cubic.  The cubic faces in LaB6 correspond to the lower energy {100} planes of the 

cubic crystal structure in this material.[16]  The cubic morphology forms during the 

washing procedure.[12]  Larger grains up to one micrometer are evident for the LaB6 

samples, but the majority of grains appear to be submicron and below 300-400 nm, which 

agrees well with the upper limit of the smaller particle-size mode in the bimodal 

distribution of the DLS results presented in Figure 3-3.  The larger grains are associated 

with the higher particle-size mode in the bimodal distribution, which is centered around 

500-600 nm with the upper limit approaching one micrometer.  Distinct particle necking 

is not clearly observed and the images complement the crystallite size and particle size 

distributions obtained from XRD and DLS. 

 The specific surface area of the thermally-ignited and chemically-ignited LaB6 

samples were 6.6 and 7.0 m2/g, respectively, while the density measurements were 2.9 
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and 3.0 g/cm3, respectively, and also much lower than the theoretical density of 4.7 

g/cm3.  The low densities can be attributed to impurity phases such as residual boron or 

oxides.  The estimated average crystallite sizes from this data are 313 and 285 nm, 

respectively, and are larger than the average crystallite sizes determined by X-ray 

diffraction (84 and 81 nm respectively) as well as larger than the average particle sizes 

determined by DLS (131 and 162 nm respectively).  The discrepancy is facilitated by the 

invalidity of the assumption that the particles are spherical for the calculation of particle 

size from surface area and density measurements.  The low density of the powders 

indicates that they contaminated, which may also contribute to the error.  A low density 

phase that encapsulates the powders, preventing gas penetration, would result in over 

estimating the particle size because of under estimating both the density and the surface 

area of the powders.  The purity of the powders needs to be further evaluated. 

 

 
Figure 3 - 5. Back-scattered electron images of (a) thermally-ignited LaB6 and 

(b) chemically-ignited LaB6. 
 

H. Conclusions 

 A new approach to solvothermal synthesis, without pressure and using both 

thermal and chemical ignition techniques, has been demonstrated.  The visual 

observations of the reaction provide insight for the reaction mechanisms that would have 

been difficult to ascertain by performing the reaction in an autoclave.  Little external 
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energy input is needed to carry out this process and the reactions proceeds by a self-

propagating high-temperature synthesis mechanism.  The process has been demonstrated 

for obtaining two compounds, TaC and LaB6, that are highly exothermic by reaction from 

the metal and non-metal components.  The characterization of the TaC and LaB6 powders 

demonstrates that this technique is suitable for obtaining nanocrystalline non-oxide 

materials and is attributed to the fast reaction kinetics.  Furthermore, the figures of merit 

that were obtained relating to particle dispersion indicate that the level of aggregation of 

the samples is low.  This unique approach will aid in the development of nanocrystalline 

ultra-high temperature ceramics, and composites of them, and has the potential to satisfy 

other applications that require nanocrystalline and unagglomerated non-oxide powders.  

More understanding of the powder purity is necessary. 
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CHAPTER 4: STATISTICAL EXPERIMENTAL DESIGN 
APPROACH TO THE SOLVOTHERMAL SYNTHESIS OF 
NANOSTRUCTURED TANTALUM CARBIDE POWDERS 

A. Introduction 

TaC is one of the most refractory ceramics known, having melting temperatures 

close to 4000 K and depending on compound stoichiometry.  Besides being refractory, 

tantalum carbide is of particular interest as an ultra-high temperature ceramic (UHTC) 

and a material for composite UHTCs because of its thermomechanical and 

thermochemical stabilities.  A significant number of researchers have reported results 

pertaining to the mechanical strength, fracture toughness, oxidation behavior, elastic 

properties, thermodynamic properties, hardness, ablative resistance, superconductivity, 

and electronic structure in the past few years, though research goes back much further.[1-8] 

Kim and coworkers demonstrated that sintering of nanostructured TaC and the 

resulting mechanical properties were improved with finer initial powder size.[3]  Current 

methods demonstrated for the synthesis of TaC include carbothermal reduction and 

subsequent carburization, impulse plasma synthesis in a liquid, gas-phase condensation, 

solvothermal synthesis, mechano-chemical synthesis, alkalide reduction, organometallic 

reactions, metathesis reactions, solid-state reactions, synthesis in ionic/electronic melts, 

and electrosynthesis.[9-21]  Variations in these techniques include the use of metals and 

non-metals, compounds, or polymeric precursors as raw materials and the use of 

microwaves or electric fields to promote the reaction.  These techniques have at least one 

of a few shortcomings, including the inability to produce nanostructured TaC, high 

energy input, long processing times, and/or issues with reaction scalability. 

Solvothermal synthesis of TaC nanopowders has recently been reported.[22]  The 

process is a slightly modified solvothermal synthesis technique such that the reaction 

does not occur within the confines of an autoclave, but in fused-silica test tubes.  The 

observations indicate that the reaction is similar to a self-propagating high-temperature 
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synthesis (SHS) process and results in nanopowders with a low agglomeration state in 

contrast to traditional SHS reactions.[21] 

The process is capable of producing nanostructured TaC with crystallite sizes of 

25 nm, is easily scalable (50 grams batches have been produced and larger batch sizes or 

continuous processing could likely be accommodated), requires little external energy 

input and only minutes for the reaction to occur.  Eliminating the use of an autoclave 

provided an opportunity to make many samples in a short period of time, since long 

heating and cooling times required in the autoclave and extensive preparation and 

cleaning of the autoclave were not necessary. 

A large number of experiments provide insight into the process and an 

opportunity for an unprecedented systematic study.  This work is focused on changing 

reactant types and concentrations to further study the reaction mechanism as well as to 

determine the process capabilities, including responses such as phase development, 

crystallite and particle size, and surface characteristics as it relates to these variables. 

 One difficulty in interpreting data for a process that is not already well defined 

and well studied is that process variation may be large enough to convolute the effects of 

changing process variables, making the interpretation of the data difficult without 

reproducing the experiments, possibly several times.  Statistical process control can be 

used to understand the process variation and help eliminate some of the causes.  One 

approach to this, as is often performed in manufacturing environments, is by repetition 

and monitoring of the process using various statistical tools. 

Research and development often does not provide the ability of reproducing many 

experiments many times, but there are statistical tools that can still be used to assist in the 

analysis of variation for better understanding of a process.  Two mathematical approaches 

are used in this study to deconvolute the effects of variation in the solvothermal synthesis 

process in order to get a qualitative understanding of this process as it relates to the 

processing variables and variable interactions.  Both experimental approaches use a 

factorial design.  One approach is to perform experiments for a 4×4×3 full factorial 

design without replication, followed by an analysis that uses data smoothing algorithms 

to achieve response surfaces for a qualitatively understanding of the process.  It is 

necessary to assume that the extent of smoothing is within processing variation.  The 
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second approach is to perform experiments for a 2×2×2 factorial design with replication, 

followed by the mathematical analysis of variance (ANOVA) to separate the variation 

caused by processing variables, interactions between those variables, and random error to 

provide statistically significant verification of the qualitative interpretation of the data. 

B. Experimental Procedures 

1. Experimental Methodologies 
 The stoichiometric reactions used in this study for TaC formation is given by 

Equations 1-3: 

2TaCl5 + 2C + 5Mg → 2TaC + 5MgCl2     (1) 

TaCl5 + C + 5Li → TaC + 5LiCl      (2) 

2TaCl5 + 2C + 5Ca → 2TaC + 5CaCl2     (3) 

Factorial design principles are utilized for design of the experiments.  The 

description of factorial designs is beyond the scope of this work and the reader is directed 

to consult a textbook on the topic for further information.[23]  Synthesis was performed 

for a 4×4×3 factorial design matrix, without replication, where the three factors 

(variables) studied were carbon stoichiometry, reductant stoichiometry, and reductant 

type, respectively.  These three factors correspond to differences in carbon concentration 

in the solvent, reactant dilution or solvent concentration, and reaction temperature for the 

solvothermal synthesis process. 

Carbon stoichiometry and reductant stoichiometry factors were both varied over 

four levels (1×, 2×, 3×, and 4× reaction stoichiometry).  The three reductants varied over 

3 levels (magnesium, lithium, and calcium).  The permutation of all of the three factor’s 

levels, without replication, results in a total of 48 experiments.  Samples containing 2× 

carbon and 2× reductant stoichiometries, 2× carbon and 4× reductant stoichiometries, 4× 

carbon and 2× reductant stoichiometries, and 4x carbon and 4× reductant stoichiometries 

were replicated for lithium and calcium reductants to generate a 2×2×2 factorial design 

with replication for statistical analyses (2x and 4x levels of the carbon stoichiometry 

factor, 2x and 4x levels of the reductant stoichiometry factor, and lithium and calcium 

levels for the reductant type factor).  A permutation of this factorial design matrix, with 2 
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replications per experiment, results in a total of 16 experiments, 8 of which were already 

performed for the 4×4×3 design matrix. 

 

 
Figure 4 - 1. Experimental design space for the 48 experiments of the 4×4×3 

full factorial design.  The experiments are represented by intersecting lines.  
Red lines contain all experimental space, blue dotted lines are drawn for the 
interior of the outer surfaces of the design space, purple lines are drawn for 
space extending into the interior of the design space. (With color) 

 
All batch calculations were done to produce a theoretical yield of three grams of 

TaC and mixing was performed in an argon atmosphere.  In all cases 5.57 grams of TaCl5 

(99.8%, Alfa Aesar, Ward Hill, MA) and either 0.19, 0.37, 0.56, or 0.75 grams of carbon 

(Lampblack 101, Degussa, Parsippany, NJ), depending on stoichiometry, were hand 

mixed using a mortar and pestle to achieve homogeneity and then added to a 95 ml fused-

silica test tube.  Finally, the magnesium (reagent grade, Sigma-Aldrich, St. Louis) was 

added in amounts of 0.94, 1.89, 2.03, or 3.78 grams, the lithium (granular, 99%, Sigma-

Aldrich, St. Louis, MO) was added in amounts of 0.54, 1.08, 1.62, or 2.16 grams, or the 

calcium (granular, 99%, Fisher Scientific, Pittsburgh, PA) was added in amounts of 1.56, 

3.12, 4.67, or 6.23 g, depending on the permutation of reductant type, reductant 

stoichiometry, and carbon stoichiometry, to the test tube. 
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After mixing, the test tubes were removed from the argon atmosphere to be 

ignited underneath a chemical fume hood.  The test tubes were rotated to mix in the 

reductant with the other reactants, which were not mixed previously because of the 

granular size that was used to limit reactivity.  Prior to ignition, the test-tube stopper was 

loosened to allow for outgassing.  The test tube was lowered into the center of a tube 

furnace that was held at 548 K when using lithium as the reductant and at 873 K when 

either magnesium or calcium were used as the reductant.  Once the samples were ignited 

they were taken out of the furnace immediately and allowed to air quench. 

After reaching room temperature, the reaction products were removed from the 

test tube by adding water, thus forming Mg(OH)2, LiOH, or Ca(OH)2 to free the reaction 

products, and emptied into a 250 ml beaker.  Additional water was added to create a 100 

ml suspension, which was magnetically stirred for 30 min, followed by ultrasonication 

for 30 min.  All ultrasonication for this work was performed using an ultrasonic cleaner 

with the perforated tray accessory (Model FS30, Fisher Scientific, Pittsburgh, PA 15275).  

The ultrasonic cleaner was filled with water until the water level was even with level of 

suspension in the 250 ml beaker.  An additional 15 min of magnetic stirring was 

performed after ultrasonication.  The suspension was centrifuged at 15,500 × g for five 

minutes and decanted to prepare for the powder washing procedure. 

Mg(OH)2 and Ca(OH)2 have poor solubility in water so it is not removed from the 

powders when freeing the reaction products or with subsequent water washing.  These 

samples were washed in a 100 ml suspension of concentrated HNO3 (15.8 N) for 30 min, 

followed by ultrasonication for 30 min, and an additional 15 min of magnetic stirring.  

The HNO3 reacts with the Mg(OH)2 or Ca(OH)2 to form Mn(NO3)2 or Ca(NO3)2, which 

are more soluble.  The samples were then centrifuged for five minutes at 15,500 g, 

followed by decanting. 

Two water rinses were performed by filling the centrifuge tubes with water, hand 

shaking for one minute, followed by five minutes of ultrasonication before centrifuging 

and decanting again.  A final ethanol rinse was performed in a similar manner as the 

water rinses.  After the final decant, the samples were allowed to dry in air for 24 hr 

before mixing with a mortar and pestle and stored for characterization.  For consistency, 

the samples containing lithium as the reductant were washed in a similar manner. 
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The washing procedure eliminates the excess reductant, but does not remove 

excess carbon.  Removing excess carbon was not considered in this study because excess 

carbon can assist in achieving full density during sintering by removing oxide impurities 

and assist in obtaining smaller grain sizes.[24-28]  If it is determined that removal of some 

(if there is too much), or all, of the carbon would be beneficial, there are techniques 

available to do so.[29] 

 Powder X-ray diffraction (XRD) was performed on a diffractometer (Siemens 

D5000, Siemens, New York, NY 10022) by scanning from 20 to 80° 2θ using a step size 

of 0.04° 2θ and a dwell time of 15 sec after dispersing the powders on a zero-background 

holder.  X-ray diffraction software (Jade 8, Materials Data Incorporated, Livermore, CA) 

was used to determine phase purity, the compound stoichiometry, and the crystallite size 

of the samples.  The TaC lattice parameters were determined using hkl grafting and least-

squares refinement for purposes of calculating the compound stoichiometry, TaCx, where 

x varies with the lattice parameter “a” according to the relationship: C/Ta = 6.39795•a – 

27.5157.[30]  The crystallite sizes were determined using the Williamson-Hall 

technique.[31] 

Since the X-ray diffraction measurements depend on accurate 2θ peak positions 

and full width at half maximum (FWHM) measurements of the peaks, sample 

displacement corrections were made using the software to reduce error in measuring peak 

positions and whole profile fitting was used to reduce error in the FWHM values.  The 

software uses the error associated with these measurements to compute the error of the 

calculated crystallite size.  The average computed error for the crystallite size 

calculations was approximately nine percent.  However, measurement variation does not 

account for process variation and error associated with process variation could be the 

cause of greater error. 

Specific surface area (SSA) measurements were performed using a surface area 

analyzer (Tristar 3000, Micromeritics, Norcross, GA) after degassing in argon for 24 

hours at 423 K.  Density measurements were performed by helium pycnometry (AccuPyc 

II 1340, Micromeritics, Norcross, GA) after drying in an oven at approximately 353 K for 

one hour.  The crystallite size is computed from the SSA and density measurements to 

compare to the crystallite size calculated from the X-ray diffraction data. 
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Thermogravimetric analysis (TGA) was performed in air (Model Q50, TA 

Instruments, New Castle, DE).  The samples were heated from room temperature to 1273 

K using a heating rate of five Kelvin per minute to focus on surface adsorption. 

Dynamic light scattering (DLS) was performed (NanotracTM ULTRA, Microtrac, 

Montgomeryville, PA) after dispersing 0.02 grams of powder in 30 ml of deionized water 

and allowing the suspension to magnetically stir for 24 hours, followed by five minutes 

of ultrasonication prior to measurement.  The DLS measurements were repeated four 

times with an additional 30 sec ultrasonication between each measurement.  Each run 

consisted of an average of five 30-sec runs as is recommended by the manufacturer of the 

instrument and ASTM standard E2490-09.[32] 

2. Data Analysis 

The data generated from the 4×4×3 experimental design matrix was analyzed 

using software (Grapher 6, Golden Software, Golden, CO).  The data was separated into 

two-factor response surfaces of varying carbon stoichiometry and reductant 

stoichiometry, with reductant type constant, to generate data contour maps.  An 

advantage to this approach is that a large amount of data is processed, which establishes a 

way to visually observe trends in the data by evaluating the individual contour plots and 

making comparisons between the contour plots that were generated for the different 

reductants.  Since replication was not used for the 4×4×3 experimental design matrix, 

process variation may convolute the trends if variation is significant and would make it 

difficult to analyze the trends without data smoothing. 

A data smoothing algorithm, using a smoothing factor of one, was used to create 

the two-factor response surfaces assuming that the degree of smoothing is within the 

range of process variation.  A contour map data smoothing algorithm uses the actual data 

to generate a surface, in a similar manner as fitting a curved line to a one-variable 

response, and then arbitrarily fits the surface with contours of constant response values 

for the surface despite the fact that each plot was made using 16 data points.  In making 

this assumption, caution must be exercised in the interpretation of the results. 

The purpose of the contour plots generated by data smoothing is to observe trends 

visually and to compare and contrast them rather than to give the absolute values for the 
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data within the plots.  However, the plots will also contain actual data measurements 

superimposed on the contoured surface.  The emphasis of this work is on obtaining a 

qualitative understanding of the process, rather than quantitative, to gain a more 

fundamental understanding of the process, which may not be readily apparent without 

removing process variation.  The data smoothing approach can limit the number of 

experiments that are necessary.  For example, assuming average of five replications are 

necessary for removing the effects of process variation, the number of experiments 

increases from 48 to 230 to generate these contour plots for a full factorial design. 

To minimize resource requirements, it is easy to see the advantage, if not 

necessity, of the data smoothing for observing the qualitative trends.  An experiment to 

study variation of one or some of the samples would be more beneficial for studying 

variation/reproducibility than repeating all of the experiments in this work.  The approach 

used to strengthen the argument for the assumptions of data smoothing in this work is 

done by using analysis of variance (ANOVA). 

 In conjunction with observing trends using data smoothing algorithms, the 2×2×2 

factorial design matrix was used to statistically verify a null hypothesis or an alternate 

hypothesis related to these trends by using ANOVA.  A disadvantage of this technique is 

the difficulty in producing a large number of data points for generating a visual 

representation of the trends, because of the necessity of experiment replication to perform 

ANOVA.  However, the advantage of this technique is that it takes process variation into 

account to determine the significance of a factor and so the two methods, data smoothing 

(outlined earlier) and ANOVA, complement each other well for establishing and 

visualizing trends in the process response variables. 

ANOVA provides an F-statistic for each factor and the interactions amongst the 

factors.  In critical F-statistics, a Type I error occurs if the null hypothesis is rejected 

when in fact it is true and a level of significance, or probability of making a Type I error, 

that correlates to a critical F-statistic is typically chosen prior to interpretation of the data 

by the amount of risk that can be tolerated for such an error. 

In this work, the computed F-statistics are compared to the critical F-statistic for 

levels of significance of 1%, 5%, and 10%.  A table of critical F-statistics can be found in 

textbooks on the subject.[23]  If the F-statistic is less than the critical-statistic for a 10% 
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level of significance, then the null hypothesis is accepted due to insufficient statistical 

evidence, while the alternate hypothesis is rejected.  In this case, a visually observed 

trend may not be real and could be due to normal process variation.  The 10% level of 

significance, or probability of making a Type I error, is selected based on the low risk of 

assessing the data and the expected noise level of the crystallite size analysis.  If the F-

statistic is greater than the critical F-statistic for a 10% level of significance, but less than 

the critical F-statistic for a 1% level of significance, then the null hypothesis is rejected, 

indicating a significant factor or interaction, and a visually observed trend is considered 

significant.  Furthermore, the probability of making a Type I error is estimated as a 

method to indicate the strength of a trend by extrapolating a level of significance from the 

F-statistic using a scatter plot with curved lines for the three critical F-statistics versus the 

three levels of significance.  The null hypothesis is rejected and the visually observed 

trend that is observed is considered very strong if the F-statistic is greater than the critical 

F-statistic for a 1% level of significance. 

