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Preface 

The purpose of the Handbook of Refractory Carbides and 
Nitrides is to present in one volume a clear, objective and systematic 

assessment ofthe science and technology ofthese useful refractory materials. 
The technology and the applications have expanded greatly in the last three 

decades, stimulated by many major developments such as monolithic silicon 
nitride for gas turbine applications, coatings of titanium carbide and 

titanium nitride for cutting tools, silicon carbide fibers, silicon carbide 

semiconductor and optoelectronic devices, titanium nitride diffusion barriers, 

and many others. 

With several of my colleagues, I felt the need for a systematic and 
objective review of these remarkable materials, one which would cover the 

scientific, engineering and applications viewpoints, coordinate the various 

trends, and promote interaction among researchers and users alike. This 

book should be useful to scientists, engineers, technicians, as well as 

production and marketing managers. 

For many years, I headed the Chemical Vapor Deposition Group at 

Sandia National Laboratories, and then became a consultant to numerous 

organizations in the research and development of advanced materials. I had 

the opportunity to review and study the many aspects of refractory 
carbides and nitrides, including their chemistry, processing, equipment and 

applications, and thus obtain the necessary background for the preparation 

of this book. 

vii 
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To the best of our knowledge the information in this publication is 
accurate; however the Publisher does not assume any responsibility or 
liability for the accuracy or completeness of, or consequences 
arising from, such information. This book is intended for informational 
purposes only. Mention of trade names or commercial products 
does not constitute endorsement or recommendation for use by the 
Publisher. Final determination of the suitability of any information 
or product for use contemplated by any user, and the manner of that 
use, is the sole responsibility of the user. We recommend that 
anyone intending to rely on any recommendation of materials or 
procedures mentioned in this publication should satisfy himself as 
to such suitability, and that he can meet all applicable safety and 
health standards. 
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1 

Introduction 

1.0 HISTORICAL PERSPECTIVE AND PRESENT STATUS OF 
REFRACTORY CARBIDES AND NITRIDES 

Refractory carbides and nitrides are useful materials with numerous 
industrial applications and a promising future, in addition to being materials 

of great interest to the scientific community. Although most of their 

applications are recent, the refractory carbides and nitrides have been 

known for over one hundred years. Titanium and tungsten carbides were 
extracted from steel and properly identified around the middle of the 

nineteenth century. In 1890, E. G. Acheson produced the first silicon 

carbide, trademarked Carborundum, and by 1900 the French chemist 

Moissan had synthesized most other refractory carbides in his electric 
arc-furnace. Titanium carbonitride was first described in 1822 and 

identified by chemical analysis in 1850. Additional notes of historical 

interest will be presented in the relevant chapters. 

The industrial importance of the refractory carbides and nitrides is 

growing rapidly, not only in the traditional and well-established applications 

based on the strength and refractory nature of these materials such as cutting 

tools and abrasives, but also in new and promising fields such as electronics 

and opto-electronics. Some typical applications are as follows: 

I 
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l Silicon-nitride rotors, blades, rings, and burner tiles for gas 

turbines 

l Tungsten-carbide cutting tools 

l Titanium-nitride coatings on high-speed steel drill bits 

l Silicon-carbide fibers and whiskers 

l Boron-carbide abrasive blast nozzles 

l Aluminum-nitride high thermal conductivity substrates for 

electronic circuits 

l Silicon carbide burner tubes for gas furnaces 

l Titanium nitride passivating and electrically insulating 

coatings for semiconductor devices 

l Silicon carbide high-temperature semiconductor devices 

l Silicon carbide blue light-emitting diode (LED) 

Such a wide range of applications reflects the variety of these materi- 

als and the diversity of the industry, from small research laboratories 

developing new ideas to large plants manufacturing cutting tools, textile 

machinery, electronic and semiconductor components, and many other 

products. Together, these organizations form an essential part of the 
ceramic industry throughout the world. 

2.0 CARBIDES AND NITRIDES AS REFRACTORY 

MATERIALS 

The word repuctory defines a material with a high melting point. In 

the context of this book, this means any carbide and nitride with a melting 

point arbitrarily selected as greater than 1800°C. In addition, to be 

considered refractory the material must have a high degree of chemical 
stability. 

As shown in subsequent chapters, most elements form carbides and 

nitrides and these can be divided into several types with different 

physico-chemical structures and characteristics. Of these, however, only 

the interstitial and covalent materials meet the refractory qualification. This 
includes the carbides and nitrides of the nine transition elements of Groups 

IV, V, and VI and the 4th, 5th, and 6th Periods, the carbides and nitrides of 

boron and silicon, and aluminum nitride. 

Page 22 of 360



Introduction 3 

The carbides and nitrides of the lanthanides (the rare-earth elements) 

and actinides are well-defined and unique families of materials with promis- 
ing applications, yet they cannot be considered refractory and are not 

included in this book. 
Although carbides and nitrides as a group form the most refractory 

compounds, they are certainly not the only ones. Several borides, oxides, 
phosphides, silicides, and metals meet the refractory requirements men- 

tioned above. To some degree, these materials complement the refractory 

carbides and nitrides and may be considered as competitors. 

Why should the refractory carbides and nitrides be reviewed together 

in one book? 

l They form two families of closely related materials which 

have similar atomic structures and chemistry 

l Carbon and nitrogen are next to each other the second period 
of the Table of the Elements and, in many cases, the carbides 
and nitrides form solid solutions (known as carbonitrides) 

l Many of their properties are similar 

l They have essentially the same processing characteristics 

and basically the same applications 

l In many respects, they complement each other 

3.0 BOOK OBJECTIVES 

A large body of information is available on the subject of refractory 

carbides and nitrides, including a number of books such as the ones listed in 
Sec. 6.0. These books provide excellent reviews but the authors have 
chosen to concentrate on the structural aspects and properties of carbides 
and nitrides, offering little information concerning processing and even less 

about applications. Moreover these studies were written several decades 

ago, and a large amount of research and development has taken place since. 