The results of ANOVA will be provided in a table to compare to the results from 

data smoothing.  Analyses by data smoothing and ANOVA have limitations, but 

observing the same results from the two separate analyses strengthen the confidence in 

making an assessment.  If the two analyses disagree, then the assessment is more 

questionable would benefit from a more detailed study. 

C. Results and Discussion 

1. Phase Development 
 Figure 4-2 illustrates powder X-ray diffraction (XRD) patterns for several of the 

samples, demonstrating the effects of reductant type (Figure 4-2a), carbon stoichiometry 

(Figure 4-2b), and reductant stoichiometry (Figure 4-2c), through changes in peak 

intensities.  For Figure 4-2a, demonstrating the effects of reductant type with reductant 

and carbon stoichiometries held constant, calcium is more effective than lithium, which is 

more effective than magnesium at converting the reactants to TaC as is observed by the 

increase in the intensity of the TaC peaks relative to the other phases’ peaks for the three 

patterns. 
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Figure 4 - 2. Powder X-ray diffraction patterns demonstrating the effects of (a) 

reductant type, (b) carbon stoichiometry, and (c) reductant stoichiometry on 
TaC phase development for solvothermal synthesis. (With color) 

 
 The TaC reaction proceeds from its elements within the molten metal reductant, 

with carbon diffusing into nascent tantanlum particles.[22]  The TaC reaction proceeding 

from tantalum and carbon is highly exothermic, having an adiabatic flame temperature of 

2700 K.[33]  Since the adiabatic flame temperature is greater than the vaporization 

temperature of the metal reductants (1363 K, 1615 K, and 1757 K for magnesium, 

lithium, and calcium, respectively), it will drive the temperature up to, but not exceeding 

the vaporization temperature of the molten metal.  Any additional energy from the 

reaction would be consumed producing vapor.  Therefore, the samples containing the 

metal with the highest vaporization temperature are expected to achieve the highest 

reaction temperature.  The extent of phase conversion to TaC in Figure 4-2a correlates 

well with the vaporization temperature of the reductant and indicates a temperature 

driven diffusion mechanism.  Specifically, the diffusion of carbon into the nascent 
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tantalum seeds is promoted by increasing the reaction temperature and provides greater 

phase purity. 

In the case of magnesium, the diffusive process of carbon into the tantalum was 

slow enough such that insufficient carbon was incorporated into the tantalum resulting in 

the stabilization of the Ta2C phase in conjunction with TaC.  The reaction temperature for 

lithium and calcium reductants was higher and enough carbon could diffuse into the 

metal to prevent the formation of the Ta2C phase.  The reaction temperature for calcium 

is higher than for lithium and therefore conversion to TaC is more complete.  For 

determining the effects of reductant and carbon stoichiometries in Figures 4-2b and 4-2c, 

lithium was selected as the reductant type because it was determined to be most suitable 

from a processing standpoint. 

The increase in intensity of the TaC peaks relative to the other phases in Figure 

4-2b indicate that TaC conversion was enhanced by increasing the carbon stoichiometry 

while holding the reductant type and stoichiometry constant.  Since diffusion of carbon 

into the metal particles is an expected reaction mechanism, the improved phase 

conversion with increased carbon stoichiometry indicates a chemical gradient-driven 

diffusion mechanism in accordance with diffusion theory. 

Figure 4-2c indicates that increasing the reductant stoichiometry enhanced TaC 

conversion as well, but also with similar limitations as was the case with carbon 

stoichiometry in Figure 3-1b.  The initial increase as a result of increasing reductant 

stoichiometry is believed to be due to the ability of the molten metal reductant to fully 

encapsulate the reactants and/or provide more “fuel” for the reaction as the reductant is 

oxidized.  The lack of a more substantial increase with further additions of reductant 

could be related to the dilution of carbon in the molten reductant resulting in a decrease in 

the chemical gradient.  If this is true, then the combination of carbon and reductant 

stoichiometries have the potential to fully convert the reactants into TaC by providing a 

fully encapsulating melt with a sufficiently high carbon chemical gradient across the 

tantalum particle and sufficient fuel for the diffusive processes to occur in the short time 

period of the reaction. 

 Specific combinations of reductant type, reductant stoichiometry, and carbon 

stoichiometry are capable of yielding phase-pure TaC within the limits of detection for 
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XRD.  Figure 4-3 classifies the phases of interest for each condition in the 4×4×3 

experimental design matrix that was used. 

 

 
Figure 4 - 3. Qualitative phase analysis according to the reductant type, carbon 

stoichiometry, and reductant stoichiometry. 
 

The classification scheme has four categories.  Oxide phases are unfavorable for 

eventual sintering of the powders, so if a noticeable peak for oxide phases is observed, 

regardless of the other phases present, then the sample is placed in a category denoted 

“Minor oxide present” in the figure.  The oxide phases were present as minor phases for 

all experimental conditions containing them.  Oxide phases were found when 

synthesizing with low reductant stoichiometries, indicating that the reductant is a critical 

component, possibly acting as an oxygen-getter (reacting with oxygen so that it cannot 

react with the other components) or as an oxygen diffusion barrier. 

The second category in Figure 4-3 is for samples that contained no detectable 

oxide phases, but significantly high amounts of impurity phases, either tantalum, Ta2C, or 

a combination of the two.  This category is labeled “High phase-impurity” in the figure.  

This typically occurs at low carbon stoichiometry, when the chemical gradient is not 

sufficient enough for diffusion to complete phase development, but also occurs in high 

carbon and reductant stoichiometries for the case of magnesium reductant because the 

temperature is not sufficient enough for diffusion to complete phase development. 

The third category includes samples with low amounts of impurity phases, such as 

tantalum metal and Ta2C that are barely detectable in the X-ray diffraction patterns, and 
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is labeled “Low phase-impurity”.  This category was only significant when lithium was 

used as a reductant and only for four samples.  TaC compound stoichiometry, x in TaCx, 

can vary from an x value of 0.99 down to an x value of approximately 0.75.[23]  Due to the 

ability of TaC to exhibit high carbon vacancies while maintaining stability, there is a 

chance that dense compacts produced from powders with small amounts of impurity 

phases may homogenize after heat treatments or during sintering, forming phase-pure 

TaC compacts, thus expanding the range of compound stoichiometries that can be 

obtained. 

The fourth category is for samples that resulted in phase-pure TaC, of which there 

were eleven in the cases when lithium or calcium was used as the reductant.  This occurs 

for high carbon and high reductant stoichiometries and agrees with the previous 

assessment that the combination of these two factors to create a fully encapsulating melt, 

sufficiently high carbon chemical gradient, and sufficient fuel for the diffusive processes 

to occur are sufficient for obtaining full conversion to TaC.  Further analysis of the 

system using magnesium as the reductant was not undertaken because all the samples fell 

into categories with significant amounts of impurity phases. 

Another notable observation from Figure 4-3 is that there are a few 

inconsistencies in that there are isolated blocks of one category that would not be 

expected according to the surrounding blocks, which belong to another category.  What 

this suggests is that there is some level of process variation that is not properly controlled, 

but is beyond the scope of this work. 

Since the TaC phase can incorporate a high concentration of carbon vacancies, it 

is important to characterize the compound stoichiometry, TaCx.  Figure 4-4 illustrates the 

TaC compound stoichiometry as determined from the lattice parameters.  In general, it 

appears that the carbon stoichiometry is an important variable.  As the reaction occurs, 

the carbon stoichiometry will influence the chemical gradient-induced diffusion. 

A higher carbon stoichiometry will increase the chemical gradient and therefore 

increase the flux of carbon into the compound and a subsequent increase in carbon 

stoichiometry is observed.  When calcium is used as the reductant, the compound 

stoichiometry is enhanced compared to the case when lithium is used as a reductant 

indicating that the reductant is also important.  The reductant should control the reaction 
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temperature.  An increase in reaction temperature when using calcium versus lithium will 

enhance temperature-induced diffusion resulting in an increase in the compound 

stoichiometry. 

 

 
Figure 4 - 4. Compound stoichiometry of TaC, C/Ta, according to reductant 

type (a) lithium and (b) calcium, carbon stoichiometry, and reductant 
stoichiometry.  Actual data is superimposed onto the plot. 

 
Figure 4-4 suggests that a ternary interaction amongst reductant type and carbon 

and reductant stoichiometries may be defined as such: in the case of the system using 

lithium as the reductant, increasing carbon stoichiometry is more effective at increasing 

the compound stoichiometry for low reductant stoichiometries whereas for the system 

using calcium as the reductant, the effect of reductant stoichiometry is less apparent and 

perhaps non-existent.  Increasing reductant acts as a diluent and decreases the chemical 

gradient of carbon, resulting in a decrease in the flux of carbon into tantalum.  The 

decrease in chemical gradient as the reductant stoichiometry is increased is the same for 

both the lithium and calcium reductant systems.  However, the temperature in the calcium 

system is higher resulting in an increase in temperature-induced diffusion and therefore 

the flux of carbon into tantalum, at least partially negating the effects due to the change in 

chemical gradient and making the effect less pronounced.  The chemical gradient and 
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temperature are both important and are dictated by the combination of reductant type, 

reductant stoichometry, and carbon stoichiometry. 

2. Crystallite and Particle Size 
Figure 4-5 gives the crystallite sizes as a function of carbon and reductant 

stoichiometries for the cases of lithium and calcium reductants.  The crystallite sizes 

ranged from 17 to 38 nm for the samples containing lithium as the reductant and from 43 

to 105 nm for the samples containing calcium as the reductant.  Although the average 

calculated error in crystallite size using the software was computed to be ~9%, it is 

difficult to suggest what the processing error might be or the error after the data 

smoothing algorithm is used to reduce variation for the purposes of observing trends. 

 

 
Figure 4 - 5. Crystallite sizes of TaC determined by XRD, according to 

reductant type (a) lithium and (b) calcium, carbon stoichiometry, and 
reductant stoichiometry.  Acutal data is superimposed onto the plot. 

 
The change in the crystallite size due to changes in the carbon stoichiometry 

appears to be minimal.  In general, high reductant stoichiometry favors smaller crystallite 

sizes for a given system.  The molten metal reductant acts as a diluent for the system, 

which will control the concentration of reactants within the melt and therefore influence 

nucleation and growth of the nascent tantalum particles eventually forming TaC.  The 
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reductant type also appears to be significant.  Larger crystallite sizes are achieved when 

using calcium as the reductant compared to using lithium because the higher reaction 

temperature will also influence nucleation and crystallite growth of the nascent tantalum 

particles. 

Figure 4-5 also indicates a ternary interaction: in the case of lithium reductant, 

there is roughly the same change in crystallite size with an increase in reductant 

stoichiometry for all of the carbon stoichiometries, whereas in the case of calcium 

reductant, reducing crystallite size is less effective at low carbon stoichiometries than at 

high carbon stoichiometries with respect to the calcium stoichiometry.  This is difficult to 

explain and therefore discussion on the matter will be deferred until the ANOVA 

statistical analysis sub-section, which will help determine if this is a statistically 

significant factor or an erroneous result of data smoothing. 

The general trends from data smoothing for specific surface area (SSA) are given 

in Figure 4-6.  The SSA is related to the crystallite size and therefore should demonstrate 

similar dependencies.  It is clear from Figure 4-6 that carbon stoichiometry has little 

influence, reductant stoichiometry and reductant type does, and that there might be a 

ternary interaction.  This agrees well with the assessment of the dependence of SSA on 

crystallite size.  SSA should increase with decreasing crystallite size and we see this 

opposite trend by comparing Figure 4-5 and Figure 4-6. 

The trends are less apparent in the case of using calcium as the reductant.  

However, the range of SSA for the samples containing calcium is much smaller than the 

range for the samples containing lithium and the breakdown of the trend for the calcium 

samples might be related to normal process and measurement variation resulting from the 

small range of SSA values.  This leads to the suggestion that there is an additional 

interaction between reductant stoichiometry and reductant type that was not present in the 

crystallite size analysis, where the reductant stoichiometry is more effective at increasing 

the SSA when lithium is used as a reductant compared to when calcium is used as a 

reductant.  This interaction may also be related to the crystallite sizes.  Although the 

range of crystallite sizes was narrower for samples prepared with lithium compared to the 

samples prepared with calcium, surface area is proportional to the square of the radius 

(assuming spherical morphology) and normalizing to weight results in larger changes in 
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the surface area as a result of a change in crystallite size when the crystallites are small 

relative to a similar change in crystallite size when the crystallites are larger.  Scanning 

electron imaging, performed previously, indicate equiaxed grains and support the 

assumption, although some error may still be introduced due to faceting or deviation from 

sphere morphology.22 

 

 
Figure 4 - 6. Specific surface area of TaC, according to reductant type (a) 

lithium and (b) calcium, carbon stoichiometry, and reductant stoichiometry.  
Actual data is superimposed onto the plot. 

 
The crystallite sizes of the samples were calculated using the SSA in conjunction 

with density measurements, assuming spherical morphology, to compare to the crystallite 

sizes obtained by X-ray diffraction.  The results of this comparison are given in Figure 

4-7.  Although the coefficient of correlation is low for this data (~0.36), the variation 

around the sample line having a perfect coefficient of correlation (included in the 

diagram) appears to be consistent and suggests that the measured and calculated 

crystallite sizes are in agreement over the size range shown. 
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Figure 4 - 7. Comparison of the average crystallite sizes of TaC measured by 

powder X-ray diffraction (dXRD) versus calculation from specific surface area 
and density measurements (dCALC) assuming a spherical morphology.  Black 
circles are lithium data, red squares are calcium data, perfect correlation is 
given as a solid line and 45% deviation from perfect correlation is given as 
dotted lines. (With color) 

 
The effects of process and measurement variation could be reduced by repeating 

the synthesis and characterization of these samples multiple times and using process 

control principles, but this is beyond the scope of this work.  The spread about the line of 

a perfect coefficient of correlation indicates the amount of error associated with the 

crystallite size analyses, representing compounded error from both measurement and 

process variation.  In Figure 4-7, 84% of the data is within 45% from a perfect correlation 

and all of the data is within 65%.  The compounded error is relatively high and indicates 

there are uncontrolled variables that need to be established.  The data smoothing and 

analysis of variance performed in this work reduces noise from this variation to simplify 

interpretation. 

The average particle sizes, measured by DLS, are reported in Figure 4-8.  There 

appears to be an interaction between the reductant stoichiometry and the reductant type.  

In the case of lithium, the particle size increases with lithium stoichiometry, whereas for 

calcium, the particle size decreases with calcium stoichiometry.  No other trends are 
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observable from the particle size information.  This difference between the two reductant 

systems is related to powder agglomeration.  In the case of lithium, the increase in 

particle size could be caused by the decrease in crystallite size, as was observed in Figure 

4-5.  Smaller crystallites will have a higher tendency to agglomerate due to the higher 

surface area.  In the case of calcium, the crystallite sizes are greater than any of the 

samples prepared with lithium and therefore would have a lower tendency for 

agglomeration, but this does not explain the opposite trend that is observed for lithium 

and the relationship to crystallite size. 

 

 
Figure 4 - 8. Average particle size of TaC according to reductant type (a) 

lithium and (b) calcium, carbon stoichiometry, and reductant stoichiometry.  
Actual data is superimposed onto the plot. 

 
Although fewer crystallites are participating in agglomeration, it only takes a 

small amount of agglomeration to achieve the particle sizes that were observed for 

powders prepared by using calcium because the crystallite size is starting to approach the 

agglomerate size.  This can be evaluated using a figure of merit relating the average 

particle size to the average crystallite size by a ratio where a value of unity represents 

complete dispersion and the further from unity, the more agglomerated the system is 

since more crystallites will make up each individual particle, on average.  This figure of 
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merit for the synthesized powders is provided in Figure 4-9.  Despite the contradictory 

trend observed for the average particle size information, the figure of merit follows a 

similar qualitative trend for both lithium and calcium reductants, indicating that the trend 

reversal in Figure 3-7 is likely caused by the crystallite size approaching the particle size, 

for which there is a lesser tendency for agglomeration. 

 

 
Figure 4 - 9. Figure of merit of TaC powders according to reductant type (a) 

lithium and (b) calcium, carbon stoichiometry, and reductant stoichiometry.  
Actual data is superimposed onto the plot. 

 
 The level of agglomeration, which is indicated by the figure of merit, should be 

related to the SSA in Figure 4-6 and we should expect to see similar variable 

dependencies.  From this assessment, the reductant stoichiometry, reductant type, an 

interaction between these two variables, and an interaction between all three variables 

should be significant.  Comparing Figure 3-5 and Figure 3-8 agrees well with this 

assessment.  Since the SSA is indirectly related to the crystallite size, we should also 

expect to see opposite trends between Figure 3-4 and Figure 3-8, which is also in 

agreement.  By considering both of these comparisons, it is evident that the 

agglomeration is more directly related to SSA than the crystallite size since the figure of 
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merit and SSA plots followed similar trends and both indicate an additional binary 

interaction that is not apparent in the crystallite size data.  A figure of merit is a more 

efficient way to evaluate agglomeration than by considering particle size alone, which 

was not directly comparable to the crystallite size and SSA analyses. 

3. Surface Characteristics 
During a typical TGA measurement, the samples would lose weight from room 

temperature to approximately 673 K, where a large weight gain occurs due to oxidation 

of the TaC.  The initial weight loss is of interest because it indicates the amount of 

physisorbed molecules onto the surfaces of the particles.  These weight losses that were 

observed from TGA, after data smoothing, are given in Figure 4-10.  By comparing the 

reductant types, the weight loss range for the calcium samples is less than for the lithium 

samples demonstrating that the reductant type is important.  All other 

influences/interactions are difficult to distinguish from the data. 

The lithium samples have smaller crystallite sizes than the calcium samples, 

resulting in an increase in the available surfaces for physisorption, which is supported by 

the SSA results.  The extent of physisorption is expected to correspond well with SSA 

measurements.  The trends between physisorption and SSA are similar for powder 

prepared with calcium reductant, but not for the use of lithium.  If lithium is the 

reductant, the SSA is strongly correlated to the lithium stoichiometry and carbon 

stoichiometry has little influence, but the opposite is true for the amount of physisorbed 

material.  Overall, there is little difference in the weight losses for a given reductant and 

may explain the difficulties analyzing this data. 

There is a significant amount of impurities adsorbed on the surfaces of the 

particles, ranging from about 1.2-6.4% on a weight basis.  Assuming a worst case 

scenario (highest weight loss, theoretical density of TaC, and the lowest density washing 

solvent is absorbed on the surfaces), the volume percentage of surface absorbed species is 

estimated to be 45%.  Assuming a best case scenario (lowest weight loss, theoretical 

density of TaC, and highest density washing solvent on the surfaces), the volume 

percentage of surface adsorbed species is estimated to be 12%.  There is a significant 

amount of surface impurities, but discussing what it is and how to remove it is beyond the 

scope of this work. 



133 

 

 
Figure 4 - 10. Percent weight loss of tantalum carbide powders up to 400°C in air 

according to (a) lithium and (b) calcium, carbon stoichiometry, and reductant 
stoichiometry.  Actual data is superimposed onto the plot. 

 

4. Evaluating Trends using Analysis of Variance 
So far, all data has been interpreted according to the output of data smoothing 

algorithms, but requires the assumption that the degree of smoothing is within process 

and measurement variation.  Using analysis of variance (ANOVA), the variation is 

analyzed using repetition of experiments to distinguish between within-group and 

amongst-group variation.  This provides a mathematical distinction of whether or not 

there is sufficient variation due to a change in the processing variable relative to error to 

justify it as a significant factor. 

ANOVA requires a lower number of experiments than the previous approach, 

especially if the previous approach was subjected to repetition to more accurately address 

variation, and at the same time is a complementary technique that can provide support for 

the previous discussions.  An additional advantage is that it considers interactions 

between variables, which can be difficult to properly define using the previous approach.  

Table 3-I contains the results of the ANOVA analyses for the several response variables 
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that have been discussed in previous sections and makes direct comparisons between the 

ANOVA results and the trends that were observed using the data smoothing algorithm. 

The F-statistic values are provided in Table 4-I, which was compared to critical 

F-statistics.  Based on this comparison, the null hypothesis was either rejected or 

accepted, meaning there was statistical variation in the processing variable or interactions 

amongst variables relative to the process and measurement variation or that there was not, 

respectively.  All instances of previous discussion in previous sections are highlighted in 

the table.  A comparison of the previous assessments using the contour maps and the 

results from ANOVA are all in good agreement, strengthening the assessments with 

regards to compound stoichiometry, crystallite size, SSA, and the figure of merit. 

The probability that the results obtained by ANOVA are incorrect also indicate 

that the assessments are reasonably strong as is realized by the low probability of making 

a Type I error for instances when the null hypothesis was rejected.  In general, trends that 

were not mentioned in the previous sections are considered insignificant factors and 

interactions.  The ANOVA analysis also reinforces this assessment since the probability 

of making a Type I error was greater than 10% in all of the instances in the table where 

the comparison was not defined.  Table 3-I is then in agreement with previous discussion. 

To summarize, compound stoichiometry is dependent on chemical gradient-

induced and temperature-induced diffusion.  The crystallite size is dependent on dilution, 

reaction temperature, and an interaction between the three variables studied.  SSA 

depends on crystallite size and the figure of merit associated with evaluating the level of 

agglomeration is related to the SSA. 

An earlier discussion on the ternary interaction between carbon stoichiometry, 

reductant stoichiometry, and reductant type on the crystallite size analysis was deferred 

until post-ANOVA analysis.  The general trend was that the change in crystallite size as a 

function of lithium stoichiometry was similar for all carbon stoichiometries, but was not 

the case when calcium was used as the reductant.  In this case, the change in crystallite 

size was smaller for low carbon stoichiometries than at high carbon stoichiometries.  

Since the reaction temperature should not vary significantly for all experiments using 

calcium as the reductant, then the effect, considering only the calcium plot, simplifies the 

interaction to one of three possible effects. 
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Table 4 – I. Analysis of Variance (ANOVA) Summary Containing F-statistics, 
Rejection or Acception of the Null Hypothesis Stating No Significant Contribution for a 

10% Confidence Interval, Highlighting for Comparisons to Prior Discussion, and the 
Estimated Probability (P) of a Type I Error 

Factor/Interaction F-statistic Null hypothesis Comparison P (type I error, %) 
Compound stoichiometry (TaCx) 

  A 8.46 Reject Agrees 2 
B 0.27 Accept Not defined > 10 
C  12.97 Reject Agrees < 1 
AB 0.61 Accept Not defined > 10 
AC 0.00 Accept Not defined > 10 
BC 0.83 Accept Not defined > 10 
ABC 7.84 Reject Agrees 3 

Primary particle size (nm) 
   A 0.19 Accept Agrees > 10 

B 20.08 Reject Agrees < 1 
C  24.04 Reject Agrees < 1 
AB 0.36 Accept Not defined > 10 
AC 0.06 Accept Not defined > 10 
BC 1.83 Accept Not defined > 10 
ABC 15.02 Reject Agrees < 1 

Specific surface area (m2/g) 
   A 0.22 Accept Agrees > 10 

B 10.17 Reject Agrees 2 
C  11.07 Reject Agrees 1 
AB 0.49 Accept Not defined > 10 
AC 0.04 Accept Not defined > 10 
BC 12.37 Reject Agrees < 1 
ABC 7.22 Reject Agrees 4 

Figure of merit (particle size/primary particle size) 
 A 0.08 Accept Not defined > 10 

B 12.06 Reject Agrees < 1 
C  17.74 Reject Agrees < 1 
AB 0.07 Accept Not defined > 10 
AC 0.01 Accept Not defined > 10 
BC 4.59 Reject Agrees 6 
ABC 9.98 Reject Agrees 2 

A: carbon stoichiometry, B: reductant stoichiometry, C: reductant type. 
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The trend observed must be due to reactant concentrations at the higher reaction 

temperature when compared to the use of lithium reductant.  The three possible 

explanations are that it is related to calcium stoichiometry, it is related to the carbon 

stoichiometry, or that it is related to a combination of these two variables.  The first two 

can be ruled out because no binary interactions were observed.  A binary interaction 

between reductant stocichiometry and carbon stoichiometry seems probable due to the 

difference in the effect of the reductant stoichiometry with carbon stoichiometry, 

although it is considered a ternary interaction overall because it is not observed to such an 

extent for samples with lithium that have a lower reaction temperature.  The interaction is 

a result of both chemical and thermal diffusion mechanisms and may be influenced by the 

nucleation and growth of the intermediate nascent tantalum particles.  Performing 

experiments without carbon to study the tantalum nucleation and growth could provide 

further insight. 

D. Conclusions 

 This study provides a better understanding of the solvothermal synthesis process 

and its capabilities for the synthesis of TaC powders through the observation of general 

trends and statistical analyses of several response variables.  Reductant type, carbon 

stoichiometry, and reductant stoichiometry were all critical variables.  Lithium and 

calcium were found to be suitable reductants for the process.  Phase-pure TaC could be 

achieved using a combination of these three variables to control the reaction temperature 

and reactant concentrations, which control diffusion, crystallization, and growth 

processes.  Specifically, reactions with at least twice the stoichiometric amount of carbon 

and at least three times the stoichiometric amount of reductant produced TaC of high 

phase purity if the reductant metal had a vaporization temperature of at least 1615 K.  

Below these minimum conditions, Ta2C, tantalum, and/or Ta2O5 phases were observed. 

 Qualitative trends were visually observed and analysis of variance was used to 

support the findings.  While interesting from the perspective of developing a qualitative 

understanding of the responses as they relate to the expected reaction mechanisms and 

developing support for those mechanisms, there is relatively little flexibility to control the 

TaC responses for conditions producing high phase purity.  The reductant type has the 
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largest influence, indicating the importance of the reaction temperature.  The composition 

of the molten phase during reaction can be modified to control reaction temperature. 

 TaC produced by the solvothermal synthesis and subjected to the current 

processing methods is susceptible to surface impurities.  Higher reaction temperature 

reduced the amount of surface contamination, probably by increasing the crystallite size 

and reducing the surface area.  The extent of agglomeration, measured as a figure of 

merit, is also reduced with increased reaction temperature.  Optimizing the reaction 

temperature is recommended for obtaining larger crystallite sizes, to reduce surface area 

and therefore adsorption sites, without significantly increasing the particle size.  The 

quantity of excess carbon, impurities on the surface, and lattice impurities still need to be 

investigated. 
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CHAPTER 5: RESISTANCE SINTERING OF TANTALUM 
CARBIDE NANOPOWDERS PRODUCED BY SOLVOTHERMAL 

SYNTHESIS 

A. Introduction 

 TaC is one of the most refractory ceramics known with a melting temperature of 

around 4000 K.  Therefore, this material is potentially useful for applications that include 

space reentry vehicles and high mach aircraft, where extreme temperatures are reached.  

Other properties, including hardness, fracture toughness, elastic moduli, oxidation 

behavior, electronic structure, and optical properties, have also been investigated for this 

material.[1-4] 

 The preparation of bulk nanoceramics can result in improved material properties.  

Maintaining a nanostructure can modify electrical properties and mechanical properties, 

for instance.[5-7]  Properties that did not exist in a material with grain sizes in the 

micrometer range can potentially exist when the grain size is reduced to the nanometer 

scale.[8]  Obtaining nanostructured TaC is difficult, with sintering being accompanied by 

rapid grain growth due to the similar activation energies for grain growth and sintering 

being cited as an explanation.[9-16] 

Resistance sintering is a useful technique to consolidate powders because of the 

simultaneous pressure and current applied to create fast heating rates and sintering cycles, 

which can substantially limit the amount of grain growth of a sintered specimen.[17-18]  

This technique is investigated for sintering TaC nanopowders synthesized by a 

solvothermal synthesis method.  Resistance sintering can produce fully dense TaC from 

submicron powders utilizing a unaxially applied pressure of at least 263 MPa.[19-20]  

However, the issue of grain growth was not resolved.  It has been determined 

experimentally that an applied pressure near three gigapascal is necessary to completely 

inhibit grain growth.[10] 

Thus, the goal of this work is to understand the general densification behavior of 

TaC nanopowders produced by the solvothermal synthesis method.  While significant 

progress towards obtaining fully dense TaC can be expected, the problem of grain growth 



142 

will not be addressed at this time.  The effects of temperature and carbon on the 

microstructure are explored. 

B. Experimental Procedures 

Previous sintering work revealed that the scaled-up synthesis of TaC powders 

produced by solvothermal synthesis, which were subsequently sintered, still contained 

LiOH left over from the synthesis and post-synthesis processes.[21]  TaC powders were 

synthesized using the solvothermal technique previously established to produce a 50 g 

theoretical yield of powder.[22-23]  The synthesis method is rapid and could be scaled to 

produce large quantities of powder in a continuous type of process.  The parent 

techniques have been used to produce kilogram quantities of powders.[24-26]  After 

synthesis, one gram of the powders were oxidized by heat treating in air at 1173 K for 

one hour and then characterized by X-ray diffraction (XRD), which revealed a LiTaO3 

phase due to residual LiOH remaining from the synthesis and post-synthesis processes. 

LiOH is formed by the reaction of lithium and lithium oxide with water when 

freeing the reaction products after the reaction cools.[23]  The synthesized powders were 

divided into two sets of powders for washing experiments to explore the removal of the 

excess LiOH.  LiOH is water soluble.  Additions of HNO3 can form LiNO3 from the 

LiOH, which has a higher solubility limit in water than LiOH and is a method that has 

been used to eliminate LiOH, Mg(OH)2, and Ca(OH)2 from powders made by the same 

process.[23] 

One set of powders was washed with water and the other set was washed with a 

dilute HNO3 solution.  The HNO3 solution was made by mixing a volumetric ratio of 

1:19 acid to water volume, using a 15.8 N HNO3 acid stock solution.  Both sets of 

powders were washed in 500 ml of solution.  One complete washing cycle consisted of 

30 min of magnetic stirring, 30 min of ultrasonication, 15 min of magnetic stirring, and 

centrifuging, until the powders were separated and the supernatant could be poured off.  

A small portion of powder was oxidized after each wash, in the same manner as outlined 

previously, and XRD was performed to confirm whether or not the LiTaO3 phase, 

indicating residual LiOH in the powders, was present or not. 
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LiOH could no longer be detected after HNO3 washing and was used to process 

powders for resistance sintering experiments.  One sample was sintered to a measured 

temperature of 2323 K for 30 s, using at a heating rate of 100°C/min and a 50 MPa 

uniaxial pressure to observe the general densification behavior.  In general, the measured 

temperature, which is measured a few mm away from the sample, is expected to be lower 

than the sample temperature.  The resulting displacement curve demonstrates five distinct 

displacement rate peaks at different temperatures.  Subsequent powders were milled for 2 

hours by cascade milling in a 250 ml nalgene bottle before sintering.  Sintering of 

samples to maximum temperatures of 1073, 1373, 1773, and 2223 K for 30 sec was 

carried out to investigate the causes for these densification regimes.  XRD and scanning 

electron microscopy (SEM) was used to study the sintering behavior for each of these 

temperatures. 

Additions of carbon can enhance the sintering behavior and inbibit grain growth 

in TaC, presumably by eliminating oxide contaminants.[20,27-28]  Carbon was mixed with 

the TaC powders and sintered at 2423 K for 10 min to compare the resulting 

microstructures.  Using the best results from the experiments with carbon additions, the 

heating rate was investigated using heating rates of 200, 300, and 400 K/min.  Some 

common features were observed, including apparent vaporization.  Reduction in sintering 

temperature with a 10 min hold time to reduce vaporization was also investigated.  All 

sintering is done in a vacuum environment. 

C. Results and Discussion 

 Relevant XRD patterns associated with the washing procedure are given in Figure 

5-1.  The as-synthesized powders contain a large proportion of LiOH because high purity 

LiTaO3 phase is observed in the XRD pattern after the powders have been oxidized.  TaC 

powders washed with two dilute HNO3 washes was able to reduce the LiOH below 

detectable levels after two washing cycles.  Ta2O5 phase, without a trace of the previously 

observed LiTaO3 phase, was observed in the XRD pattern when the HNO3 washed 

powders were oxidized. 
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Figure 5 - 1. Phase analysis for powder XRD patterns for oxidized (a) as-

synthesized powders, (b) powders after two nitric acid washing cycles, and (c) 
powders after nine water washes. 

 
In comparison, powders washed only with water reduced LiOH, but did not 

eliminate it after nine washing cycles.  The LiTaO3 phase was still observed in the XRD 

pattern after the powders were oxidized, although the peaks are of lower intensity and the 

Ta2O5 phase is also observed.  A third phase was found and is indicated by additional 

peaks in the XRD pattern compared to the as-synthesized and HNO3 washed powders.  

The third phase is most likely related to LiTaO3, deficient in lithium.  The phase was 

strongly matched to natrotantite (Na2Ta4O11), but since there is no sodium source the 

phase is likely a lithium-containing phase of similar structure although no such phase was 

found in the database.  If the chemical formula for natrotantite is assumed as a guide, then 

the compound would have stoichiometry of Li2Ta4O11, which has the same chemistry as 
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four LiTaO3 units deficient in one Li2O unit, agreeing with the assessment that the phase 

is related to lithium deficient LiTaO3. 

LiOH is less soluble in water than LiNO3 and can explain the improved washing 

efficiency when using nitric acid.  The observations agree with our hypothesis outlined in 

the experimental procedure and our previous work concerning the effect of nitric acid.[23]  

Water washing was abandoned after the ninth washing cycle due to the decreased 

efficiency of removing the LiOH by water washing. 

The displacement rate curve for the sample sintered at 2323 K is displayed in 

Figure 5-2a.  There are five distinct displacement rate peaks of the curve that indicate 

densification: near 1023, 1198, 1573, 1923 and 2023 K.  The two distinct peaks at 1923 

K and 2023 K are thought to be an artifact because a single peak is observed for other 

samples.  Figure 5-2 also displays the XRD patterns for four samples sintered to 

temperatures just above temperatures corresponding to these displacement rate peaks.  

The emergence of an oxide phase is found for the sample sintered at 1023 K.  At 1373 K, 

the relative peak intensities of the oxide and carbide phases, without significant 

differences in peak broadening, indicate that the level of the oxide phase is increased.  

The presence of the oxide phase after sintering to 1773 K appears to decrease based on 

peak intensities, but is difficult to conclude because peak broadening of TaC is 

diminished and indicates that grain growth may be causing the observation.  The oxide 

phase is eliminated by sintering at 2223 K as is indicated by the elimination of the oxide 

peaks in the XRD patterns. 

It is assumed that the first densification peak is related to the formation of the 

oxide phase in some way.  XRD of a sample subjected to a sintering temperature just 

below this densification event could provide further insight.  Previous work indicated that 

the powders produced by solvothermal synthesis had a significant quantity of water 

adsorbed onto the surfaces of the TaC.[21]  The water could not be removed completely by 

thermal treatments below 873 K in an argon atmosphere and simultaneous oxidation can 

occur at temperatures in excess of 473 K.  A solvent exchange process could be 

implemented to remove the water from the surfaces.  Chemisorbed oxygen contamination 

or lattice oxygen would be more difficult to remove.  Despite the presence of an oxide 
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phase at lower temperatures, it is eliminated at higher temperatures and so is not a 

concern for this study. 

 

 
Figure 5 - 2. (a) Displacement rate curve for a resistance sintered TaC at 2323 

K. Dotted lines in this curve are cut-off temperatures, held for 30 s, for the 
sintering of secondary specimens used to generate the XRD patterns given in 
(b)-(e).  The XRD patterns correspond to specimens sintered to temperatures 
of (b) 1073 K, (c) 1373 K, (d) 1773 K, and (e) 2223 K. 

 
There are a few potential explanations for the second displacement rate peak, 

which occurs for measured temperatures ranging from 1123-1373 K.  This is also the 

temperature range for which the onset of densification has been reported for TaC 

nanopowders, based on reports in the literature, which are expected to sinter by a 

different mechanisms than coarser powders.[4,9,11]  Oxygen or metallic impurities might 

be responsible for low-temperature sintering as suggested by Sautereau and Mocellin.[11]  

The analysis thus far indicates a significant amount of oxygen in the TaC powders.  

Further development of the oxide phase could be at least partially responsible for some of 
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the densification, observed by comparing Figure 5-2b to Figure 5-2c.  This also is a 

temperature range at which glide of screw locations is expected to be thermally activated 

over the Peierls barrier, possibly activating a plastic deformation sintering mechanism, 

accomplished by motion of a/2<011> edge dislocations gliding along {111}.[29]  The 

likely cause can not be discerned from the data presented thus far. 

The third densfication event in Figure 5-2a occurs over the measured temperature 

range of 1373-1673 K.  Comparing Figure 5-2b to Figure 5-2c indicates that the oxide 

content could be reduced over this temperature range.  This is consistent with the reaction 

between Ta2O5 and free carbon.[27]  Consequently, this is a typical temperature range used 

to perform carbothermal reduction and carburization to synthesize TaC.  Liu et al has 

observed similar densification behavior during resistance sintering and they reported 

outgassing for the latter densification peak, consistent with carbothermal reduction of the 

oxide phase.[30]  A second mechanism for dislocation motion might also be activated in 

this temperature range.[29]  Sub-grain formation for samples subjected to creep testing 

near these temperatures indicate the activation of dislocation climb that may contribute to 

densification.  The cause for densification is not distinguishable from the data presented, 

but will be evaluated further using microcopy. 

SEM images of fracture surfaces for the specimen sintered at 1073 K are given in 

Figure 5-3.  The sample has agglomerate structures with size of a few micrometers and 

consists of small nanostructured grains.  An impurity phase has been identified in the 

images that were not identified for any other sample.  The secondary electron images 

indicate the impurity phase forms spherical droplets of a few hundred nanometers in size.  

The darker contrast in the back-scattered electron image indicates that the phase has a 

lower average atomic number than the rest of the sample. 

The low-density phase could be free carbon or residual LiOH.  Excess carbon is 

introduced in the initial reaction and observed indirectly by thermogravimetric 

analysis.[21]  However, the droplet morphology of this phase suggests that it may have 

been a non-wetting liquid at the sintering temperature and would suggest LiOH rather 

than carbon.  This phase may be a consequence of residual LiOH in the powders that was 

not removed during the washing procedures and below the detection limits of XRD such 

that it was not observed.  If this is the case, then it can be removed further optimization of 
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the post-synthesis processing.  This phase may be directly responsible for the 

densification event occurring immediately prior to reaching the sintering temperature as 

well as the formation of the oxide phase.  Thus, it seems likely that the first displacement 

peak observed can be explained by the formation of an oxide phase and the formation of 

a liquid phase presumed to be a result of residual LiOH impurity from the synthesis 

process.  The two effects cannot be decoupled from this study. 

 

 
Figure 5 - 3. (a) Back-scattered electron image and (b) secondary electron 

image of the fracture surface for a specimen that was sintered at 1073 K using 
resistance sintering.  An impurity phase is circled. (With color) 

 
Figure 5-4 gives images of the fracture surface for the sample sintered at 1773K.  

Regions of lower average atomic number appear as a phase with darker contrast in the 

back-scattered electron image.  Figure 5-2d indicates the presence of Ta2O5 and TaC at 

this sintering temperature.  The darker phase in Figure 5-4a is identified as as Ta2O5 

(average atomic number of 27) while the brighter phase corresponds to the TaC phase 

(average atomic number of 40).  The Ta2O5 and TaC phases have heterogeneous 

distributions in the microstructure. 