The basic understanding of these materials is gradually expanding. Tech- 

nology is moving rapidly. Improvements in processing techniques appear 

regularly, and the scope of applications is constantly increasing and reach- 

ing into new fields such as aerospace, automotive, semiconductors, optics, 

and electronics. 
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With some of his colleagues, the author has felt the need for an 

updated and systematic review of refractory carbides and nitrides, which 
would summarize the scientific aspects of these materials and examine their 

relationship with the engineering, processing, and applications aspects, 

coordinate the divergent trends found today in industry and the academic 

community, and sharpen the focus of research and development by promot- 
ing interaction. 

Industrial secrecy still prevails in many sectors. It is sometimes 

necessary but also often needlessly hampers progress. Interaction and 

coordination are limited even though the various technologies and applica- 

tions share the same scientific basis, the same principles, the same chemis- 

try, and often the same type of equipment. A purpose of this book is to bring 
these divergent areas together in one unified whole with the hope of 
providing a useful tool for engineers and scientists. 

The main objectives of this book can be summarized as follows: 

l Provide a complete review of the structures and properties of 
refractory carbides and nitrides 

l Provide a thorough assessment of the technology, processing, 

and equipment and systems used in production and R&D, 

with emphasis on advanced designs 

l Identify and describe the applications, particularly the new 

and emerging areas of semiconductors and electronics, optics, 
tool coatings, and wear, oxidation, or corrosion resistant 

products 

4.0 BOOK ORGANIZATION 

The book is organized in six basic sections: 

1. Structure and properties of refractory interstitial carbides 

(Chs. 2-6) 

2. Structure and properties of refractory covalent carbides 

(Chs. 7 and 8) 

3. Structure and properties of refractory interstitial nitrides 

(Chs. 9-l 1) 

4. Structure and properties of refractory covalent nitrides 

(Chs. 12 and 13) 
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5. Technology and processing (Chs. 14 and 15) 

6. Applications (Ch. 16) 

In the first eight chapters devoted to carbides, several basic principles 

are reviewed such as atomic and molecular structure, crystalline ar- 
rangement, type of bond, etc. These principles also apply to nitrides but 

are not repeated and only cross-referenced. Whenever possible, the rela- 

tionship between structure, properties, and applications is stressed through- 

out the book. 

5.0 GLOSSARY AND METRIC CONVERSION GUIDE 

A glossary at the end of the book defines terms which may not be 
familiar to some readers. These terms are printed in italics in the text. All 

units in this book are metric, specifically the international system of units 

(SI) and a metric conversion guide is included at the end of the book. 

6.0 BACKGROUND READING 

The following is a representative list of the most important references, 

periodicals, and conferences dealing with carbides and nitrides. 

6.1 General References 

Storms, E. K., The Refractory Metal Carbides, Academic Press, New York 
(1967) 

Campbell, I. E., and Sherwood, E. M., High-Temperature Materials and 
Technology, John Wiley & Sons, New York (1967) 

Toth, L. E., Transition Metal Carbides and Nitrides, Academic Press, New York 
(1971) 

Kosolapova, T. Ya., Carbides, Plenum Press, New York (1971) 

Samsonov, G., Refractory Carbides, Consultant Bureau, New York (1974) 

Wehr, M. R., Richards, J. A., Jr. and Adair, T. W., III, Physics of the A tom, 
Addison-Wesley Publishing Co., Reading, MA (1978) 

Evans, R. C., An Introduction to Crystal Chemistry, Cambridge Univ. Press, 
Cambridge (1979) 
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Cotton, F. A. and Wilkinson, G., Advanced lmrgmic Chemistry, Interscience 
Publishers, New York (1980) 

Adams, D. M., Inorganic Solids, John Wiley & Sons, New York (1981) 

Huheey, J. E., Inorganic Chemistry, Third Edition, Harper & Row, New York 
(1983) 

March, J., Advancedlnorgunic Chemistry, John Wiley & Sons, New York (1985) 

Pierson, H. O., Handbook of Chemical Vapor Deposition, Noyes Publications, 
Park Ridge, NJ (1992) 

Bunshah, R. F., Handbook of Deposition Technologies for Films and Coatings, 
2nd ed., Noyes Publications, Park Ridge, NJ (1994) 

6.2 Periodicals 

Acta Crystallographica 
Applied Physics Letters 
Carbon 
Ceramic Bulletin 
Ceramic Engineering and Science Proceedings 
Japanese Journal of Applied Physics 
Journal of the American Ceramic Society 
Journal of the American Chemical Society 
Journal of Applied Physics 
Journal of the Ceramic Society of Japan 
Journal of Crystal Growth 
Journal of the Electra-Chemical Society 
Journal of the Less-Common Metals 
Journal of Materials Research 
Journal of Vacuum Science and Technology 
Materials and Manufacturing Processes 
Materials Engineering 
Materials Research Society Bulletin 
Nature 
S’PE Journal 
SAiMPE Quarterly 
SPIE Publications 
Science 
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6.3 Conferences 

l International Conferences on chemical vapor deposition 

(CVD) of the Electrochemical Society (biennial) 

l Composites and Advanced Ceramics Conferences of the 

American Ceramic Society (annual) 

l Materials Research Society Conferences (annual) 

l International Conference on Surface Modification 

Technologies (annual) 
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2 

The Refractory Carbides 

1.0 INTRODUCTION 

The refractory carbides are hard and wear resistant, have high melt- 

ing points, and are chemically inert. In a relatively short time, they have 

become major industrial materials with numerous applications such as 

cutting and grinding tools, bearings, textile-machinery components, 

oxidation-resistant gas burners, and many others. 