Evaluation of the microstructures given in Figure 5-3 and Figure 5-4 indicates that 

TaC grains have grown from being nanograins into the submicron regime when 

increasing the sintering temperature from 1073 K to 1773 K.  An early report on sintering 

ultrafine TaC powders concluded that oxygen impurities were removed by thermal 

treatments, but that the grain growth also grew the grains into the submicron size 
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regime.[11]  Therefore, it is of interest to remove the oxygen impurities by another method 

that does not result in grain growth or to remove the oxide in situ (as is done in this 

study) to minimize exposure time to conditions resulting in grain growth. 

 

 
Figure 5 - 4. (a) Back-scattered electron image and (b) secondary electron 

image of the fracture surface for a specimen that was sintered at 1773 K using 
resistance sintering.  Heterogeneous distribution of Ta2O5 impurity phase is 
demonstrated by red circle. (With color) 

 
Further increase in sintering temperature results in carbothermal reduction of the 

Ta2O5 phase and densification of TaC according to Figure 5-2a and Figure 5-2e.  The 

negative displacement of the pressing rams is most likely a result of the release of CO gas 

during carbothermal reduction.  The release of a vapor accompanying final stages of 

sintering were also noted for the sintering of TaC with B4C additions.[13]  If significant 

carbothermal reduction of Ta2O5 occurs above 1773K, then it rules it out as a 

densification mechanism at temperatures lower than this.  This observation and the lack 

of more significant grain growth concurrent with densification that other authors report 

when sintering TaC suggests that the densification occurring at temperatures ranging 

from 1123-1673 K is a result of the oxide phase and not from dislocation climb and glide 

that has been reported to occur in this temperature range.[9-16,29] 

Figure 5-5 displays back-scattered electron images of the specimens sintered at 

2223 K and 2323 K.  The heterogeneous microstructure observed in Figure 5-4 is no 

longer observed in the microstructure because the removal of Ta2O5.  When sintering to 

2223 or 2323 K, significant grain growth of TaC is observed and the submicron 
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microstructure is lost, agreeing well with concurrent grain growth and sintering of TaC 

that is reported in the literature.[9-16,19,20,27]  The grain size is approximately one 

micrometer after sintering at 2223 K and approximately two micrometers after sintering 

at 2323 K according to the interpretation of the micrographs, indicating that higher 

sintering temperature results in increased grain growth.  The increase in sintering 

temperature did not eliminate porosity in the microstructure. 

 

 
Figure 5 - 5. Back-scattered electron images of fracture surfaces for specimens 

sintered at (a) 2223 K and (b) 2323 K for 30 sec by resistance sintering.  
Phase of lower average atomic number at grain boundaries are highlighted. 
(With color) 

 
Although large grains of Ta2O5 are not observed in Figure 5-5 or detected in the 

XRD pattern of Figure 5-2e, phase contrast is observed in the back-scattered electron 

images of Figure 5-4, indicating that the oxide phase exists at the grain boundaries.  The 

phase is highlighted in Figure 5-5.  Ta2O5 is a liquid at sintering temperatures of 2223 K 

and higher and could form a liquid grain boundary phase that encapsulates the TaC 

grains.  The reduction of the oxide appears incomplete.  Either there were not enough 

reactants to complete the reaction or not enough time to allow the reaction to complete 

before densification hindered the reaction.  In the former case, additions of free carbon or 

B4C can be used to eliminate the oxide phase.[27]  Evaluation of Figure 5-2a indicates that 

rapid densification began before the reaction was complete, suggesting that time of 

removal can’t be ruled out as a contribution to residual Ta2O5.  A temperature dwell 
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before significant densification occurs, at 1823-1873 K for example, or a slower heating 

rate would allow more time for the removal of the oxide phase.  However, grain growth is 

still expected at these temperatures and the process should be optimized to complete the 

oxide reduction, but minimize exposure time to grain growth.  Carbon additions and 

faster heating rates will be explored in greater detail.  A faster heating rate was explored 

to try to reduce grain size, but would presumably increase the oxide at the TaC grain 

boundaries. 

Based on the oxygen and free carbon contents given in a previous study, an 

addition of approximately three weight percent carbon is needed to remove all of the 

oxygen from the TaC nanopowders.[21]  Samples were sintered with zero, three, five, and 

six weight percent carbon at 2423 K for 10 min and the results are given in Figure 5-6. 

 
Figure 5 - 6. Secondary electron images of specimens from powders containing 

(a) zero, (b) three, (c) five, and (d) six weight percent addition of carbon and 
sintered at 2473 K for 10 min by resistance sintering. 
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Additions of three percent carbon had little effect on morphology of the grains, 

but five or six percent carbon resulted in irregular morphology with many pores at the 

surfaces of the grains.  The pores have smooth curvature that suggests they are a result of 

a vapor.  The vapor is unlikely formed by reduction of the oxide or this type of 

microstructure would be observed for a three percent carbon addition as well.  Instead, 

free carbon not used to reduce oxygen or react with TaC, but at the TaC grain boundaries, 

is suspected to be important for the mechanism resulting in the microstructure observed 

for greater carbon additions. 

 Images taken at higher magnification for the sample with six percent carbon 

added is given in Figure 5-7.  The secondary electron image indicates that there is a film 

of material located in the pores that is not readily apparent in the back-scattered electron 

image.  The film is likely carbon, which would not be easily detected using back-

scattered electrons because of the low atomic number, but produce a suitable signal from 

secondary electrons.  The porosity shown in Figure 5-6c and Figure 5-6d is likely the 

result of excess carbon in the microstructure, which forms a vapor at high temperatures in 

the vacuum environment.  Thus, excess free carbon in the microstructure is detrimental 

for densification at high temperatures in a vacuum because of the formation of a vapor. 

 

 
Figure 5 - 7. (a) Back-scattered electon image and (b) econdary electron image 

of TaC with six percent carbon added and sintered at 2473 K for 10 min by 
resistance sintering. 
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Talmy et al. determined that the type of carbon and amount of carbon resulted in 

significant differences in microstructural development.[28]  Carbon with high surface area 

resulted in larger grains and possible vaporization that resulted in entrapped porosity.  In 

another study, an interaction occurred between a TaC grain and a carbon nanotube that 

was described as partial melting of the TaC grains.[20]  It was suggested that local heating 

of well dispersed carbon produced hot spots that could melt TaC.  This could occur due 

to difference in current density passing through the two materials.  Melting and 

evaporation as a consequence of excess carbon in the microstructure that causes local hot 

spots could be responsible for the microstructures that were observed in Figure 5-5b and 

Figure 5-5c, but would require further investigation.  If this is true, it should be a unique 

consequence of the current applied during resistance sintering and should not occur for 

sintering techniques relying soley on thermal transport to heat the sample, which would 

heat the sample more uniformly. 

 The results of using faster heating rates are demonstrated in Figure 5-8.  The 

heating rate does not have a strong influence on the grain size that was achieved.  The 

faster heating rates were expected to trap more oxide in the microstructure because of the 

limited time for carbothermal reduction to occur.  Figure 5-8 indicates that there is a 

significant amount of grain boundary phase and the dark contrast compared to the grains 

suggest that it is an oxide phase, supporting the expectations.  Since a faster heating rate 

promotes entrapment of the oxide phase, it seems reasonable that decreasing the heating 

rate during the reduction of the oxide may also promote its removal by allowing enough 

time for the carbothermal reduction to complete.  A combination of optimum carbon 

addition and slower heating rates are expected to assist more complete removal of the 

oxide phase. 

Inclusions in the faces of TaC grains are observed in Figure 5-8c and spherical 

cavities on the faces of TaC grains are observed in Figure 5-6d.  It is possible that the 

spherical cavities are left behind after the inclusions are pulled out during fracture.  An 

alterate explanation is that these inclusions are from vapor formation, ultimately leaving 

behind a spherical cavity as it is removed.  The appearance is similar to the observations 

detailed in Figure 5-6 and Figure 5-7 and suggests that localized areas of the 

microstructure have excess carbon that facilitates the formation of a vapor.  A vapor mass 
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transport mechanism is detrimental, causing grain coarsening without densification and 

can generate the cavities observed in Figure 5-8d.  Volatilization can also be influenced 

by temperature.  Sintering with a lower temperature was performed, maintaining a 

sintering time of 10 min, in an attempt to avoid vaporization.  A sintering temperature of 

2123 was selected based on Figure 5-2a, where the last displacement rate peak is 

diminished.  The result of this experiment is given in Figure 5-9.  Cavities like those in 

Figure 5-8 are not observed in Figure 5-9 at the TaC interfaces at this lower sintering 

temperature. 

 

 
Figure 5 - 8. Back-scattered electron images of TaC specimens with three 

percent carbon added and sintered at 2473 K for 10 min by resistance 
sintering and using heating rates of (a) 200 K/min, (b) 300 K/min, and (c)/(d) 
400 K/min. 
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Figure 5 - 9. (a) Back-scattered electron image and (b) secondary electron 

images for TaC specimens with three percent carbon added sintered using a 
heating rate of 400 K/min, a dwell temperature of 2123 K, and a dwell time of 
10 min. 

 

D. Conclusions 

 The washing procedure for removing LiOH impurity from TaC nanopowders 

produced by solvothermal synthesis was developed in this study.  Nine water washing 

cycles were not able to reduce LiOH below detectable limits.  However, two dilute HNO3 

washes did reduce the LiOH below detectable limits.  Thus, dilute HNO3 washing is an 

efficient method for removing LiOH impurities from TaC nanopowders produced by the 

solvothermal synthesis method when using lithium as the reductant metal/solvent.  The 

HNO3 washing produced powders suitable for sintering experiments. 

The general densification behavior of the TaC nanopowders during resistance 

sintering in vacuum and using a heating rate of 100 K/min was evaluated.  Three distinct 

densification regimes prior to reaching 1673 K are most likely associated with an oxide 

that develops during the sintering cyle and not caused by the sintering of TaC.  A 

carbothermal reduction of the Ta2O5 phase was initiated at about 1773 K, which was 

followed by sintering of the TaC phase and simultaneous grain growth.  The 

displacement rate of the pressing rams approached zero at 2173 K, indicating completion 

of densification. 
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Evaluation of the microstructural development indicated remnants of Ta2O5 at the 

grain boundaries of TaC after the carbothermal reduction and sintering process.  

Optimization of the free carbon content and a temperature dwell during the carbothermal 

reduction of Ta2O5, prior to sintering, or a slower heating rate is recommended, which 

may allow the carbothermal reduction process to complete and produce TaC of higher 

purity. 

Excess carbon in the microstructure and high temperatures facilitated the 

formation of cavities at the interfaces of TaC grains, likely caused by the formation of a 

vapor, which can be detrimental to TaC densification.  An optimum amount of carbon 

would completely remove the Ta2O5 impurity phase without having excess carbon in the 

microstructure.  The optimum addition is expected to be close to three percent.  Five 

percent was too much carbon.  Further work is necessary to determine the optimum 

carbon addition.  A reduced sintering temperature at 2123 K eliminated the formation of 

cavities that were observed when sintering at 2473 K.  Therefore, optimization of the 

sintering temperature to prevent cavity formation and promote sintering needs further 

study.  The combination of optimized carbon addition and optimized temperature is 

expected to promote obtaining high density TaC. 
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CHAPTER 6: THE EFFECT OF SINTERING TEMPERATURE ON 
CARBON VOLATILITY DURING RESISTANCE SINTERING OF 

TANTALUM CARBIDE NANOPOWDERS PRODUCED BY 
SOLVOTHERMAL SYNTHESIS 

A. Introduction 

TaC has a high melting temperature as a consequence of the strong covalent 

bonding resulting from the d-orbital/p-orbital interactions between tantalum and 

carbon.[1-3]  High melting temperature and covalent bonding create processing challenges 

and TaC is a difficult material to sinter to full density.  Sintering of TaC into high-density 

specimens has proven to be a challenge.  Fully dense TaC has recently been reported in 

the literature using resistance sintering at 2123 K in argon atmosphere.[4-5]  Sub-micron 

powders were used and applied pressures of 263 MPa or 363 MPa resulted in full density.  

If 100 MPa of pressure was applied, then a density only 89% of theoretical was obtained 

and was similar whether sintering at 2073 or 2423 K. 

In another example, 97.5% of theoretical density was obtained by conventional 

sintering in the temperature range of 2423-2623 K, without the application of pressure 

and in a flowing argon atmosphere.[6]  At 2423 K, the density was near 95%, with slight 

improvement at the higher temperatures.  The relatively good densities were attributed to 

a small particle size with a narrow particle size distribution (average particle size of 250 

nm).  A density between 70-80% was obtained for coarser powders having an average 

particle size of 600 nm, but having a wide distribution containing particle sizes greater 

than one micrometer.  

Other reports highlight enhanced densification when using small particle sizes.[7-9]  

Decreasing the particle size reduces sintering temperature and apparently changes the 

mechanism for mass transport, and therefore the sintering mechanism.  Densification is 

simultaneously accompanied by rapid grain growth unless pressure greater than 1.5 GPa 

is applied and has been commonly cited for poor densification behavior, via entrapment 

of porosity.[7,10-16]  The rapid grain growth has been described as a consequence of grain 

boundary sliding, and alternatively by the similar activation energies for sintering and 

grain growth (activation energy for mass transport processes being higher than that for 



161 

grain growth).  However, higher densities have been obtained in the presence of additives 

that resulted in even greater grain growth, indicating that grain growth is not the primary 

cause for poor densification behavior.[17] 

An initial sintering study of TaC nanopowder produced by solvothermal synthesis 

indicated that spherical pores formed on flat interfaces between grains at higher 

temperatures that were not observed at lower temperatures.[18]  The difference in shape 

and size of the triple-point porosity and the pores at the grain interfaces suggest two 

separate pore populations exist.  The triple-point porosity is irregular in shape and the 

interface porosity is spherical and smaller. The spherical morphology of the pore 

distribution at the interfaces was observed when sintering at 2473 K and not at a sintering 

temperature of 2123 K.  Furthermore, excessive amounts of carbon, with five percent or 

more, produced microstructures with an abundance of spherical pores at TaC interfaces.  

The two observations indicate that a vapor facilitated by excess carbon in the 

microstructure likely produces the spherical cavities.  A vapor transport mechanism could 

explain the coarsening without densification that is commonly observed for TaC and 

should be avoided for obtaining high density TaC. 

Another mechanism that can lead to mass transport by vaporization is by reaction 

of residual oxide with TaC to produce carbon monoxide vapor.[19]  Three percent carbon 

additions to TaC reduced the presence of spherical pores at TaC interfaces after sintering, 

most likely because of more complete elimination of the oxide.[18]  Other authors have 

explained poor densification behavior as a result of surface oxides and removal of these 

oxides were found to promote densification.[11,17]  A combination of optimized carbon 

addition to TaC powders and optimized sintering temperature are expected to promote 

densification by reducing vapor transport. 

This work studies the concepts of densification and vapor transport more 

systematically as a function of temperature to establish optimum sintering temperatures.  

Microstructural development, grain growth, porosity/density, and stoichiometry of the 

resulting TaC during resistance sintering is investigated.  Carbon loss from TaC is 

observed above a critical temperature for the current process that should not be exceeded.  

Two basic mechanisms for the initiation of vapor transport in TaC are suggested in 

addition to vapor formation facilitated by excess carbon in the microstructure. 
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B. Experimental Procedures 

TaC powders were prepared by methods previously developed.[18,20-22]  The 

average primary particle size, particle size, and C/Ta ratio were 25 nm, 73 nm, and 0.94, 

respectively.  For each sample, 14.55 grams of TaC and 0.45 grams of carbon 

(Lampblack 101, Degussa, Parsippany, NJ) were added to a 125 ml nalgene bottle along 

with 80 grams of spherical zirconia media (~5 mm diameter) and tumbled for 30 min to 

form more uniform agglomerates.  The powder was separated from the media and then 

added to a graphite-foil lined graphite die with an 18.75 mm diameter.  Pressing of the 

powders in the die was performed using a uniaxial pressure of 30 MPa before sintering. 

The powders were sintered using a resistance sintering furnace (Model HP D 25, 

FCT Systeme, GmbH, Frankenblick, Gemany).  A uniaxial pressure of 50 MPa was 

applied prior to heating.  A heating rate of 50 K/min was applied to various dwell 

temperatures.  Dwell time was a constant 10 min after which the electrical power supply 

was shut off.  Temperature was measured at the outside surface of the graphite die.  The 

measured temperature at the outside of the die is lower than the sample temperature.  The 

measured temperature was calibrated to correspond to the axial temperature measurement 

resulting from the standard 20 mm die configuration that is supplied by FCT Systeme, 

GmbH for making future comparisons.  Dwell temperatures from 1973-2373 K were 

evaluated. 

Scanning electron microscopy (SEM) was performed (FEI™ Quanta 200F, FEI 

Company, Hillsboro, OR) to observe the microstructural evolution.  An accelerating 

potential of 20 kV at a working distance from 10-12 mm was used for the imaging.  

Samples were fractured for grain size measurements.  Four random fragments were 

imaged.  Two random imaging locations on each fragment were selected.  Two lines were 

drawn across the eight images in random locations and the grand diameters of grains that 

the lines intersected were measured.  A minimum of one hundred grain diameters were 

measured.  Any additional measurements, up to two hundred grain diameters, were found 

to produce an average grain diameter varying by 2% or less using this method.  X-ray 

diffraction (XRD) measurements were performed on a diffractomer (D2 Phaser, Bruker 

AXS, Inc., Madison, WI) by scanning from 15-115 °2θ using a step size of 0.04 °2θ and 

a dwell time of two seconds.  Lattice parameters were measured by cell refinement using 



163 

software (Jade 8, Materials Data, Inc., Livermore, CA).  Porosity was analyzed by 

measuring density by the immersion technique (ASTM C830-00 standard technique)[23] 

and then considering the bulk density, apparent specific gravity, and theoretical density of 

14.5 g/cm3. 

C. Results and Discussion 

In situ ram displacement and displacement rate during resistance sintering is 

demonstrated in Figure 6-1.  A slight negative displacement is observed prior to sintering 

because of a carbothermal reduction (CR) reaction between free carbon and Ta2O5 

impurities.[18]  The CR process is assumed to be complete before sintering of the TaC 

phase because the displacement stops completely before rapidly increasing due to 

sintering.  Densification of TaC begins just below 1873 K.  Most of the densification is 

complete by 1973 K, but continues slowly with increasing temperature or dwell time. 

 

 
Figure 6 - 1. (a) Displacement and displacement rate during resistance sintering 

of tantalum carbide as a function of temperature and (b) displacement as a 
function of time at different sintering temperatures. (With color) 

 
Figure 6-1b demonstrates that the sintering, up to the beginning of the dwell 

period, was essentially identical for all samples.  This is because the majority of 
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densification occurs prior to the lowest dwell temperature that was used, 1973 K.  The 

displacement continued during the dwell period when sintering at 1973 K at a slightly 

decreasing rate.  When the dwell temperature was 2173 K or more, an increase in 

displacement rate was observed at the beginning of the dwell that was followed by a slow 

decay in the rate with time.  The extent of the displacement during temperature dwelling 

was amplified with increasing temperature. 

It became evident that TaC was being extruded out of the die between the punches 

and the die wall after removing the samples from the dies and could account for 

additional displacement during the dwell time.  Plastic deformation has been observed in 

TaC previously at temperatures as low as 1553 K.[24,25]  Plastic flow is considered a 

dominant sintering mechanism leading to densification in TaC, at least in early stages, 

and could explain why extrusion is observed.[7,26]  At a dwell temperature of 2373 K, 

there is an additional contribution caused by permanent deformation of the punches. 

Displacement caused by extrusion and deformation of the die did not occur until 

reaching the dwell temperature.  This is possibly explained by the thermal distribution in 

the die.  If there is a more direct path for current to pass through the punches and sample 

rather than the die, then more resistance heating of the punches will occur relative to the 

die resulting in higher punch temperatures.  The higher temperature of the punches 

compared to the die would cause them to expand more than the die, closing the gap 

between them.  As the dwell temperature is reached and the temperature becomes 

distributed more evenly, a small gap between the die and punches can develop allowing 

material to be extruded into the gap. 

Since there is displacement caused by extrusion of material from the die and 

deformation of punches during the dwell period, it is impossible to make any general 

conclusions concerning the in situ displacement and displacement rate caused by 

densification of TaC during the dwell time.  Since the displacement rate does not 

completely reach zero for any of the samples before the dwell temperature, it cannot be 

concluded whether or not densification had stopped, making it difficult to make any 

general conclusions concerning the final stages of sintering from the in situ data.  Tighter 

fitting die/punch combinations could be used, but comes with a risk of breaking the dies 

during outgassing. 
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The microstructural development as result of varying dwell temperature is 

demonstrated in Figure 6-2.  When the sintering temperature is 2173 K or lower, the 

porosity is primarily limited to the triple points and grain growth is observed as the 

temperature is increased.  When the temperature is increased from 2173 K to 2233 K, 

there is a transition in the microstructural development.  Some intragranular fracture 

becomes evident and grains take on an irregular morphology because of spherical pores 

that develop at the interfaces between grains.  The spherical pores at the interfaces 

indicate the initiation of vapor formation.  A further increase in temperature, up to 2373 

K for example, results in reduction of the triple point porosity, but an increase in 

spherical pores that remain at the TaC grain interfaces. 
 

 
Figure 6 - 2. Secondary electron micrographs of TaC and produced by 

resistance sintering at (a) 1973 K, (b) 2173 K, (c) 2233 K, and (d) 2373 K. 
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The transition between 2173 K and 2233 K is explored in more detail to attempt 

to establish the basic mechanism(s) leading to the poor densification behavior in TaC that 

result in the microstructures like that observed in Figure 6-2d.  This type of 

microstructure is found frequently in recent literature.[6,9,27] 

The average grain sizes of the samples are provided in Figure 6-3.  When 

sintering at 1973 K, the size was approximately 2.5 µm.  This represents grain growth 

over two orders of magnitude during resistance sintering of TaC nanopowders and 

without entrapping porosity.  Further increases in temperature, up to 2233 K, resulted in 

grain growth up to 8.1 µm.  Based on these results and previous work that used shorter 

dwell times, most of the grain growth occurs during the temperature ramp.[18]  The rapid 

grain growth over orders of magnitude during early stages of sintering, followed by slow 

growth thereafter, has been reported by other researchers.[7,12-16]  Therefore it is highly 

unlikely that the transition in the microstructure and poor densification behavior are a 

consequence of entrapping porosity as a result of grain growth because it is minimal over 

the temperature range studied in comparison to the grain growth that occurs during early 

stages of sintering.  A predictive equation for the grain size as a function of temperature 

was developed for the sintering conditions of this study and is provided in Figure 6-3.   

 

 
Figure 6 - 3. Average grain sizes (with fitted line) of TaC sintered by resistance 

sintering of nanopowders produced by solvothermal synthesis. (With color) 
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The measured porosities are given in Figure 6-4.  All of the measured densities 

are within the range of 93-94% of theoretical density, indicated by the total porosity.  

With an increase in sintering temperature, from 1973 K to 2173 K, a slight improvement 

in density was observed and can be attributed to a decrease in closed porosity.  Further 

increases in temperature did not improve the density.  Closed porosity continues to be 

eliminated by increasing sintering temperature up to 2233 K, but open porosity increases 

and indicates the formation of a new pore population.  Discussion for the new pore 

population will be discussed further with microstructural characterization.  At 

temperatures above 2233 K, the same sintering temperature for which a fundamental 

change in the microstructure was observed, the closed porosity begins to increase and 

closed porosity increases.  Apparently, the newly formed open pore distribution is 

becoming pinched off and forming closed porosity. 

 

 
Figure 6 - 4. Total, closed, and open porosity of TaC sintered at various 

temperatures and calculated by the immersion technique. (With color) 

 
A closer look at the microstructure of the sample sintered at 2233 K, where the 

new pore population is observed in the microstructure and a transition in the porosity 

occurred, provides insight into the cause for the microstructural transition with increasing 

temperature and overall poor densification behavior.  Two likely causes have been 
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identified.  The first cause is a residual oxide phase, which has previously been suggested 

as a root cause for the poor densification behavior of TaC.[11,17]  This will be referred to 

as Type I pore generation.  The second cause is associated with direct loss of carbon from 

TaC and will be referred to as Type II pore generation.  A previous study (chapter five) 

indicated a third cause: vapor formation as a result of excess carbon in the microstructure 

and will be referred to as Type III pore generation.  Type II pore generation is an 

intermediate step providing excess carbon, ultimately leading to Type III pore generation, 

but given as a unique type because of the different sources for carbon.  Type I and Type 

II pore generation can be supported by microstructural observations. 

A porous inclusion on the flat face of a TaC grain is observed in Figure 6-5.  The 

phase contrast in the back-scattered electron image given in Figure 6-5a indicates the 

inclusion has a lower average atomic number than the TaC grain.  These are typically 

found in close to a grain boundary phase with similar phase contrast, also identified in 

Figure 6-5, presumed to be Ta2O5.  An oxide phase is known to exist at intermediate 

temperatures for the resistance sintering of TaC powders produced by solvothermal 

synthesis.[18]  The carbothermal reduction reaction appears to have gone to completion 

prior to sintering, according to Figure 6-1.  Therefore, residual Ta2O5 indicates that there 

was not enough free carbon to completely remove Ta2O5 from the TaC by carbothermal 

reduction.  This suggests that Type III pore generation is not likely. 

 

 
Figure 6 - 5. (a) Back-scattered electron image and (b) secondary electron 

image of an inclusion leading to Type I pore generation at high temperature. 
(With color) 
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The reaction between Ta2O5 and TaC will form sub-stoichometric TaC and CO 

vapor.  The removal of the Ta2O5 inclusions at the interfaces between TaC grains by a 

reaction between them would create a pore via Type I pore formation.  Removal of Ta2O5 

from the grain boundary at higher temperatures, as it pools up at grain interfaces or 

vaporizes directly, may cause the formation of an open porosity network where the grain 

boundary impurity phase was and would explain the increase in open porosity with initial 

increase in sintering temperature, as observed in Figure 6-4. 

Observation of inclusions that could lead to Type II pore formation is 

demonstrated in Figure 6-6.  In this case, there is either no phase contrast in the back-

scattered electron image or the inclusions are actually brighter than the TaC grain and 

indicate a higher average atomic number.  An inclusion with brighter phase contrast 

could be observed if an area of the TaC grain is becoming carbon deficient/tantalum rich, 

resulting in a higher average atomic number.  For example, stoichiometric TaC has an 

average atomic number of 39.5 and TaC0.8 has an average atomic number 43.2, which 

would manifest as a darker and brighter phase in back-scattered electron imaging mode, 

respectively. 

 

 
Figure 6 - 6. (a) Back-scattered electron image and (b) secondary electron 

image demonstrating inclusions of higher average atomic number (AAN) or 
similar AAN that could lead to Type II pore generation. 
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The generation of sub-stoichiometry in an inclusion above a critical temperature 

could be caused by the direct vaporization of TaC.  The vaporization behavior of TaC has 

been studied by several reasearchers.[28-31]  The vaporization rate depends on composition 

and temperature.  TaC vaporizes congruently at a single composition that depends on 

temperature.  For carbon stoichiometries higher than this composition, carbon will be 

preferentially lost from TaC.  Conversely, tantalum will be preferentially lost if the 

stoichiometry is lower than this composition. 

The congruently vaporizing composition at 2173 K corresponds to C/Ta = 0.92.  

Such a composition would have an average atomic number of 40.9 and produce brighter 

phase contrast relative to stoichiometric TaC.  The actual sample temperature for a 

measured sintering temperature of 2173 K in this study would be higher than measured.  

As temperature is increased, the congruently vaporizing composition shifts towards 

greater carbon deficiency.  Between 2573-2673 K, the congruently vaporizing 

composition is no longer corresponds to sub-stoichiometric TaC, but to the Ta2C phase.  

Direct carbon vaporization from TaC, without requiring a reaction with Ta2O5, is a 

possible source for the observations in Figure 6-2c/d via Type II pore formation. 

Both Type I and Type II pore formation requires the loss of carbon from TaC and 

increases sub-stoichiometry.  To verify the loss of carbon from TaC, the lattice parameter 

was determined for the samples sintered at various temperatures.  The lattice parameter is 

directly related to TaC compound stoichiometery.[32]  The measured lattice parameters 

and corresponding carbon stoichiometries are given in Figure 6-7.  There is little change 

in the lattice parameter for a sintering temperature up to 2273 K.  The lattice parameter 

corresponds to carbon stoichioemtry of 0.945 ± 0.002 for these temperatures.  This 

corresponds well with the stoichiometry of the powders indicating that free carbon in the 

powders did not react with TaC to increase the compound carbon stoichiometry.  Since 

no free carbon was observed in the microstructure it is expected to have reacted with the 

oxide phase and since Ta2O5 remains in the microstructure, it is assumed that the carbon 

is depleted.  Above a sintering temperature of 2173 K, where the transition in the 

microstructural development was found to occur, the lattice parameter begins to decrease.  

This corresponds to loss of carbon from TaC, presumably as a vapor since residual 

carbon was not observed in the microstructure.  Similarly, Liu et al. noted that a vapor 
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was released at 2173 K during resistance sintering of a TaC/TaB2 composite.[13]  The 

decrease in the carbon stoichiometry is approximately linear up to a sintering temperature 

of 2373 K, which corresponded to a carbon stoichiometry of 0.912.  Loss of carbon from 

TaC has been observed in previous research with increasing temperature.[9] 

 

 
Figure 6 - 7 Lattice parameter of tantalum carbide after resistance sintering at 

different temperatures.  The scale to the right corresponds to the carbon 
stoichiometry from Bowman.[32] (With color) 

 
A recent report has proposed an evaporation/condensation sintering mechanism, 

presumed to be a result of oxide impurity phases, to be the cause of poor densification 

behavior of TaC.[13,19]  Although a detrimental effect of oxide phase is often reported, its 

effect on grain growth and pore entrapment is commonly cited without establishing a 

mechanism.  It is likely that the presence of an oxide phase may contribute to the 

formation of a vapor by reacting with TaC to assist the initiation of a non-densifying 

evaporation/condensation sintering mechanism.  The unique aspect of this work is that 

direct carbon volatility from TaC is also observed.  Both vapor forming mechanisms 

occurred for a sintering temperature greater than 2173 K.  The initiation sites for 

vaporization appear to be on flat interfaces between TaC grains. 

To obtain fully dense TaC, it will be necessary to avoid an 

evaporation/condensation sintering mechanism.  Removing the oxide phase via improved 
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powder processing or by optimization of free carbon additions to remove the oxide phase 

in situ are reasonable approaches.  However, it will also be necessary to stay below 

temperatures at which TaC begins to lose carbon.  This work and recent literature 

suggests resistance sintering should be performed at temperatures below 2173 K to 

achieve this.[13]   

Zhang et al. have suggested that the best sintering aids for TaC would be those 

that promoted densification below the temperatures where rapid grain growth occurs.[17]  

However, this hypothesis is flawed since grain growth was determined not to be the cause 

for poor densification.  The best sintering aids will be those that promote densification 

while inhibiting carbon loss because the carbon facilitates vapor formation.  One possible 

approach is to inhibit carbon diffusion in TaC.  Assuming that the carbon loss occurs at 

the TaC interfaces and is a carbon sink, and that carbon in the bulk of the grain is a 

source, then the inhibition of carbon diffusion in the bulk will inhibit the transport of 

carbon to the surface.  Reduced carbon supply to the interface could inhibit availability 

for forming a vapor. 

D. Conclusions 

 Densification of TaC nanopowders occurred primarily during the heating cycle 

when using resistance sintering to sinter in the range of 1973-2373 K.  The grain growth 

over this temperature range was not significant compared to grain growth during the early 

stages of sintering (i.e. during heating).  A significant amount of trapped porosity in the 

microstructure was observed at sintering temperatures that were 2233 K or higher, but not 

at the lower sintering temperatures.  Therefore, entrapment of porosity as a result of grain 

growth is discredited as the cause for poor densification behavior of TaC.   

 Entrapped porosity in the microstructure was observed above 2173 accompanied 

by loss of carbon from TaC.  Loss of carbon from TaC via vapor formation appears to be 

initiated at the interfaces between TaC grains.  Two types of pore formation mechanisms 

were identified.  Type I pore formation is likely a result of reaction between TaC and 

residual Ta2O5.  Residual Ta2O5 can remain from incomplete carbothermal reduction if 

there is insufficient carbon during carbothermal reduction.  Type II pore formation could 

occur by direct loss of carbon from TaC in vacuum.  Complete removal of Ta2O5 will 
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prevent Type I pore generation from occurring.  Resistance sintering of TaC 

nanopowders at 2173 K or less can be used to inhibit Type II pore generation. 
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CHAPTER 7: OBTAINING HIGH DENSITY TANTALUM CARBIDE 
COMPACTS VIA RESISTANCE SINTERING OF NANOPOWDERS 
PRODUCED BY THE SOLVOTHERMAL SYNTHESIS METHOD 

A. Introduction 

TaC has been a material of interest for several applications that include high 

temperature crucibles, abrasion/wear resistant coatings, diffusion barriers, catalysts, 

filaments, aluminum metal processing, solid rocket motor nozzles, and thermionic energy 

conversion and emitters.[1-15]  TaC is unique in that it has a mixture of ceramic-like and 

metallic-like properties and is a direct consequence of bonding.  For example, TaC has a 

high melting temperature (~4000 K) because of the covalent d-orbital/p-orbital 

interactions between the tantalum and carbon atoms, but has metallic-like electrical and 

thermal conductivity because of overlapping of these same bands, providing empty states 

just above the Fermi energy, and an extra tantalum d-orbital electron.[16-18] 

Despite the interesting properties of TaC, the prospect of using TaC as a high 

temperature structural material has been dismal because of limitations in mechanical 

properties and poor oxidation resistance in comparison with other structural 

materials.[19-29]  The goal of this work is to begin to address the mechanical properties 

issue via obtaining high density TaC.  The mechanical strengths reported in the literature 

range from approximately 100-700 MPa with a clear trend towards higher strengths with 

higher densities.  This is because of the reduction of strength-limiting flaws.  Besides 

higher densities, reduction of grain sizes can also improve the mechanical strength.  

However, densification of TaC is also accompanied by rapid grain growth during the 

intial stages of sintering fine powders.[11,30-35]  The focus of this work is to produce high 

density TaC as a first step. 

The sintering of TaC to full density has been a challenge.  Only recently has fully 

dense TaC of high quality been reported in the literature, by the use of resistance 

sintering.[19,36]
  Submicron powders were used and applied pressures exceeding the 

capability of the commonly used graphite hardware was necessary.  It would be 

beneficial to sinter TaC to full density at more modest pressures. 
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Liu et al. used pressureless sintering and were able to produce TaC that was as 

much as 97.5% dense.[22]  They found that the use of submicron powders with a narrow 

particle size distribution and with oxygen content less than 0.5% resulted in the highest 

densities.  This stresses the importance of powder processing.  It is also worth noting that 

carbon stoichiometry is not reported in their study, which could affect the sintering 

behavior.  It seems that the combination of powder processing, to produce suitable TaC 

with a small and narrow particle size distribution, and the use of moderate pressure could 

produce fully dense TaC. 

A solvothermal synthesis method has been developed for the synthesis of TaC 

nanopowders.[37-39]  Some flexibility of the process has been demonstrated for modifying 

the characteristics of the resulting TaC powders.  A resistance sintering process, using 

TaC nanopowders has also been developed.[40]  Recent results (chapter six) have 

suggested that opitimzation of free carbon additions to TaC, for complete removal of 

Ta2O5 impurity, and sintering at temperatures of 2173 K or less, to prevent carbon loss 

from TaC, is promising for obtaining high-density TaC by resistance sintering.  This 

work explores this concept in more detail. 

The densification behavior, microstructure, grain size, density, and the lattice 

parameter of TaC are monitored to establish the optimum amount of added carbon 

necessary to produce high density TaC from nanopowders produced by the solvothermal 

synthesis method.  Further process optimization that could assist obtaining fully dense 

TaC is discussed. 

B. Experimental Procedures 

TaC powders with an average primary particle size of 25 nm, particle size of 73 

nm, and C/Ta ratio of 0.94 were prepared by methods previously developed.[37-40]  For 

each sample, 15 grams of TaC and carbon (Lampblack 101, Degussa, Parsippany, NJ) 

were added to a 125 ml nalgene bottle along with 80 grams of cylindrical ZrO2 media (~8 

mm diameter and height) and tumbled for 30 min to form more uniform agglomerates.  

Samples containing 2.50, 2.75, 3.00, 3.25, and 3.50 weight percent carbon were prepared 

and will be referred to as T250, T275, T300, T325, and T350, repectively.  The powder 

was separated from the media and then added to a graphite-foil lined graphite die with a 
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18.75 mm diameter.  Pressing of the powders in the die was performed using a uniaxial 

pressure of 30 MPa before sintering. 

The powders were sintered using a resistance sintering furnace (Model HP D 25, 

FCT Systeme, GmbH, Frankenblick, Germany).  A uniaxial pressure of 50 MPa was 

applied prior to heating.  A heating rate of 50 K/min was applied from 723 K to 2173 K.  

The temperature was dwelled for 10 min.  Cooling was performed at a rate of 50 K/min 

from 2173 K to 723 K while the pressure was linearly released from 50 MPa to 10 MPa 

to prevent cracking, which was previously found to be problematic.  Temperature was 

measured with two pyrometers directed at the side of the die and the top of the punches.  

The die temperature was used to normalize the punch temperature reported in this work. 

Imaging was performed with a scanning electron microscopy (SEM) (FEI™ 

Quanta 200F, FEI Company, Hillsboro, OR) to observe the microstructural evolution.  

An accelerating potential of 20 kV at a working distance from 10-12 mm was used for the 

imaging.  Samples were fractured for grain size measurements.  Four random fragments 

were imaged.  Two random imaging locations on each fragment were selected.  Two lines 

were drawn across the eight images in random locations and the grand diameters of the 

grains that the lines intersected were measured.  A minimum of one hundred grain 

diameters were measured.  Any additional measurements, up to two hundred grain 

diameters, were found to produce grain diameters varying by 2% or less.  X-ray 

diffraction measurements were performed on a diffractomer (D2 Phaser, Bruker AXS, 

Inc., Madison, WI) by scanning from 15-115 °2θ using a step size of 0.04 °2θ and a 

dwell time of two seconds.  Lattice parameters were measured by cell refinement using 

software (Jade 8, Materials Data, Inc., Livermore, CA).  The immersion technique was 

used to measure density. 

C. Results and Discussion 

The in situ ram displacement during resistance sintering is demonstrated in Figure 

7-1.  The curves correspond to events observed in a previous study that includes 

degassing, particle rearrangement, Ta2O5, carbothermal reduction of Ta2O5, and the 

sintering of TaC.[40]  The displacement corresponding to degassing, particle 

rearrangement, and Ta2O5 formation, occurring below 1773 K, will be known as 
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presintering.  The in situ results for TaC sintering without presintering is given in Figure 

7-1b. 