This chapter is a general review of the structural characteristics of the 

refractory carbides, their classification, and general features. These materials 
can be divided into two major types: the interstitial carbides reviewed in 

Chs. 3 to 6, and the covalent carbides, reviewed in Chs. 7 and 8. 

2.0 DEFINITION AND CLASSIFICATION OF CARBIDES 

The element carbon forms coumpounds with most other elements 

(i.e., CO,, Ccl,) but, by convention, the term carbide is only applied to 

those compounds formed by carbon and other elements of lower or about 

equal electronegativity.1’1 

8 
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2.1 Classification 

The carbides, as defined above, can be classified in four general 

categories which are commonly identified as: 

1. Interstitial carbides (formed by the elements of Box A of 
Table 2.1) 

2. Covalent carbides (formed by the elements of Box B of 

Table 2.1) 

3. Intermediate carbides (formed by transiton metals of 
Groups VII and VIII) 

4. Salt-like carbides (formed by the elements of Groups I, 

II, and III) 

2.2 Refractory Qualifications 

The term refractory, as stated in Ch. 1, means a material with a high 

melting point, arbitrarily fixed at >18OO”C, and with a high degree of 
chemical stability. Only the interstitial and covalent carbides fulfill these 

two qualifications. The intermediate and salt-like carbides do not meet one 

or both of these conditions and cannot be considered as refractory, yet they 

are important materials and are briefly reviewed in Sets. 5.3 and 5.4. 

2.3 Factors Controlling Carbide Formation 

Three general and interrelated atomic characteristics play an essential 

part in the formation of carbides (and indeed of all compounds), i.e., the 
difference in electronegativity between carbon and the other element, the 

size of the respective atoms, and the bonding characteristics of these atoms. 
These factors are examined in the following three sections. 

3.0 CARBIDE FORMATION AND ELECTRONEGATIVITY 

3.1 Definition of Electronegativity 

Electronegativity can be roughly defined as the tendency of an 

element to gain electrons and form negative ions. In the partial Periodic 
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Table shown in Table 2.1, the elements are listed with their electronegativ- 

ity, calculated by using the values of Pauling and others. It should be noted 
that electronegativity of an element is not a fixed value but is dependent on 

its valence state. The table shows that carbon and nitrogen have higher 
electronegativity than any other elements to their left.121131 

3.2 Comparison of Electronegativity 

The difference in electronegativity between carbon and the other 

element forming a carbide is an important factor in determining the nature of 

the compound. As shown in Table 2.1, that difference in the interstitial 

carbides is large (Box A) while it is much less pronounced in the covalent 
carbides (Box B). 

Table 2.1: Periodic Table of the Elements Showing Their Electronegativity 

and Elements Forming Refractory Carbides 

H 

2.1 

Li Be 
1.9 1.5 

Na Mg 
0.9 1.2 

K Ca SC 

0.9 1.0 1.3 

Rb Sr Y 
0.8 1.0 1.2 

Ca Ba La 
0.7 0.9 1.1 

BOX A 

BOX B 

BCNOF 
2.0 2.5 3.0 3.5 4.0 

Al Si P s Cl 
1.5 1.8 2.1 2.5 3.0 

Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br 

1.5 1.6 1.6 1.5 1.8 1.8 1.8 1.0 1.6 1.6 1.8 2.0 2.4 2.8 

Zr Nb MO Te Ru Rh Pd Ag Cd In Sn Sb Te I 
1.4 1.6 1.8 1.9 2.2 2.2 2.2 1.9 1.7 1.7 1.8 1.9 2.1 2.5 

Hf Ta W Re OS Ir Pt Au Hg Tl Pb Bi PO At 

1.3 1.5 1.7 1.9 2.2 2.2 2.2 2.4 1.9 1.8 1.8 1.9 2.0 2.2 

Note: Elements in Box A form refractory interstitial carbides and elements in Box B form 

refractory covalent carbides 
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4.0 CARBIDE FORMATION AND ATOM SIZE 

4.1 Atomic Radius 

The second factor controlling carbide formation is the atomic radius 

of the constituent elements. The radii of elements forming carbides are 

listed in Table 2.2. A certain caution is in order when considering the radius 
of an element since the size of an atom is related to a wave function and it 

follows that no atom has a precise radius. Thus, the values given in Table 
2.2 are essentially assumptions, yet they form an empirically useful set of 

valuesI Moreover, the radius of an atom may change depending on the 
hybridization. 

Table 2.2: Approximate Atomic Radius of Carbon and Selected Elements141151 

Element 
Atomic 
Number 

Atomic Radius 
(mn) 

Type of 
Carbide 

Boron 5 
CARBON 6 
Nitrogen 7 

Oxygen 8 
Aluminum 13 
Silicon 14 
Titanium 22 
Vanadium 23 
Chromium 24 
Manganese 25 
Iron 26 

Cobalt 27 
Nickel 28 
Zirconium 40 
Niobium 41 
Molybdenum 42 
Hafnium 72 
Tantalum 73 

Tungsten 74 

0.088* 
0.078* 
0.074* 
0.066* 
0.126* 
0.117* 
0.1467** 
0.1338** 
0.1267** 
0.1261** 
0.1260** 
0.1252** 
0.1244** 
0.1597** 
0.1456** 
0.1386** 
0.1585** 
0.1457** 
0.1394** 

C 

S 
C 
IS 
IS 
IM 
IM 
IM 
IM 
IM 
IS 
IS 
IS 

IS 
IS 

IS 

* Tetrahedral radii (sp3) 
** Coordination Number (CN)= 12 

IS = interstitial carbide 
C = covalent carbide 
IM = intermediate carbide 
S = salt-like carbide 
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The values of Table 2.2 are for the prevaling hybridization in carbide 

formation (see discussion of hybridization in Ch. 3). One should note that 
carbon is one of the smallest atoms. Table 2.2 also shows the type of carbide 

formed, i.e., interstitial (IS), covalent(C), intermediate (IM), or salt-like (S). 