 

 
Figure 7 - 1. (a) Ram displacement during the resistance sintering of TaC/C 

mixtures as a function of temperature and (b) the data presented again using 
truncated scales and with normalized displacement. (With color) 

 
The densification for T250 began about 20 K lower than it did for the other 

samples, at approximately 1933 K.  Recent results (chapter five and chapter six) 

demonstrated the formation of a Ta2O5 phase at the grain boundary, presumably liquid at 

higher temperatures.  More Ta2O5 as a result of the lower free carbon addition may have 

promoted earlier sintering of sample T250 and the reduction in oxide with higher carbon 

contents could delay densification of the other samples.  However, these experiments 

were only performed once and verification of the results will be required before further 

analysis. 

The microstructures of the TaC samples are demonstrated in Figure 7-2.  Besides 

more porosity in the T250 microstructure, there does not appear to be much difference 

between the samples.  Figure 7-2 is an image of the whole tantalum carbide samples, 

demonstrating that fracturing (previously an issue) was prevented by slowly cooling and 

releasing the pressure. 
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Figure 7 - 2. Secondary electron images of samples (a) T250, (b) T275, (c) 

T300, (d) T325, and (e) T350.  (f) Optical images of the TaC samples with 
different free carbon contents. 
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The grain size measurements are given in Figure 7-3.  The grain size did not 

change significantly with different carbon content.  Assuming that free carbon content 

reduces the Ta2O5 contaminant phase, the grain size results indicate that the amount of 

oxygen impurity does not affect grain growth within the range of this study.  It is difficult 

to make any further conclusions about the effect of oxygen impurity without knowing the 

amount of oxygen impurity in each sample. 

 

 
Figure 7 - 3. The average grain sizes and plus or minus one standard deviation 

measured for TaC as a function of carbon additions after resistance sintering 
at 2173 K for 10 min with an applied pressure of 50 MPa. (With color) 

 
Sautereau and Mocellin suggest that oxygen impurities can promote grain growth 

at intermediate temperatures, due to the formation of a liquid phase (although they could 

not rule out the contribution of metallic impurities), which has been a longstanding 

viewpoint.[33,41]   Furthermore, they observed abnormal grain growth with sintering at 

extended times where there was a higher content of a liquid phase and suggest that a 

minimum of 1% volume fraction of liquid phase is necessary to promote grain growth.  

Other researchers have observed abnormal grain growth in TaC/C mixtures, where the 

samples were deficient in carbon, which may have prevented elimination of oxygen 

impurities locally.[36]  Yohe and Ruoff have suggested that the presence of an oxide phase 
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might contribute to grain growth inhibition, opposite of previous conclusions.[42]  

However, they do not provide support for this observation.  The effect of oxygen on grain 

growth of TaC is unclear. 

The density of the samples as a function of carbon additions to the TaC powders 

is given in Figure 7-4.  Sample T250 had a density that was about 95% of theoretical, 

whereas sample T275 had a density near 97.5% of theoretical, comparable to the result 

obtained by Liu and coworkers by pressureless sintering.[22]  Sample T300 had a density 

of about 98% of theoretical and further increase in carbon content did not improve the 

density any further, and may actually decrease the density slightly. 

 

 
Figure 7 - 4. Apparent specific gravity (ASG) and bulk density of TaC/C 

mixtures sintered via resistance sintering at 2173 K for 10 min and with an 
applied pressure of 50 MPa.  (With color) 

 
It is interesting that T300 sample is approximately 98% dense.  The same powder 

composition resulted in densities that were only 94% dense when processed differently.  

The difference in processing provides insight for improving the density.  The first 

difference is that the TaC and carbon were mixed using different shaped mixing media.  

The spherical media used in the previous study only provides energy to break and reform 

agglomerates through point-contact collisions.  Cylindrical media used in this study also 

provides shearing action along surfaces to assist breaking and reforming of the 
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agglomerates.  Optimization of the agglomerate structure may enhance the elimination of 

porosity by more uniform densification.[40]  The effect of forming adequate agglomerate 

structures for pressing operations to facilitate uniform densification is already well 

established in ceramic processing. 

The second difference in processing was that the temperature was controlled with 

a pyrometer aimed at a surface that was closer to the sample than in previous chapters.  

Although the final temperatures of the two different temperature control methods were 

calibrated, a 50 K/min heating rate is slower when measuring the temperature closer to 

the sample.  It may be possible that improved densification is a result of using a lower 

heating rate, as a result of the different temperature control methods.  Reduced heating 

rate is thought to allow for more complete removal of the oxide phase as well, which 

would assist obtaining higher densities (see chapter five). 

A third difference in processing is how the samples were cooled during sintering.  

In the previous study, pressure was maintained through quenching, by shutting off the 

power supply.  This study gradually reduces pressure and temperature during a cooling 

segment that is about three times longer than quenching.  During quenching, the cooling 

is more rapid initially.  Further densification might be facilitated by the initial period of 

time during slow cooling.  Based on the concept of densification occurring at 

temperatures lower than the current dwell temperature, it is worth exploring a two-step 

sintering process, which is known to activate sintering while suppressing grain growth 

during the final stages of sintering.[43-46]  The feasibility of doing this is demonstrated by 

resistance sintering of TaC using a non-conventional heating schedule.[20] 

The lattice parameter of TaC as a function of percent carbon added was studied to 

establish the optimum carbon amount for future studies.  The lattice parameter is directly 

related to the carbon stoichiometry of TaC.[47]  The lattice parameters and the 

corresponding carbon stoichiometries are provided in Figure 7-5.  Three specific regimes 

were identified, corresponding to free carbon additions below 3.00%, between 3.00-

3.25%, and above 3.25% carbon. 

Initial carbon additions of up to 3.00 percent to TaC resulted in a relatively small 

linear increase in the TaC lattice parameter.  It is assumed that the small increase is a 

result of the dual functionality of the carbon: the carbon is simultanesously contributing 
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to oxygen removal and to the TaC compound stoichiometry.  The increase in lattice 

parameter by adding between 3.00% and 3.25% cabon is greater than the increase 

observed for the lower carbon contents.  It is assumed that carbon is no longer 

contributing to oxygen remvoval and all of the additional carbon is contributing to 

increasing the lattice parameter.  Further carbon additions above 3.25% did not greatly 

affect the lattice parameter and stoichiometric TaC is not obtained. 

 

 
Figure 7 - 5. Lattice parameters and corresponding carbon stoichiometry of TaC 

with different carbon additions. (With color) 

 
The maximum carbon stoichiometry that was obtained corresponds to 0.981 ± 

0.003.  Apparently, the formation of free carbon in equilibrium with TaC near 

stoichiometric values is more favorable than further increasing the carbon stoichiometry.  

The density results in Figure 7-4 and the assumptions concerning Figure 7-5 indicate that 

oxygen impurity in TaC inhibits densification and that a carbon addition between 3.00% 

and 3.25% is needed to remove it to the extent that is possible by the current processing 

methods.  Additions of greater than 3.25% will introduced free carbon into the 

microstructure. 

The radius ratio in TaC facilitates an open rocksalt structure where the metal 

lattice contact is not preserved because the carbon is not small enough to fit into the 
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interstitial position.[48]  It has been proposed that the rocksalt structure becomes 

progressively unstable as the radius ratio increases above 0.414.  The ratio for TaC is 

0.57, close to the theoretical limit of 0.59 that would correspond to a structural change 

and may make it difficult to achieve a stoichiometric composition.  However, nearly 

stoichiometric compositions with carbon stoichiometry of 0.994 ± 0.005 have been 

prepared by Bowman for example.[47]  It is likely that there is another cause for no further 

increase in the lattice parameter above 0.98 with increased carbon addition for this study.  

The possible effect of oxygen solubility in the lattice of TaC cannot be neglected, which 

may also explain the inability to obtain lattice parameters corresponding to stoichiometric 

compositions. 

A reduced lattice parameter with oxygen contamination has been demonstrated 

for ZrC, for example.[49]  For a carbon stoichiometry of 0.98 and assuming that the 

remainder of carbon sites are filled oxygen atoms and do not contribute significantly to 

the lattice parameter, giving a composition of Ta(C0.98O0.02) and an oxygen solubility of 

0.17 weight percent.  This value is reasonable considering the oxygen content of sintered 

samples reported in the literature, which are slightly higher.[41]  It is also consistent with 

oxygen contents reported for powders, especially when the powders are fine.[19-

20,22,30,33,36,42,50-51]  A more detailed analysis of the oxygen content is necessary for further 

analysis, but beyond the scope of this work. 

Oxygen solubilized in TaC could explain peculiar features that have been 

observed in this work and in the literature and is demonstrated in Figure 7-6.  A back-

scattered electron image of sample T350 is given in Figure 7-6a.  Presumably, the oxide 

phase has been removed to the extent possible by carbothermal reduction as has been 

discussed previously.  However, grains can be found in the microstructure of T350 

appearing as if they were melting during sintering, like the grain pointed out in Figure 

7-6a, despite using a sintering temperature near half of the melting temperature for TaC.  

The localized melting behavior could be an effect of local oxygen concentration. 

At least one other author has reported partial melting of TaC and is demonstrated 

by Figure 7-6b, which is an image of a carbon nanotube penetrating through a TaC 

grain.[36]  The encapsulation of the carbon nanotube was described as impossible without 

local melting of TaC.  The proposed mechanism was a greater joule heating of the carbon 
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nanotubes during resistance sintering due to the difference in the properties between 

carbon and TaC.  Therefore, free carbon in the microstructure could also be a cause for 

localized melting. 

 

 
Figure 7 - 6. (a) Backscattered electron image of T350 demonstrating a 

“melted” TaC grain.  (b) Secondary electron image of TaC grain “melted” 
around a carbon nanotube.[36] (With color) 

 
While there could be other causes of localized heating, it seems plausible that 

oxygen solubility in the TaC lattice could be the cause for melting.  Perhaps local oxygen 

concentrations can cause local heating during resistance sintering given the metallic-like 

conductivity of TaC and the insulating characteristic of oxides.  It would be interesting to 

see if the melting effect is observed by other sintering techniques or if it is unique to 

field-assisted sintering because of the differences in electrical properties between the two 

phases.  Such a mechanism has not been reported previously and is in need of further 

investigation. 

Exploring the literature provides support for oxygen solubility in the TaC lattice.  

In the work by Leipold and Becher, Ta2O5 was found to segregate at grain boundaries 

after reheating the sintered sample to 2623 K in vacuum.[51]  This is demonstrated in 

Figure 7-7a.  The oxide segregation was not noted after sintering, prior to reheating, 

suggesting that the oxygen may have been dissolved in the TaC lattice initially, only 

segregating after the reheat process. 
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Figure 7 - 7. (a) Oxide segregation at grain boundary following 2673 K reheat 

treatment.[52]  (b) Decohesive grain boundaries observed after creep testing at 
1500°C/60 MPa for 60-70 hours, followed by 50%HF-50%HNO3 etching.[53] 

 
Decoherent grain boundaries were observed by Kim et al. after creep testing TaC 

at 1773 K and a 60 MPa pressure for a period of 60-70 hours.[53]  They described this to 

be a consequence of grain boundary sliding, controlled by dislocation climb, resulting in 

cavitation and coalescence of cavities at the grain boundaries.  It may be possible that 

cavitation mechanism did not occur, or at least is not the only contribution to formation 

of the observed microstructure.  The 50%HF-50%HNO3 etching treatment cannot be 

ignored, which may have removed Ta2O5 from the grain boundaries to produce the 

microstructure.  This can be imagined by comparing Figure 7-7a to Figure 7-7b.  The two 

microstructures look similar, but the Ta2O5 phase observed in Figure 7-7a is replaced by 

cavities and decoherent grain boundaries in Figure 7-7b. 

D. Conclusions 

The resistance sintering of TaC nanopowders prepared by solvothermal synthesis 

was used to obtain high-density TaC by optimizing carbon addition to the powders.  A 

carbon addition between 3.00% and 3.25% by weight was determined to be an optimum 

range.  A carbon addition of 3.00% and using a sintering temperature of 2173 K, a 

temperature previously determined to be below the temperature for which carbon is lost 

from TaC, resulted in densities as high as 98% of theoretical.  Carbon addition below 

3.00% resulted in lower density presumably because of remnant oxide phase.  Carbon 

additions greater than 3.25% did not have a significant affect on the density or TaC 
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carbon stoichiometry.  Grain size of TaC was unaffected by carbon additions when using 

the same sintering conditions. 

Three processing approaches that may further enhance the density to values above 

98% of theoretical were identified: improving agglomerate structure and sizes, using 

slower heating rates, and/or two-step sintering processes.  The latter technique is also 

promising for reducing grain size.  Applied pressure and temperature dwell time are also 

in need of further study.  Microstructural observations similar to those observed in 

chapter six indicate that further reduction in the sintering temperature could be beneficial.  

Obtaining fully dense TaC with small grain sizes is important for obtaining suitable 

mechanical properties. 

While structural instability may explain the difficulty achieving stoichiometric 

TaC, oxygen solubility on carbon lattice sites cannot be ruled out as a cause.  It could 

also explain local melting of TaC that was observed during resistance sintering and 

segregation of Ta2O5 at the grain boundary during prolonged heating of TaC.  However, a 

study establishing the fundamental mechanisms of such phenomenon is lacking. 
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CHAPTER 8: THE EFFECT OF TUNGSTEN CARBIDE AND 
ZIRCONIUM CARBIDE ADDITIONS ON THE DENSIFICATION 

AND GRAIN GROWTH OF TANTALUM CARBIDE 

A. Introduction 

TaC has a melting temperature near 4000 K, making it of interest for ultra-high 

temperature applications.  Despite the appealing properties of TaC, the prospect of using 

TaC as a high temperature structural material has been dismal because of limitations in 

mechanical properties and poor oxidation resistance in comparison with other structural 

materials.[1-11]  There is a clear trend towards higher strengths for increasing density, 

although achieving full density is difficult.  Small grain sizes will also facilitate higher 

strengths. 

Achieving nanostructured TaC is expected to improve the mechanical strength, 

but densification of TaC is also accompanied by rapid grain growth during the intial 

stages of sintering that would make nanostructuring difficult.[12-18]  Yohe and Ruoff found 

that an applied pressure of 3.0 GPa was necessary to achieve densification without grain 

growth.[19]  They were able to obtain an average grain size near 20 nm.  They also had 

high oxygen contamination that produced about 12% by weight Ta2O5, making it difficult 

to make the same conclusions for purer TaC.  However, Bakshi et al. sintered sub-micron 

TaC powders of higher purity at a pressure of 363 MPa and obtained large final grain 

sizes near five micrometers, supporting the idea that high pressures are needed to inhibit 

grain growth in TaC.[1] 

There are few reports of having a final average grain size that is in the sub-micron 

regime without the use of high pressure.  The majority of these reports pertain to samples 

with density lower than 90% of theoretical.[1,3,20-21]  Higher densities are reported by these 

researchers as well, but the average grain sizes extend into the micrometer range. 

Kim et al. report the sintering of powders prepared by planetary milling and using 

high frequency induction heating.[22]  The sintering process is rapid (approximately three 

minutes) and resulted in a density as high as 96% of theoretical.  Densification was 

complete within two minutes and at 1373 K for powders milled for 10 hours.  Average 
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grain sizes as low as 33 nm were reported, based on X-ray line broadening.  However, the 

small sizes obtained by X-ray line broadening could be from sub-grain structure as a 

result of the planetary milling and not representative of the grain size.  Regardless, 

extreme heating conditions were utilized. 

Densification of fine TaC powders proceeds by plastic flow and grain boundary 

sliding.[12-15,17-18,23-24]  It is difficult to obtain fully dense TaC with small grain sizes 

because of the similar activation energies for grain growth and sintering.  The activation 

energy for grain growth during isothermal holding at temperatures from 2673-2973 K 

was determined to be 380 kJ/mol, while the activation energy for plastic flow during hot 

pressing at 16 MPa and 3323 K was determined to be 406 kJ/mol. 

Zhang et al. suggested that the best sintering aids would be those that promote 

densification below temperatures where rapid grain growth occurs, but that it is unclear 

which additives would be most beneficial.[23]  Furthermore, it seems reasonable to assume 

that if nanostructured TaC is to be obtained without the use of extreme heating or 

pressure conditions, then it will be necessary to find suitable additives to control the 

microstructural development.  These concepts will be explored via solid solutions and 

secondary phases using additions of WC and ZrC and observing the effects on 

densification and grain growth. 

TaC is typically considered to be brittle, but ductility has been demonstrated at 

room temperature under sharp diamond indentation.[25-26]  Slip occurs within the 

<100>,{111} system, accomplished mainly by the motion of a/2<011> edge dislocation 

glide.  This is similar to the behavior of face-centered cubic (FCC) metals and is 

attributed to the FCC tantalum lattice.  However, unlike pure FCC metals, bulk plastic 

deformation is prevented by the interstitial carbon resulting in Suzuki hardening.[27] 

If sintering occurs by plastic flow, then the diffusion of carbon must occur to 

overcome Suzuki hardening, which becomes appreciable only at higher temperatures.  

Bulk plastic deformation has been observed at temperatures above 1553 K.[6,25]  The 

transition temperature from brittle-to-ductile behavior is smaller for lower strain rates and 

sub-stoichiometric TaC, which facilitate carbon diffusion and plastic flow in the absence 

of brittle failure.  Grain-boundary sliding, controlled by dislocation climb, is another 

deformation mechanism that is activated at slighly higher temperatures. 
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 WC or ZrC in a solid solution with TaC are expected to change the activation 

energy for carbon diffusion, and therefore densification and grain growth.  The smaller 

size of tungsten on a tantalum lattice site is expected to decrease the activation energy for 

carbon diffusion and the larger size of zirconium on a lattice site is expected to increase 

the activation energy for carbon diffusion.  Thus, these additives are expected to 

influence the densification behavior of TaC.  It is unclear how grain growth will be 

affected by these chemical modifications, but is also of interest.  Secondary phases in the 

microstructure may prevent grain growth.  Consequently, understanding the mechanisms 

leading to both enhanced densification and inhibited grain growth will provide 

opportunity to improve the properties of TaC-based materials through refinement of the 

microstructure and chemistry. 

B. Experimental Procedures 

TaC powders with an average primary particle size of 25 nm, a particle size of 73 

nm, and C/Ta ratio of 0.94 were prepared by methods previously developed.[28-31]  Other 

raw materials include carbon black (Lampblack 101, Degussa, Parsippany, NJ), WC 

(99.9%, 0.3% O, <0.08% free carbon, 55 nm, hexagonal, US Research Nanomaterials, 

Inc., Houston, TX), and ZrC (99+%, <1% O, 20 nm, cubic, US Research Nanomaterials, 

Inc., Houston, TX). 

Powders were batched to produce compositions having approximately 0.1, 1, 10, 

20, and 30 mole percent of the additives and will be referenced to according to the 

following scheme: M### where M is W or Z and represents either WC or ZrC as the 

additive phase, respectively, and ### are digits corresponding to the tens, ones, and tenths 

places of the target mole percent.  For example, W200 represents a target composition of 

80% TaC and 20% WC. 

The actual compositions are listed in Table 9-I and vary from target compositions 

because of the computations used to additive amounts.  Carbon additions were made to 

TaC based on experiments in chapter seven, which indicated that 3.1% by weight is an 

optimal substitution for TaC.  Carbon substitutions for WC and ZrC additions were made 

under the assumption that they contained 0.3% and 1.0% by weight oxygen 

contamination, respectively, and 0.05% and 0% by weight free carbon contents, 
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respectively.  These values are either directly given or assumed from the manufacturer’s 

specifications. 

Table 9 – I. Compositions of TaC-Based Composites with WC, ZrC, and carbon Added. 