4.2 Carbide Formation and Ratio of Atomic Radii 

The importance of the atomic radius will become evident as the 

structure of interstitial, intermediate, and covalent carbides is reviewed in 

Chs. 3 (intersitial carbides) and 7 (covalent carbides). Generaly speaking, 
when the difference is large, interstitial carbides are formed (i.e., TIC); 

when it is small, covalent carbides are formed (i.e., SIC). 

5.0 THE ATOMIC BONDING OF CARBIDES 

In addition to electronegativity and atomic size considerations, the 

other important factor governing the structure of carbides is the nature of the 

bond between the carbon atom and the other element forming the compound. 

One should note that bonding, electronegativity, and atom size are all 
interrelated. 

A bond is the force of attraction that holds together the atoms of a 

molecule or a crystal. It is characterized by two factors: its length- 

determined by spectroscopic or diffraction techniques, and its 
strength-determined from quantitative energy measurements during bond 

formation or bond dissociation. The nature of the bond is a function of the 

electronic configuraton of the constituent elements, the types of orbitals 

available, and the bond polarity. Generally, short bonds are stronger than 

long bonds.161 
The bonds in refractory carbides can be ionic, metallic, covalent, or 

combinations of these.l*l 

5.1 Ionic Bond 

An ionic bond is formed by transfer of valence electrons between two 

different atoms, resulting in a positive and a negative ion, and the resultant 

electrostatic attraction between these ions of unlike charges. Large 
differences in electronegativity favor ionic bonding. The archetypal ionic 
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material is sodium chloride (NaCl). Other examples of ionic bond are the 

salt-like carbides described in Sec. 5.4. 

5.2 Covalent Bond 

Covalent bonds are formed by the sharing of electrons (rather than 

transfer). Typically two atoms share a pair of electrons. A covalent 
structure, that of diamond, is shown schematically in Fig. 2.1 .[“I The 

shaded regions designate a high probability of finding the shared electrons 

(see Sec. 3.3). 

0 Carbon atom 

Note: Shaded re Ions desIgnate high probablltly 
of flndlng share 8 elechons 

Figure 2.1: Schematic representation of the structure of the diamond crystal. 
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5.3 Metallic Bond 

In a metallic bond, the atoms are considered to be ionized, with the 

positive ions arranged in the lattice positions. The electrons are delocalized, 

that is, they are able to move essentially freely throughout the lattice. The 

bonding occurs by the electrostatic attraction between the electrons and the 

positive metal ions. Most metals can be considered as close-packed arrays 
of atoms held together by these delocalized electrons. The metallic bond 
contributes to the bonding of interstitial carbides and is described in more 

detail in Ch. 3. 

6.0 GENERAL CHARACTERISTICS OF CARBIDES 

The characteristics of the four categories of carbides can be summarized 

as follows. 

6.1 Interstitial Carbides 

The difference in electronegativity between the two elements of the 

interstitial carbides is large. The carbon atom has a much smaller size than 

the other atom, allowing it to nest in the interstices of the lattice (hence the 

name interstitial). The bonding is partly covalent and ionic, but mostly 

metallic which explains why the interstital carbides closely resemble metals. 

Like metallic alloys, their composition is often indeterminate and their 
electrical and thermal conductivities are high. In addition, they have high 

melting points, high hardness and are chemically inert.lll They fully meet 

the refractory criteria and are reviewed in detail in Chs. 3, 4, 5, and 6. 

6.2 Covalent Carbides 

The difference in electronegativity between the two elements of the 

covalent carbides is small. The carbon atom is only slightly smaller than the 

other atom. The bonding is essentially covalent.1’1 Only two covalent 
carbides, silicon carbide and boron carbide, fully meet the refractory 

criteria. Other carbides such as beryllium carbide, Be& are only partially 

covalent and, while they have a high melting point, are generally not 

chemically stable and are not considered here. 
The refractory covalent carbides are reviewed in detail in Chs. 7 and 8. 
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6.3 Intermediate Carbides 

Some transition metals of Groups VII and VIII such as manganese, 

iron, cobalt, and nickel, as well as chromium of Group VI also form 

carbides but, as shown in Table 2.2, their atomic radii are too small to 
accomodate the carbon atom in interstitial positions without severe distor- 

tion of the lattice. The carbon atoms are close enough for carbon-carbon 

bonds and carbon chains to form.lll These carbides are not generally 

chemically stable. They are hydrolyzed by water or by dilute acids to 

produce hydrocarbons and hydrogen. An exception is chromium carbide, 

Cr,C,, which is a refractory border-line case. Yet, because of its interesting 

properties and commercial use, it is included in this study. 

6.4 Salt-Like Carbides 

The salt-like (or salinic) carbides are formed with carbon and the 
most electropositive elements, found in Groups I, II and III to the left of the 

Periodic Table (Table 2. I.). These elements have an electronegativity 

difference of about two or more which corresponds to an atomic bond that is 
at least 50% ionic. 

These compounds have the characteristics of a salt, that is, they have 

a fixed composition; their physical properties are unlike those of their 

constituent elements; they are generally transparent to optical radiation and 

are good electrical insulators. They form transparent and colorless crystals. 
Some contain C4- ions such as aluminum carbide (Al&) and beryllium 

carbide (Be&). They evolve methane when hydrolyzed and for that reason 

are usually known as methanides. Others contain C2 ions such as calcium 

carbide (CaC,); they yield acetylene when hydrolyzed and are known as 

acetylides.1’1 
Although some of these salt-like carbides have high melting point (for 

instance beryllium carbide sublimes above 21OO”C), they are decomposed 

readily by water and/or dilute acids at ordinary temperatures and thus do not 

meet the refractory criteria of this book. However, this does not necessarily 

detract from their usefulness. Aluminum and beryllium carbides, the three 

actinide carbides: ThC, UC and PuC, and several lanthanide (rare earth) 

carbides are important industrial materials in several areas such as atomic 

energy and others.111131 
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Interstitial Carbides, 

Structure and 

Composition 

1.0 DEFINITION AND GENERAL CHARACTERISTICS OF 
INTERSTITIAL CARBIDES 

As mentioned in the previous chapter, the refractory carbides consist 

of two structurally different types: the interstitial carbides and the covalent 

carbides. This chapter provides a general review ofthe structural character- 
istics of the interstitial carbides. 

1.1 Definition 

Interstitial carbides are crystalline compounds of a host metal and 
carbon. The host-metal atoms are generally arranged in a close-packed 

structure and the carbon occupies specific interstitial sites in that structure. 

Such a model sets size restrictions on the two elements in order for the 

carbon atom to fit into the available sites and the population of these sites (if 

all are occupied) determines the stoichiometry of the carbide. 

Interstitial structures were formulated empirically by Hagg in 193 1 

and are also known as H&g’s structures. Hagg observed that the metals of 

17 
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the nine early-transition elements fit the criteria for size and site availability 

and form interstitial carbides. These nine metals are: 

Group IV Group V Group Vl 

4th Period 

5th Period 

6th Period 

Titanium Vanadium Chromium 

Zirconium Niobium Molybdenum 

Hathium Tantalum Tungsten 

1.2 General Characteristics 

The interstitial carbides have several important characteristics in 
common.111121 

They fully meet the refractory criteria 

Their interstitial structures lead to a combination of metallic, 

covalent, and ionic bonds 

They are primarily non-stoichiometric phases, and ordering 

of the carbon atoms is common 

They combine the physical properties of ceramics and the 

electronic properties of metals, i.e., high hardness and strength 
with high thermal and electrical conductivities 

They have the highest melting points of any group of materials 

They have high thermal and chemical stability 

2.0 ELECTRONIC STRUCTURE OF CARBON 

Carbides, like all materials, have a well-defined internal electronic 

structure which governs their behavior and controls their properties. This 

means that, in order to understand their mechanism of formation and their 

general characteristics and properties, it is essential to have a clear picture 
of the electronic configuration of their constituents. The element common to 

all carbides is, of course, carbon; a short review of its structure follows.131 
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2.1 Nucleus and Electronic Configuration of the Carbon Atom 

Ground-State Configuration. The element carbon has the symbol C 
and an atomic number (or Z number) of 6, i.e., the neutral atom has six 
protons iu the nucleus and correspondingly six electrons. In addition the 
nucleus includes six neutrons (for the carbon-12 isotope). The configura- 
tion of the six electrons is ls22s22p2, that is two electrons are in the K shell 
(1s) and four in the L shell: two in the 2s orbital and two in the 2p orbital as 
shown in Fig. 3.1. 

Figure 3.1: Schematic representation of the electronic structure of the carbon atom. 

Quantum Numbers. The notation Is* (or 2s*, or 2p2) refers to the 
quantum numbers necessary to define an orbital.[41 The number “1” refers 
to the K or first shell (principal quantum number); the letter ‘5” refers to the 
subshell s (angular momentum quantum number) and the superscript nu- 
meral “2” refers to the number of atoms in that subshell. The K shell has 
only one orbital (the s orbital) and it cannot have more than two electrons. 
These two electrons, which have opposite spin, are the closest to the nucleus 
and have the lowest possible energy. The filled K shell is completely stable 
and its two electrons do not take part in any bonding. 
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The next two terms, 2s2 and 2p2, refer to the four electrons in the L 

shell. The L shell, when filled, can never have more than eight electrons; the 

element neon has a filled L shell. The L-shell electrons belong to two 

different subshells, the s and the p, and the 2s and the 2p electrons have 
different energy levels (the number “2” referring to the L or second shell, 
and the letters “s” and “p” to the orbitals or subshells). The two 2s electrons 

have opposite spin and the two 2p electrons parallel spin. This view of the 

carbon atom is represented schematically in Fig. 3.2 

L-Shell 
Electrons 

K-shell 
Electrons 

Note: Arrow lndlcates dIrectIon of eleclmn spin 

Figure 3.2: Diagram of the carbon atom in the ground state. Shaded areas indicate 

valence electrons. 

Ground State. The configuration of the carbon atom described 

above refers to the configuration in its ground state, that is, the state where 
its electrons are in their minimum orbits, as close to the nucleus as they can 

be, with their lowest energy level, i.e., a single isolated atom. 

Electron Wave Function. It should be stressed at this stage that no 

electron in an atom or a molecule can be accurately located. The electron 

wave function establishes the probability of an electron being located in a 
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given volume with the nucleus being the origin of the coordinate system. 

Mathematically speaking, this function has a finite value anywhere in space, 
but the value of the function becomes negligible at a distance of a few 

angstroms from the nucleus. For all practical purposes, the volume where 

the electron has the highest probability of being located is well defined and 

is usually represented as a small shaded volume.151 The precise location 

within this volume is uncertain. A description of the modern view of the 
atom is found in Ref. 6. 