Sample 
TaC 
(g) 

TaC 
(mol) 

WC or 
ZrC (g) 

WC or 
ZrC (mol) C (g) 

Mole % 
Additive 

W001 14.513 0.0752 0.015 0.0001 0.472 0.1 
W010 14.382 0.0745 0.150 0.0008 0.468 1.0 
W100 13.075 0.0678 1.497 0.0076 0.428 10.1 
W200 11.622 0.0602 2.995 0.0153 0.383 20.2 
W300 10.169 0.0527 4.492 0.0229 0.339 30.3 
Z001 14.513 0.0752 0.006 0.0001 0.472 0.1 
Z010 14.382 0.0745 0.063 0.0006 0.468 0.8 
Z100 13.075 0.0678 0.631 0.0061 0.430 8.3 
Z200 11.622 0.0602 1.263 0.0122 0.388 16.9 
Z300 10.169 0.0527 1.894 0.0183 0.345 25.8 

 

Each composition was added to a 125 ml nalgene bottle with 80 grams of 

cylindrical zirconia media (~8 mm diameter and height).  The mixture was tumbled for 

30 min at a rotation speed that maximizes cascading to form a more uniform agglomerate 

distribution.  The powders were separated from the media using a sieve and collection 

pan and then added to a graphite-foil lined graphite die with a 19.5 mm diameter.  

Uniaxial pressing of the powders in the die was performed using an applied pressure of 

30 MPa before sintering. 

The powders were sintered using a resistance furnace (Model HP D 25, FCT 

Systeme, GmbH, Frankenblick, Germany) using an FCT Systeme standard die 

configuration.  A uniaxial pressure of 50 MPa was applied prior to heating.  A heating 

rate of 50 K/min was applied from 723 K to 2173 K.  The temperature was dwelled for 

10 min at 2173 K.  Cooling was performed at a rate of 50 K/min to 723 K while the 

pressure was linearly released from 50 MPa to 10 MPa to prevent cracking from thermal 

shock or residual stresses.  Temperature was measured with an axially position pyrometer 

and is the temperature reported in this work.  The top and bottom layers of the samples 

were removed prior to characterization. 
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X-ray diffraction measurements were performed on a diffractomer (D2 Phaser, 

Bruker AXS, Inc., Madison, WI) by scanning from 15-115 °2θ using a step size of 0.04 

°2θ and a dwell time of two seconds.  Lattice parameters were measured by cell 

refinement using software (Jade 8, Materials Data, Inc., Livermore, CA).  Scanning 

electron microscpopy (SEM) was performed on a field emission microscope (FEI™ 

Quanta 200F, FEI Company, Hillsboro, OR) to observe the microstructural evolution.  

Four random fracture surfaces were imaged.  Two random imaging locations on each 

fragment were selected. 

C. Results and Discussion 

The in situ ram displacement and displacement rate of TaC/WC composites are 

demonstrated in Figure 8-1.  The displacement is representative of densification.  Several 

densification regimes, as a function of temperature, are consistent with previous 

findings.[28]  All densification regimes occur at slightly higher temperatures with 

increasing WC.  This is demonstrated by the gray arrows in Figure 9-1.  The sintering 

rate in the first and second densification regimes, starting just above 923 K and 1023 K, 

decreased with WC content.  The densification rate in the third densification regime, 

occurring above 1323 K, did not change with WC additions.  The negative displacement 

occurring just above 1823 K is attributed to carbothermal reduction of the oxide phase 

and the displacement rate generally increases with increasing WC content and suggests 

improved oxygen removal.  WC was found to be more efficient than several other metal 

carbides for removing oxygen impurities from ZrB2 as well.[32] 

The onset temperature for sintering of sample W001 and W010 was 

approximately 1923 K, which is about 30 K lower than the sintering of pure TaC, based 

on results in chapter seven.  This is demonstrated in Figure 8-1b.  This agrees with the 

hypothesis that tungsten would decrease the activation energy for carbon diffusion and 

therefore promote densification.  However, this is an oversimplification because the onset 

temperature for densification does not continue to decrease with increasing WC content.  

The onset temperature for densification increased to higher temperatures with further 

additions of WC and is an unexpected result.  The onset temperature for samples W100 

and W200 is near that of TaC, while that of W300 exceeds that of TaC.  The effect of 
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various sintering additives will need to be better defined.  The sintering rate increased 

and occurred over a narrower temperature range with increasing WC addition and is 

demonstrated by the increased and narrower displacement rate peak in Figure 8-1a. 

 

 
Figure 8 - 1. (a) Ram displacement and displacement rate for TaC-WC 

composites during resistance sintering.  (b) The ram displacement is provided 
again with a truncated scale and with the onset temperature, To, for 
densification of TaC without WC. (With color) 

 
In situ ram displacement and displacement rate of TaC/ZrC composites are 

demonstrated in Figure 8-2.  An extra and rapid densification event is observed at low 

temperatures (near 873 K).  The low temperature densification event is thought to be 

related to the formation of oxide phases.[28]  Thus, it is assumed that the densification 

event just above 873 K is related to the formation of ZrO2, while the typical densification 

event just above 923 K is from the formation of Ta2O5.  The rapid displacement as a 

result of ZrO2 formation in comparison to Ta2O5 formation (which is nearly eliminated 

for sample Z300) suggests preferential formation of ZrO2.  ZrO2 is found to be quite 

stable in the presence of TaC, even at temperature as high as 2273 K.[32] 

Similar to WC additions, ZrC additions extend the densification regimes starting 

just above 1023 K and 1323 K to higher temperatures.  Conversely, the densification rate 

of the event at lower temperature remains the same while that of the event at higher 
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temperature decreases.  A more detailed study similar to our previous work, but with WC 

and ZrC additions, would provide more insight for the cause of the densification events 

and changes in densification rate during presintering and how they are being affected by 

the additives.[28] 

 

 
Figure 8 - 2. (a) Ram displacement and displacement rate for TaC-ZrC 

composites during resistance sintering.  (b) The ram displacement is provided 
again with a truncated scale and with the onset temperature, To, for 
densification of TaC without WC. (With color) 

 
The sintering behavior of the TaC-ZrC composite powders, without including the 

pre-sintering behavior, are given in Figure 8-2b.  The onset temperature for densification 

of sample Z001 was similar to that of TaC and was shifted about 30 K higher compared 

to TaC for sample Z010.  This also supports the hypothesis that substitution of zirconium 

for tantalum in the TaC lattice would increase the activation energy for carbon diffusion 

and inhibit sintering.  However, like in the case of tungsten carbide additions, the trend is 

reversed for higher ZrC additions and the onset temperature for densification is reduced. 

Samples Z200 and Z300 began to sinter about 80 K lower than TaC, near 1873 K.  

This is in the typical temperature range for which carbothermal reduction is expected.  

Rapid sintering at this low of a temperature can inhibit the carbothermal reduction 
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process, making it difficult to remove oxygen impurities and will need to be investigated 

in more detail. 

X-ray diffraction (XRD) patterns of the composite materials are given in Figure 8-

3.  Samples W001, W010, W100, and W200 are single phase, indicating that all of the 

WC is in solid solution.  However, the solid solution limit has been exceeded for sample 

W300 and a WC phase is observed in the XRD pattern.  Samples Z001, Z010, Z100 also 

appear to form a complete solid solution.  However, ZrO2 is observed in the XRD 

patterns for samples Z200 and Z300. 

 

 
Figure 8 - 3. X-ray diffraction patterns for tantalum carbide-based composites 

having tungsten carbide or zirconium carbide additions. (With color) 
 

The microstructures for the TaC-WC composites are demonstrated in Figure 8-4.  

Comparison of the microstructures in Figure 8-4a-d indicates that grain growth is 

activated by increasing WC content in solid solution with TaC, suggesting that 

decreasing the activation energy for carbon diffusion increases grain growth and that 

increasing the activation energy for carbon diffusion would suppress grain growth. 



203 

 

 
Figure 8 - 4. Secondary electron images of samples (a) W001, (b) W010, (c) 

W100, (d) W200, (e) W300, and (f) W300 (lower magnification). 
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Another notable feature is observed in the microstructures with increased WC 

content: development of porosity at grain interfaces that indicate the activation of a vapor 

mass transport mechanism.  This phenomenon is most obvious for sample W100 in 

Figure 8-4d, for example.  A previous study indicated such features are promoted by the 

presence of free carbon (see chapter six).  Carbon loss from TaC was noted above 2173 K 

that could activate an evaporation/condensation sintering mechanism and form pores at 

the interfaces between grains that could be observed on the fracture surfaces. 

Increasing WC additions apparently initiated an evaporation/condensation 

sintering mechanism at a lower temperature because sintering was performed at the 

previously established temperature limit that would prevent vapor formation.  Optimizing 

the sintering behavior of these compositions will require sintering at lower temperatures 

to avoid vapor formation.  Sintering at lower temperatures is necessary to establish the 

potential of using WC as a sintering aid, although grain growth will not be avoided. 

For sample W300, refinement of the microstructure is observed.  This is 

demonstrated in Figure 8-4e and Figure 8-4f.  Based on the XRD data provided in Figure 

8-3, it appears that the WC phase present above the solubility limit in TaC provides grain 

boundary pinning to inhibit grain growth.  Optimization of the sintering temperature and 

composition may produce nanostructured composites. 

The microstructures for the TaC-ZrC composites are demonstrated in Figure 8-5.  

For samples Z001, Z010, and Z100, there is little, if any, change in the grain growth 

behavior.  ZrC did not promote vapor formation, presumably because the addition of ZrC 

to TaC increases the activation energy for carbon diffusion.  Similar observations have 

been made for hafnium carbide additions, which would also increase the activation 

energy for carbon diffusion.[43]  Grain growth is inhibited for samples Z200 and Z300, 

samples that also contained ZrO2 according to Figure 8-3.  ZrO2 is observed in Figure 8-

5d as a dark phase in back-scattered electron image because of the lower average atomic 

number of ZrO2 compared to TaC.  There is a need to establish if grain growth inhibition 

of TaC-ZrC composites is a result of ZrC or ZrO2 and will be addressed later. 

 



205 

 
Figure 8 - 5. Secondary electron images of samples (a) Z001, (b) Z010, (c) 

Z100, (d) Z200, (e) Z300, and (f) a back-scattered electron image of Z300. 

 
The lattice parameters of various carbide phases are given in Figure 8-6.  Figure 

8-6a demonstrates that the lattice parameter of TaC is intermediate between WC and ZrC.  



206 

HfC is also included to demonstrate the similarity to ZrC.  Thus, WC will decrease the 

lattice parameter of TaC in solid solution while ZrC will increase the lattice parameter 

according to Vegard’s law.  Furthermore, the lattice parameters of the binary cubic 

monocarbides decrease with decreasing carbon stoichiometry and is demonstrated in 

Figure 8-6a.  The predicted and experimental lattice parameters for TaC-WC composites, 

based on Vegard’s law for MC0.98 compounds and assuming complete solubility is given 

in Figure 8-6b. 

 

 
Figure 8 - 6. Lattice parameters of (a) binary cubic monocarbides, derived from 

literature, and of (b) (W,Ta)C0.98 composites based on mole percentages and 
using Vegard’s law.[44-47] (With color) 

 
The experimentally determined lattice parameters for TaC-WC composites 

followed predictions based on Vegard’s law for nearly stoichiometric compounds up to a 

critical WC addition.  The critical WC addition corresponds to a lattice parameter at the 

phase boundary for the substoichiometric ζ-Ta4C3 phase, indicated by the lower phase 

boundary in Figure 8-6b, suggesting that this lattice parameter can be used to define the 

solubility limit of WC into TaC without destabilizing the TaC phase. 

The formation of the ζ-Ta4C3 phase begins to form at a composition close to 

TaC0.8, in equilibrium with the monocarbide phase (possibly with vacancy ordering to 

form the Ta6C5-x at lower temperatures.[48]  The lattice parameter corresponding to the 
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upper limit is marked as the upper phase boundary in Figure 8-6b.  This could be the 

cause of faceted grain structuring that was most obviously observed in sample W200 in 

Figure 8-4d.  However, if a ζ-Ta4C3-type structure is formed, then it is a small amount 

because it is lost in the background of the XRD pattern. 

The experimental lattice parameters match well with the lattice parameters 

calculated using Vegard’s law for nearly stoichiometric compounds.  This would suggest 

that the microstructures similar to that in Figure 8-3c are not caused by vapor promoted 

by free carbon in the microstructure.  However, stacking faults are thought to be 

structurally and chemically similar to M2C.[25-27,40-42,49]  In sub-stoichometric TaC, the 

stacking faults are generated by dissociation of dislocations into Shockley partials, which 

are a pair of dislocations that bound a stacking a fault.  For a solid solution, the stacking 

fault could be formed as a result of the chemical modification.  The transition to M2C 

chemistry at the stacking faults can provide excess carbon that could be the source for 

volatility to describe the observations of Figure 8-3.  If this is the case, then carbon 

volatility should be related to the stacking fault formation, and therefore dislocations.  

Such a mechanism can be supported by the literature. 

Figure 8-7 demonstrates grain and subgrain structure of TaC that was obtained by 

Bartlett and Halden.[47]  A closer look at the sub-grain boundaries indicate that they 

consist of a network of dislocations.  The replica image given in Figure 8-7c 

demonstrates a sub-grain boundary consisting of dislocation etch pits in a sub-grain 

boundary that intersects a (100) face.  The linear dislocation density was determined to be 

30 disclocations/micrometer, corresponding to a 0°12’ twist boundary.  Stacking faults 

are generated from dissociated dislocations and could provide a pathway for carbon 

transport to the grain boundary.[27] 

An analysis of the lattice parameter was performed for TaC-ZrC composites and 

is given in Figure 8-8.  The lattice parameter of TaC with ZrC additions did not follow 

the predicted values.  This is most likely because of the difficulties eliminating the oxide 

phase that is indicated by the XRD and microstructural analyses presented in Figure 8-3 

and Figure 8-5.  The small change in the lattice parameter indicates why little difference 

is observed in the grain growth between samples Z001, Z010, and Z100 in Figure 8-5.  

The small change in the lattice parameter would result in a small change in the activation 
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energy for carbon diffusion.   If grain growth is affected by the activation energy for 

carbon diffusion, then little difference in grain growth is to be expected. 

 

 
Figure 8 - 7. Images of TaC grain boundary and sub-grain boundary structures: 

(a) Seven TaC grains containing sub-grain boundaries, (b) a single grain 
boundary with sub-grain boundaries intersecting, and (c) a replica of 
dislocation etch pits making up a sub-grain boundary.[47] 

 

 
Figure 8 - 8. (a) Experimental and predicted lattice parameters for (Zr,Ta)C0.98 

composites based on mole percentages and Vegard’s law and (b) provided 
again with a truncated scale. (With color) 
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The experimental lattice parameters for samples Z200 and Z300, where grain 

growth was suppressed, highlights a possible mechanism for suppression of grain growth 

besides grain boundary pinning via ZrO2 found in the micrsotructure.  Grain growth was 

suppressed when the lattice parameter was close to that of the stoichiometric TaC phase.  

Stacking faults would be eliminated as the lattice parameter approaches that for 

stoichiometric TaC and would eliminate the pathway for carbon transport to the grain 

boundaries.  Microstructural observations provide support for this mechanism. 

A back-scattered electron image of sample Z300 at higher magnification is given 

in Figure 8-9, along with energy dispersive spectroscopy of selected regions of the 

microstructure.  There are three distinct regions labeled in Figure 8-9a.  Region B is rich 

in tantalum and carbon, region C contains a significant concentration of zirconium and 

oxygen, and region D is primarily carbon and is demonstrated by the energy dispersive 

spectra given in Figure 8-9b, Figure 8-9c, and Figure 8-9d, respectively.  Therefore, 

regions B, C, and D correspond to TaC, ZrO2, and carbon phases. 

Three (Zr,Ta)C clusters are circled in Figure 8-9a.  Grains boundaries in these 

clusters appear to be free of the secondary phases that might lead to grain boundary 

pinning.  In the absence of grain boundary pinning, the grains are still smaller than the 

average grain size obtained for lower ZrC content (i.e. samples Z001, Z010, and Z100).  

The average grain size in these clusters is less than one micrometer, more than three 

times smaller than the average grain size with no ZrC added (about three micrometers).  

Thus, approaching the lattice parameter for stoichiometric TaC appears to be a viable 

method of suppressing grain growth in TaC. 

Increasing the lattice parameter with ZrC additions, to suppress grain growth, will 

require improvements in processing to eliminate the ZrO2 phase.  In situ removal of the 

oxide does not seem like a viable option because sintering begins before significant 

carbothermal reduction takes place.  The addition of WC can completely reduce ZrO2 

below 1923 K if there is three moles of WC per mole of ZrO2.[32]  However, this will not 

be an adequate approach if the amount of WC necessary to remove the oxide decreases 

the lattice parameter more than the ZrC increases the lattice parameter. 
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Figure 8 - 9. (a) Back-scattered electron image of the fracture surface of sample 

Z300 and energy dispersive spectra of (b) region B, (c) region C, and region 
D.  Circled regions are clusters of (Zr,Ta)C grains. (With color) 

 
An alternate option is to use powders with lower oxygen content.  Smaller is not 

always better because intra-aggregate sintering is likely to occur before inter-aggregate 

sintering so that the obtainable grain size approaches that of the aggregate size.[50]  

Previous studies guide optimization of the solvothermal synthesis method to obtain a 

particle size to primary particle size near unity, corresponding to an optimization between 

maximizing surface area and minimizing aggregate size.[30] 

For the currently developed solvothermal synthesis method, water on the surfaces 

of particles is the main source for oxygen contamination.[29]  The water is strongly 

adsorbed on the powder surfaces, requiring temperatures as high as 873 K to be removed.  

However, oxidation of the powders was observed at temperatures as low as 473 K.  
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Therefore, more creative methods of removing water are necessary, such as water 

displacing solvent washing for example. 

If the oxygen content of the nanopowders can be reduced to suitable levels, then 

achieving lattice parameters greater than that of stoichiometric TaC are obtainable.  This 

is demonstrated in Figure 8-10, which provides the predicted lattice parameter of TaC-

HfC composites, along with some experimental data points from the literature.  The 

(Hf0.2Ta0.8)C1-x composition has been studied previously.[43,47]  This composition is of 

interest because it has the highest melting temperature in the Hf-Ta-C system and the 

lowest vaporization rate at a given temperature.  This composition also has superior 

hardness compared to other Hf-Ta-C compositions.  

 

 
Figure 8 - 10. Predicted lattice parameter of TaC-HfC composites, including 

experimental data points from the literature.[43,47] (With color) 

D. Conclusions 

Changing the activation energy for carbon diffusion appears to influence the 

sintering behavior of TaC according to the original hypothesis only at low additive 

concentrations.  With higher concentrations the trends are reversed and eventually oppose 

the hypothesis, indicating that the influence of carbon diffusion on sintering is more 

complex.  The results are also complicated by the formation of secondary phases.  In 
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general, the sintering behavior is quite complex and would benefit from further 

investigation.  Overall the onset temperature for densification could be varied 

approximately 100°C. 

Grain growth was apparently affected by carbon diffusion, possibly via formation 

of stacking faults.  Solid solutions of WC in TaC could induce the formation of stacking 

faults, which would promote carbon diffusion and promote grain growth.  Solid solution 

of ZrC in TaC could inhibit grain growth as the lattice parameter approached that of 

stoichiometric TaC, which could eliminate stacking faults and inhibit carbon diffusion.  