Ground-State Orbitals. The carbon-atom orbitals in the ground 

state can be visualized as shown graphically in Fig. 3.3. The wave-function 

calculations represent the s orbital as a sphere with a blurred or fuzzy edge 

that is characteristic of all orbital representation. As a sphere, the s orbital 

is nondirectional. The 2p orbital can be represented as an elongated barbell 

which is symmetrical about its axis and consequently is directional. 

s OrbItal 

p OrbItal 
Figure 3.3: Schematic representation of the s andp orbitals. 
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Valence Electrons. In any given atom, the electrons located in the 

outer orbital are the only ones available for bonding to other atoms. These 

electrons are called the valence electrons. In the case of the carbon atom in 

the ground state, the valence electrons are the two 2p orbitals. Carbon in 

this state would then be divalent, since only these two electrons are available 

for bonding. 

2.2 Hybridization of the Carbon Atom 

This section and the next are a review of the ways carbon atoms bond 

to themselves or to other elements to form solids such as the carbides. 
Carbon Hybrid Bonds. The ls22s22p2 configuration of the carbon 

atom in the ground state described in the preceding section does not account 

for the various types of bonding found in carbon molecules or carbon 

compounds such as carbides, hydrocarbons, and many others. To account 
for these bonds, this ground state configuration must be altered to a state 
having four valence electrons instead of two, each in a separate orbital, and 

each with its spin uncoupled from the other electrons. This alteration occurs 

as a result of the formation of hybrid atomic orbitals. The hybridization can 

take one of three configurations, each with its own typical distribution of 
bonds in space: sp3, sp2, or sp. In carbide structures, most bonding occurs 

with the sp3 configuration which can be summarized as follows (for a 

description of the sp2 and sp orbitals and bonds see Ref. 3). 

The Carbon Hybrid sp7 Orbital. In the sp3 hybrid configuration, 

the arrangement of the electrons of the L shell of the atom in the ground state 

is modified as one of the 2s electrons is promoted (or lifted) to the higher 

orbital 2p as shown in Fig. 3.4. These new orbitals are called hybrids since 

they combine the 2s and the 2p orbitals. They are labeled sp3 since they are 

formed from one s orbital and threep orbitals. 

In this hybrid sp3 state, the carbon atom has four 2sp3 orbitals, instead 
of two 2s and two 2p of the ground-state atom. The valence state is raised 

from two to four and can accept four other electrons from another atom. 

The calculated sp3 electron-density contour is shown in Fig. 3.5 and a 

graphic visualization of the orbital, in the shape of an electron cloud, is 
shown in Fig. 3.6.n This orbital is asymmetric, with most of it concen- 

trated on one side and with a small tail on the opposite side. The lobes are 

labeled + or -. These refer to the sign of the wave function and not to any 

positive or negative charges since an electron is always negatively charged. 
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Carbon Atom Ground State 

L-Shell ElecWor~ 

sp” Hybrldhotion 

I IS I P, I 

Figure 3.4: Diagram of the sp3 hybridization of the carbon atom. Shaded areas indicate 
valence electrons. Arrows indicate direction of electron spin. 

Nodal Surface 

I I I I I I I 

1 0 1 2 3 

Bohr Radius (a,,) 

Figure 3.5: Calculated electronxlensity contours of the sp3 hybridization ofthe carbon atom. 
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Figure 3.6: Cloud representation of the sp3 hybrid orbital. 

The energy required to accomplish the sp3 hybridization and raise the 

carbon atom from the ground state to the corresponding valence state V, is 

230 k.I mol-‘. This hybridization is possible only because the required 

energy is more than compensated by the energy decrease associated with 

forming bonds with other atoms. 

2.3 The s$ Bond 

The hybridized atom is now ready to form a set of bonds with other 

atoms. It should be stressed that these hybrid orbitals (and indeed all hybrid 

orbitals) are formed only in the bonding process with other atoms and are 

not representative of an actual structure of a free carbon atom.181 

Bond Formation. The sp3 bond formation is illustrated in Fig. 3.7. 

By convention, a directional (or stereospecific) orbital such as the sp3 is 

called a sigma (cr) orbital, and the bond a sigma bond. The direction of the 

four bonds produces a tetrahedral symmetry which is found in structures 

such as diamond or silicon carbide where the carbon atom is bonded to four 
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other carbon atoms in the case of diamond, or to four atoms of silicon in the 
case of silicon carbide. In both cases, the four bonds are of equal strength. 

Covalence. Carbon sp3 bonding is covalent, that is, the atoms share 

a pair of electrons. Such covalent bonds are strong since the carbon atom is 
small and four of its six electrons (the four sp3 valence electrons) form 

bonds. This is the case for the two covalent carbides, silicon carbide and 

boron carbide (see Ch. 7). The bonding in interstitial carbides is not as 

straightforward and is a combination of covalent, metallic, and ionic bond- 

ing as reviewed in Sec. 6.0. 

Figure 3.7: Cloud representation of the sp3 hybrid orbital bonding (a bond) showing 
covalent bonding 

3.0 THE EARLY TRANSITION METALS 

3.1 Definition of Transition Elements 

The metals listed in Sec. 1.1 belong to a class of metallic elements 

known as transition elements which are characterized by their special 
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electronic arrangement. In the electronic configuration of other elements, 

the filling of an electronic shell occurs gradually and a shell must be full 
before the next one is occupied. This is not the case with transition elements, 

which can be broadly defined as elements having partially filled inner shells. 
Such a peculiar electronic structure plays an important role in the formation 

of interstitial carbides.tgl 

3.2 Electronic Configuration of Early Transition Metals 

The metals forming interstitial carbides are the early d-block transi- 

tion elements. In these elements, the d shell is an inner shell and is only 
partially filled. The valence (bonding) electrons include not only the s 

electrons of the outermost shell but also the d electrons of that unfilled d 
shell. The bonding characteristics of these d-block elements are quite 

sensitive to the number and arrangement of the d electrons present. 
The electronic configuration is shown in Table 3.1. One should note 

that the d shell is never more than half-full (a full d shell having 10 

electrons). 
The three metals of the fourth period (Ti, V, Cr) have a 3d inner 

subshell which is filled with a gradually increasing number of electrons 

while the outermost subshell 4s is virtually the same. They are known as 3d 
transition elements. 