Grain growth could also be suppressed by adding WC in concentrations above the 

solubility limit, which was above 20 mole percent.  WC additions to TaC are likely to 

have activated an evaporation/condensation sintering mechanism at lower temperature 

than for TaC without WC additions.  Optimation of the sintering procedures are 

recommended for avoiding vapor phase formation.  Removal of oxygen from the TaC-

ZrC system also needs further development. 
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CHAPTER 9: CONTROL OF MICROSTRUCTURAL 
DEVELOPMENT IN ULTRA-HIGH TEMPERATURE CERAMICS 

A. Introduction 

Ultra-high temperature ceramics (UHTCs) represent a class of materials with the 

capability to withstand extreme heating conditions.  UHTCs are typically composite 

materials based on group IV-VI transition metal non-oxides, which form interstitial 

compounds.  The key property they have is a high melting temperature, but their metallic-

like properties also allow them to conduct heat away from a hot zone and make them 

suitable for advanced thermal protection systems that can withstand extreme heat and 

remove it quickly.  The two greatest limitations of UHTCs correspond to the oxidation 

resistance and the mechanical properties (primarily fracture toughness). 

The most well-studied ultra-high-temperature ceramic (UHTC) system is the 

MB2/SiC composite system because of its excellent oxidation/ablation resistance in 

comparison to other UHTC systems, attributed to the complex oxide scale that develops on 

the surface (Figure 9-1a), but fracture toughness is not adequate.[1]  The oxide scale 

consists of a liquid penetrating a porous oxide scaffold.  The liquid prevents rapid oxygen 

diffusion inwards while the rigid oxide scaffold keeps shear forces from removing the 

liquid.  On the other hand, TaC-based composites are of interest, but are less studied.  

Ta4C3 is a nanolamellar phase consisting of alternating face-centered cubic and body-

centered cubic layering.  This results in a highly faceted microstructure (Figure 9-1b) that 

results in remarkable fracture toughness without the need for fiber/whisker reinforcement, 

but oxidation resistance is not adequate.[2-4]  Fiber/whisker reinforcement may improve the 

fracture toughness of MB2-based composites, but also provides direct pathways for rapid 

degradation at high temperatures if they become exposed, unless more suitable fibers are 

developed.  An alternate approach is to begin with tougher TaC-based composites and 

develop improved oxidation resistance based on the empirical lessons learned from the 

oxidation of MB2-type composites. 
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Figure 9 - 1. (a) Oxide scale features of MB2/SiC composite, (b) microstructure 

of the nanolamellar Ta4C3 phase, and (c)/(d) reduced oxide scale thickness 
with decreased grain size.[1,2,7] (With color) 

 
It is also apparent from studying the MB2/SiC system that decreasing grain size has 

major benefits.  Research supports enhanced strength from ~400 MPa to greater than 1000 

MPa by decreasing the grain size from ~10 µm to ~3 µm.[5]  Brittle-to-ductile transition 

temperature and thickness of the oxidation scale are both decreased for similar decreases in 

grain size.[6,7]  The reduction in oxide scale thickness is demonstrated in Figure 9-1c and 

Figure 9-1d.  Reducing grain sizes into the nanostructured regime through enhancements in 

processing remains a challenging interest for potential improvements to UHTC properties. 
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A hybrid synthesis method that takes advantage of self-propagating high 

temperature synthesis and metathesis synthesis has recently been developed.[8,9]  Both 

parent processes can produce kilogram quantities, possibly producing ton quantities per 

year.[10-12]  The advantage of this technique is that small quantities can be made quickly, in 

a continuous fashion, to produce large yields safely and has greater process control than the 

parent techniques.  This technique has been used to demonstrate the synthesis of 

nanopowders for nearly a dozen UHTC materials (see chapter two). 

It is difficult to obtain nanostructuring of pure UHTC materials without using 

high pressures because of simultaneous densification and grain growth.[13,14]  It is 

estimated that ~3.0 GPa is required to obtain densification without grain growth in TaC 

for example.  If nanostructured UHTCs are to be obtained without extreme pressures, 

then it will be necessary to find suitable additives to control the microstructural 

development.  Specific hypotheses concerning UHTC phase interactions have been 

developed based on work in earlier chapters and work available in the literature.  These 

hypotheses are expected to guide nanostructuring developments.  TaC was used as a 

model system and will be discussed in detail, then the implications for other systems will 

be discussed. 

B. TaC-Based Composites 

The effects of WC or ZrC additions on the densification and grain growth of 

tantalum carbide nanopowders have recently been explored (see chapter eight).  Based on 

this study, it is proposed that grain growth is strongly influence by solid solutions.  

Dislocations can dissociate into Shockley partials to form a stacking fault, a mechanism 

expected for sub-stoichiometric TaC.[15]  Our work suggests that additives to TaC 

resulting in a reduced lattice parameter also generate stacking faults, possibly generating 

dislocations to accommodate the fault.  Additions such as WC to TaC would have this 

effect.  Additives that increase the lattice paramteter of TaC reduced grain growth when 

the lattice parameters approached that of stoichiometric TaC, believed to be caused by 

eliminating the stacking faults. 

Results of adding WC and ZrC to TaC are given in Figure 9-2, which demonstrates 

nanostructuring techniques for TaC-based composites based on the hypotheses outlined 
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above.  The samples were consolidated using the same exact sintering parameters to 

make direct comparisons (50 MPa applied pressure, 50 K/min heating rate, a measured 

dwell temperature of 2173 K, 10 minute temperature dwell, and a 50 K/min cooling rate 

with pressure gradually reduced.  The first nanostructuring scheme takes advantage of the 

formation of stacking faults, which can generate nanolamellar sub-grain structure, and a 

second phase to pin grain growth.  The second scheme is to use additives that eliminate 

stacking faults.  The initial results are positive and justify further optimization of these 

techniques. 

 

 

Figure 9 - 2. (a) TaC, (b) TaC-WC composite, (c) and TaC-ZrC composite 
sintered by resistance sintering with the same parameters. (d) Proposed 
nanostructuring schemes include nanolammelar structuring with stacking 
faults with a second phase to pin grain growth and solid solutions that remove 
stacking faults. (With color) 
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Other chemical modifications are expected to be useful for these nanostructuring 

schemes.  Carbides of Ti, V, Cr, Nb, Mo, and W would reduce the lattice parameter to 

produce stacking faults, forming nanolamellar structuring within grains.  Slightly 

exceeding the solubility limit of those carbides having a different crystal structure than 

TaC will produce a second phase for grain boundary pinning.  The use of pure metals 

instead of the carbides could produce a similar result, but the contribution of carbon 

vacancies should be taken into consideration and if the metal will react with the carbide 

in excess of the solubility limit.  It seems reasonable that N from TaN, being slightly 

smaller than C, could also produce stacking faults for nanostructuring.  This is supported 

by the work of Urbonaite et al., who demonstrated that the lattice parameter of TaC is 

gradually reduced by substituting in N for C.[16]  Dual contributions can be obtained by 

using nitrides of Ti, V, Cr, Nb, Mo, and W. 

Stacking faults can be removed by carbides of Zr and Hf, according to the second 

scheme in Figure 9-2.  Using metals would not work for this scheme because the lattice 

parameter would be decreased when taking carbon vacancies into account.  Ta, Hf, and 

Zr compounds of B, Si, P, and S are also expected to remove stacking faults from TaC.  

Additives such as SiC or B4C, which only target carbon site substitution, are expected to 

produce a similar result.  Si3N4, which contains both lattice decreasing and increasion 

elements, would remove stacking faults because of the greater contribution of Si 

compared to N, assuming both substitute.  Grain boundary pinning above solubility limits 

may also facilitate nanostructuring.  Greater complexity to chemical modifications is 

possible, by using two types of the additives for example. 

Grain growth inhibition of TaC by addition of B4C and using similar sintering 

conditions has been demonstrated in the literautre.[17]  The inhibition of grain growth was 

attributed to grain boundary pinning of TaC by TaB2 and C.  B4C is not chemically 

compatible with TaC, forming TaB2 and free carbon.[18]  Both TaB2 and C will increase 

the lattice parameter of TaC and is demonstrated in the literature.[19,20]  According to the 

hypotheses developed here, this would reduce stacking faults and could be responsible 

for the reduced grain growth. 
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The effects of B4C are demonstrated in Figure 9-3.  Grain growth is reduced by 

adding B4C (compare Figure 9-3a to Figure 9-3b).  If the TaC-TaB2 system is similar to 

the TiC-TiB2 system, then the TaB2 forms pseudo stacking faults of TaB2 in TaC 

grains.[32]  These are different than the M2C stacking faults produced by lattice decreasing 

type modifications because they do not produce carbon sub-lattice deficiency.  Sintering 

and grain growth is believed to be controlled by carbon diffusivity.[18]  Therefore, these 

pseudo stacking faults are not expected to promote grain growth the same way as M2C 

faults.  B4C helps eliminate detrimental Ta2C-type stacking faults, which can be used as a 

nanostructuring mechanism according to scheme 2 outlined in Figure 9-2, and could 

provide an additional nanostructuring feature via the formation of TaB2 faults. 

 

 

Figure 9 - 3. Microstrucutral comparison of fully dense (a) TaC and (b) 
TaC-1%B4C and partially dense (c) TaC and (b) TaC-1%B4C.  Fully dense 
samples are prepared using similar conditions and partially dense samples are 
produced using similar conditions (images reproduced from Bakshi et al.).[17] 
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Other reports in the literature are contradictory, indicating that B4C promotes 

grain growth rather than inhibiting grain growth when using similar sintering 

parameters.[20]  Comparison of Figure 9-3c and Figure 9-3d help explain the discrepancy.  

These micrographs are given by the same author reporting grain growth inhibition by 

adding B4C.[17]  However, the grain size of the sample with B4C is larger than without it 

in this case.  It is not because B4C promotes grain growth, but because it promoted 

sintering, which is accompanied by grain growth.  The TaC samples without B4C, having 

smaller grain sizes, are less dense and the samples are not directly comparable because of 

the difference in density. 

The diverse chemical modifications for producing TaC-based nanocomposites 

offer a unique opportunity to improve the properties compared to single-phase TaC.  

Improvements in fracture toughness can be made by additions of chemicals that produce 

stacking faults to produce nanolammelar structuring.  Similar fracture toughness values to 

that obtained by decreasing TaC carbon stoichiometry can be expected, more than double 

that of unfaulted TaC.[2]  Some of these modifications may also lead to improved 

oxidation resistance, but will need to be developed empirically. 

For the Group III-VI/Row 4-6 block in the periodic table, group variation across a 

row represents different levels of d-orbital filling while row variation down a group 

changes the principal quantum number of the d-orbital.  Similarly, group variation from 

the Group XIII-XVI/Row 2-3 block changes the p-orbital hybridization.  Group IV-VI 

lanthanides may change the properties due to the unique contribution of the f-orbital.  

The relative contributions of covalent, metallic, and ionic bonding, as a consequence of 

the various electron configurations, are expected to alter the properties of TaC-based 

nanocomposites by these types of chemical modifications. 

C. MB2-Based Composites 

ZrB2 and HfB2 are similar compounds and known to have dislocations and 

stacking faults.[22-23]  Similar to TaC, this may help explain the difficulty in producing 

dense monoliths of these materials and the rapid grain growth that occurs during 

sintering.  The hypotheses for nanostructuring outlined previously are expected to be 

applicable to composites of these materials as well, due to similar mechanisms. 
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The most studied MB2-based composite is that with SiC because of the beneficial 

oxidation resistance of the composite, but SiC also inhibits grain growth.[24,25]  This is 

mostly attributed to the grain boundary pinning as a result of the presence of SiC in the 

microstructure.  However, the elimination of stacking faults cannot be ruled out as a 

contributing factor for the suppression of grain growth as a consequence of Si and C 

substitution on B sites.  This can be realized by how other additives affect grain growth.  

ZrC was reported to decrease the lattice parameters and enhance grain growth in ZrB2, 

despite the possibility for ZrC to contribute to grain boundary pinning for example.[26] 

Figure 9-4 demonstrates possible grain size refinement of HfB2-SiC composites 

by the substitution of TaSi2 for SiC.  Grain boundary pinning is not likely to be the cause 

of the reduced grain size because volume of secondary phase for the two samples was 

constant.  A greater defect reduction by addition of TaSi2 in comparison to SiC is 

expected and could explain the grain size reduction.  However, it is not possible to verify 

this exclusively because of the uknown interdiffusion between the phases and the fact 

that the experimental procedure provided does not guarantee the samples were sintered 

using the same exact conditions.[7]  The grain size of the sample with TaSi2 had larger 

grain sizes if prepared by hot pressing instead of resistance sintering, but the sintering 

parameters were not exlusively reported to know if they were the same for both samples.  

Instead, a range of sintering temperatures and times are given.  Furthermore, differences 

in densities complicate the interpretation.  Other reports suggest grain growth inhibition 

by addition of TaSi2, but the volume percentage of secondary phase is not constant.[27] 

 

 
Figure 9 - 4. Microstructural comparison of HfB2-based composites prepared by 

resistance sintering and demonstrating refinement in microstructure by 
substitution of TaSi2 for SiC (images reproduced from Gasch and Johnson).[7] 
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While some evidence exists to support the applicability of the developed 

hypotheses for nanostructuring to the MB2-based composite systems, the lack of more 

systematic studies make the claim difficult to accurately assess.  In almost all cases, a 

secondary phase is present in the microstructure and it is difficult to separate out the 

effect of grain boundary pinning by secondary phases and the effect of solid solution 

caused by interdiffusion.  In other cases, interdiffusion of phases is clearly evident, but 

the sintering parameters are such that direct comparison cannot be made or core-shell 

structures indicate that interdiffusion is incomplete suggesting that the true effect of the 

solutions may not be fully observed.[28,29]  The use of nanopowders and more carefully 

designed experiments can help ensure completion of interdiffusion during sintering and 

assist in establishing solubility limits and the effects of solution phases. 

D. Other UHTC Systems 

It is expected that the knowledge gained from studying densification and grain 

growth in TaC-based nanocomposites will be broadly applicable to other UHTC systems, 

assuming some degree of metallicity.  This has now been highlighted for MB2/SiC 

composites. A literature search was performed to check if the nanostructuring hypotheses 

apply to other systems and have found examples agreeing with the hypotheses. 

Shvab and Egorov studied the addition of TaC to TiB2 on microstructural 

development.[30]  The average particle size of the starting powder mixtures were near 

three micrometers.  The solubility of TaC in TiB2 and vice versa is small.  However, 

some solubility of TaC into TiB2 is noted by the increase in TiB2 lattice parameter.  Ta 

substitution for Ti appears to be dominant in comparison with C substitution for B.  

Based on the nanostructuring hypotheses, this is an interaction that would remove 

stacking faults, assuming previous sub-stoichiometry, and result in refining the 

microstructure.  A higher addition of TaC refined the microstructure and is demonstrated 

in Figure 9-5.  The observations are consistent with scheme two as a possible 

nanostructuring technique, provided in Figure 9-2, with the additional benefit of a second 

phase of low solubility, but the two effects cannot be separated at this point. 
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Figure 9 - 5. Microstructural comparison of (a) 90TiB2-10TaC and (b) 
80TiB2-20TaC (images reproduced from Shvab and Egorov).[30] 

 
Unlike TaC, dislocations in TiC do not dissociate into Shockley partials, 

presumably because of the low stability of the Ti2C, which would be the chemistry and 

structure expected in the stacking fault.[31]  Despite the lack of stacking faults, lattice 

parameter increasing solid solutions such as TaC additions to TiC are found to inhibit 

grain growth.[32]  The results were explained as a consequence of reducing the 

imperfections in the carbon sublattice and consequently, in the diffusion mobility of 

carbon atoms.  Even without the presence of stacking faults, the concept of lattice 

increasing and decreasing additives seem to produce a similar effect described by our 

hypotheses.  Vacancies facilitate mass transport as well and solid solutions that remove 

vacancies instead of stacking faults will have a similar effect. 

It has also been demonstrated that stacking faults are generated by adding B, Al, 

or Si into TiC.[32,33]  The stacking faults have TiB2, (Ti,Al)2+xC, or (Ti,Si)2C1-x type 

chemistry in the cubic TiC matrix.  The formation of hexagonal TiB2 stacking faults 

indicate that lattice parameter increasing phases can also form stacking faults, extending 

our hypotheses.  This highlights the idea that microstructural design can be obtained via 

the nanostructuring hypotheses for materials that would not otherwise be expected to, 

based on intrinsic and extrinsic stacking fault formation. 

The nanolammelar M1+nAXn compositions, known collectively as MAX phases, 

are structurally similar the sub-stoichiometric ζ-Ta4C3 nanolamellar phase, but by using 

chemistry to generate stacking faults instead of sub-stoichiometry.  A review of MAX 

phases is given by Barsoum and co-workers.[34,35]  Their structural similarity is based on a 
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high density of ordered stacking faults, transitioning between structures every few planes 

of atoms.  It is not suprising that TaC-based MAX phases have been found, such as 

Ta2AlC, Ta3AlC2 and Ta4AlC3. Recently, more complex chemistries besides M1+nAXn 

are being found, having M2+nA1+nCn chemistry.[36] 

Outgassing and more extensive grain growth is observed in TiC by substituting N 

for C and is outlined in Figure 9-6 by comparing the two microstructures.[16]  This is 

consistent with the observations that have been found exploring scheme one for 

nanostructuring that is outlined in Figure 9-2.  Outgassing can be influenced by stacking 

faults that have M2X chemistry and structure or vacancies, producing excess X, where X 

can be N or C depending on the specific defect chemistry in this case.  Figure 9-7b 

demonstrates the microstructure for TiN0.8C0.2, and agrees with the hypothesis that C 

substitution for N in the TaN lattice will remove defects and suppress grain growth, 

consistent with scheme two for nanostructuring that is outlined in Figure 9-2. 

 

 

Figure 9 - 6. Microstructural comparison of (a) TiC0.8N0.2 and (b) TiN0.8C0.2 
compositions (images reproduced from Urbonaite et al.).[16] 

 

E. Summary 

Two schemes for nanostructuring TaC-based UHTCs are proposed.  The 

hypotheses are supported by literature and extend to other UHTC systems.  Investigating 

the literature has further enhanced the hypotheses by highlighting additional 

nanostructuring schemes.  These schemes are based on two basic concepts: control of the 

defect structure and grain boundary pinning.  Phases of low solubility in TaC can reduce 
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grain growth by grain boundary pinning.  Phases of moderate and full solubility can 

produce nanostructuring via defect control and grain boundary pinning. 

Defect structure promoting non-metal diffusion is expected to promote grain 

growth and enhance evaporation/condensation kinetics.  Soluble additives that decrease 

the TaC lattice parameter are expected to do this.  The formation of 2D defects, such as 

dislocations and stacking faults, are particulary important because diffusion is typically 

enhanced through these defects in comparison to 1D vacancy controlled diffusion, for 

example.  The formation of these defects provides an opportunity for nanostructuring via 

lamellar structuring of the grains.  Phases of moderate solubility are recommended for 

this technique, to have the option of grain boundary pinning via a second phase for 

counteracting grain growth. 

Defect structure that promotes carbon diffusion can be removed from TaC by 

additives that increase the lattice parameter.  Grain growth is inhibited when the lattice 

parameter is similar to that of stoichiometric TaC.  Further increases to the lattice 

parameter could further inhibit grain growth.  It also might be possible to form lamellar 

defect structure that does not promote carbon diffusion with further additions, therefore 

providing another form of nanostructuring. 

Investigation of the literature demonstrates that these techniques might be 

generally applicable to UHTCs capable of having an extensive range of chemistries and 

varying levels of secondary phase solubility.  However, the prospect of nanostructuring 

other UHTC systems is difficult to fully assess because while grain growth is supressed 

in many examples, grain sizes are typically in the micrometer range and produced from 

powders of similar dimension.  Interdiffusion is sometimes observed without completion.  

Further experiments, using nanopowders, with systematic chemistry variation, and 

allowing interphase diffusion processes to complete would be of great benefit to establish 

the viability of using these nanostructuring schemes more broadly, for other UHTC 

systems. 
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