In the case of the three metals of the fifth period (Zr, Nb, MO), it is the 
inner subshell 4d that is gradually filled with an increasing number of 

electrons; the 4f shell remains empty. They are known as 4d transition 

elements. 
For the three metals of the sixth period (Hf, Ta, W), it is the inner shell 

5d that is partially filled, while the Sfshell remains empty. They are known 

as 5d transition elements. 

The 3d, 4d, and 5d subshells extend outward to the periphery of the 

atom (or ion) and are strongly influenced by other atoms (such as carbon) 

and vice versa. The number and location of these valence electrons affect 

the structure and characteristics of the respective carbides.tgltlOl 
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Table 3.1: Electronic Configuration of Early Transition Metalslgl 

Shells and Subshells 

K’L M N 0 P 
-- - 

G 2s 3s 3d 4s 4p 4d 4f 5s 5p 5d 5f 6s 
Element Z 2P 3P %! 

Ti 22 28822 
V 23 2 8 8 3 2 Note: incomplete d shells 
Cr 24 2 8 8 5 1 shown in bold 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Zr 40 2 8 8 102 6 2 - 2 
Nb 41 2 8 8 102 6 4 - 1 
MO 42 2 8 8 102 6 5 - 1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Hf 72 2 8 8 10 2 6 10 14 2 6 2 - 2 
Ta 73 2 8 8 10 2 6 10 14 2 6 3 - 2 
W 74 2 8 8 10 2 6 10 14 2 6 4 - 2 

. . 

. . 

4.0 CRYSTAL STRUCTURES 

The crystalline structure of early transition metals and their carbides 
belongs to one of the following types. 

4.1 Close-Packed Crystalline Structures 

A crystal can be defined as a solid in which the unit cells (atoms or 
molecules) have a three-dimensional periodic arrangement. In many crys- 
talline systems, including interstitial carbides, the packing of atoms is such 
that they occupy a minimum of space and this is known as close packing. 

In a close-packed structure, the atoms of the close-packed planes fit 
into the depressions of the adjacent planes and each atom is surrounded by 
six close neighbors in a hexagonal configuration as shown schematically in 
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Fig. 3.8, where atoms are represented as spheres. The interstices between 

the spheres are roughly triangular in cross section and can be divided into 

two groups, one pointing upwards (labeled B) and one pointing downwards 

(labeled C). 

.................... ........................ ......................... ........ 

................ ........................................ .................... .................... ................. 

A Atoms 

B lnterskes pointing upwards 

C Interslices polntlng downwards 

Figure 3.8: Schematic of the close packing of atoms 

4.2 Hexagonal Close-Packed (hcp) and Face-Centered Cubic 
Close-Packed (fee) Structures 

The close-packed crystalline structures are either hexagonal 

close-packed (hcp) or face-centered cubic close-packed (fc~).l~~ll~~l In a 

hexagonal close-packed structure, the atoms of the first layer are directly 

over those of the third layer and this planar arrangement is shown in Fig. 

3.9a and 3.9b. The layer sequence is expressed as ABAB and the resulting 

crystal has a hexagonal symmetry. 

In a face-centered cubic close-packed structure, the successive layers 

are repeated in the layer sequence ABCABC as shown in Fig. 3.10a and 3.1 Ob. 

Another view of these two structures, hcp and fee, is illustrated in Fig. 
3 11 [loI In both cases, each packing atom has twelve equidistant nearest . . 
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neighbors (i.e., its coordination number is 12). These structures are 
compact with a volume per atom of only 5.66 R3, R being the radius of the 

spherical atom.[‘*l 

(a) 

Figure 3.9: Schematic of a hexagonal close-packed (hcp) crystal structure. (a) Layer 
sequence viewed in the (001) direction. Two layers are shown. Note: (001) plane is 
expanded by a factor of two while diameter of atom is kept constant to show layer 
sequence. (a) Layer sequence viewed perpendicular to the { 00 l} direction. 
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-A 

-B 

C 

A 

Figure 3.10: Schematic of a face-centered close-packed (fee) crystal structure. (a) Layer 
sequence viewed in the (001) direction. Two layers are shown. Note: (001) plane is 
expanded by a factor of two while diameter of atom is kept constant to show layer 
sequence. (b) Layer sequence viewed perpendicular to the { 00 1) direction. 
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Heg<agondckbepad<ed clbkaose-packed 

l -- 

Figure 3.11: Schematic of the arrangement of the 12 nearest neighbors around one packing 
atom. 

4.3 Body-Centered Cubic (bee) and Simple Hexagonal Structures 

Two other crystalline structures which are not close-packed must be 

mentioned here: the body-centered cubic (bee) and the simple hexago- 

nal (hex). The bee structure is a common structure of early transition 

metals and is shown in Fig. 3.12. Each atom has only eight equidistant 

nearest neighbors instead of twelve for close-packed systems (coordination 

number = S), and the structure has a lower density with a volume per atom 
of6 16 R3 [14[131 

The simple hexagonal (hex) unit cell is show-n in Fig. 3.13 typically 

represented by the WC structure (see Sec. 5.0). 

4.4 Crystal Structures of Early Transition Metals 

The crystalline structures and lattice parameters of the early transi- 

tion metals are shown in Table 3.2. 
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Figure 3.12: Schematic of the unit cell of a cubic body-centered (bee) crystal structure. 

C 
A 

I 

al “i--I a 

Figure 3.13: Schematic of the unit cell of a simple hexagonal (hex) crystal structure. 
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Table 3.2: Crystal Structure of Early Transition Metals 

Group IV Metals 

Titanium aTi: hcp (a, = 0.2950, c, = 0.4686) low-temp. form 

PTi: bee (a, = 0.3307), high-temp. form 
(transition temperature: 880°C) 

Zirconium aZr: hcp (a, = 0.3232, c, = 0.5 147) low-temp. form 

PZr: bee (a, = 0.362), high-temp. form 

(transition temperature 750°C) 
Hafnium uHf hcp (a, = 0.3 197, c, = 0.5058) low-temp. form 

PHf: bee 

(transition temperature 1750°C) 

Group V Metals 

Vanadium bee (a, = 0.3024) 
Niobium bee (a, = 0.3300) 
Tantalum bee (a, = 0.3306) 

Group VI Metals 

Chromium c&r bee (a, = 0.2884) 

pCr fee (a, = 0.368) 

yCr hcp (a, = 0.2722, c, = 0.4427) 

Molybdenum bee (a, = 0.3 147) 

Tungsten bee (a, = 0.3 165) 

Note: Lattice parameters, expressed in nm, are shown in brackets 

The metals of Group IV have two structures, a low-temperature one 

(a) which is hcp and a high-temperature one (j3) which is bee. Those of 

Group V and VI (with the exception of chromium) have only one structure. 
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5.0 ATOMIC STRUCTURE OF INTERSTITIAL CARBIDES 

5.1 Definition of Interstitial Structures 

An interstitial structure is one in which the ions or atoms of a 

nonmetallic element, typically carbon for carbides, nitrogen for nitrides, or 

hydrogen for hydrides, occupy certain interstitial sites within a metal lattice. 
Expressed in geometrical terms, the ratio of the radius of the interstitial atom 

to the radius of the atom of the host metal must be less than 0.59 for an 

interstitial structure to be formed.[l*l 

5.2 Atomic-Radii Ratio 

As shown in Table 3.3, the nine early transition elements qualie as 

host structures for interstitial carbides, with the borderline exception of 

chromium. The radii ratio is smallest for the carbides of Group IV and 

highest for those of Group VI.[*J*J 

Table 3.3: Carbon/Metal Atomic Radii Ratio of Interstitial Carbides 

Group IV Group V Group VI 

TX 0.526 v-c 0.576 Cr-C 0.609 
Zr-C 0.483 Nb-C 0.530 MO-C 0.556 
Hf-C 0.486 Ta-C 0.529 w-c 0.553 

Limit for interstitial formation: 0.59 

5.3 Interstitial Sites 

The metal atoms of a close-packed crystal structure, visualized as 

solid spheres, obviously cannot fill all the space available. The volumes (or 

voids) between them are known as interstitial sites. The polyhedron formed 
by connecting the centers of the spheres surrounding the void is either 

tetrahedral or octahedral (the void itself is not). A tetrahedron has four 
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plane faces and a tetrahedral site is shown in Fig. 3.14. An octahedron has 

eight plane faces and an octahedral site is shown in Fig. 3.15. 

(a) @I 
Top View p-0 

Figure 3.14: Schematic of a tetrahedral site formed by close-packed spheres. 

Figure 3.15: Diagram showing the location of the octahedral sites (x) between layers of 
close-packed spheres. 
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Tetrahedral interstitial sites are small and the largest atom able to fit 
into them without distorting the host lattice must have a radius no larger than 
0.225 R, R being the radius of the metal atom. Octahedral interstitial sites 

are much larger and the largest atom able to fit into them without distorting 

the lattice can have a radius up to 0.59 R as mentioned in the previous 

section. 
Closed-Packed Structures. In a close-packed interstitial carbide, 

the carbon atom is far too large to occupy a tetrahedral site and can only fit 

into an octahedral site. In these sites, it is octahedrally coordinated with the 

six metal atoms that surround it and thus achieves the highest possible 

coordination number. Since there is only one octahedral site per metal atom 

and if all are occupied by a carbon atom, a stoichiometric monocarbide is 

formed. 

Simple Hexagonal Structures. Another site for the carbon atom is 

found in the simple hexagonal structure of tungsten carbide (WC) and 

chromium carbide (Cr,C,). This is a special case where metal-atom layers 
are not displaced laterally but are stacked directly over one another forming 

a sequence of layers AA or BB. Such structures are not close-packed and do 
not form octahedral sites; the available interstitial sites are trigonal prisms 

as shown in Fig. 3.16. To form a simple hexagonal structure, the ratio of the 

carbon atom radius to the metal atom radius must be greater than 0.53 (but 

less than 0.59); this is only possible with the carbides of Group VI as shown 

in Table 3 3 1121 . . 

5.4 The Chromium Carbide Exception 

Chromium carbide, with a carbon/metal atomic-radii ratio of 0.61, is 

a borderline case and, strictly speaking, belongs to the intermediate class of 

carbides (reviewed in Ch. 2, Sec. 5.3). Yet, unlike other intermediate 

carbides, it meets the refractory criteria and is a material of major industrial 
importance. For these reasons, it is included in this book (see Ch. 7). 

6.0 CRYSTALLINE STRUCTURE AND COMPOSITION OF 
INTERSTITIAL CARBIDES 

6.1 Crystalline Structure 

As shown in the previous section, the ratio of the atomic radii of the 

elemental components (RJR,) determines the suitability of a system to 
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form interstitial structures. It is also a factor in determining the type of 

crystal structure that the compound will adopt. 

I ----- 
t 

: 
r 
----_- 

Carbon Atom 

Figure 3.16: Schematic representation of the simple hexagonal (hex) structure of the 
tungsten carbide crystal. 

6.2 Composition and Structure 

The major compositions and structures of interstitial carbides are 
summarized in Table 3.4, and are reviewed in more detail for each carbide in 

Chs. 5, 6, and 7.1211131 

The table shows that the structure and composition of interstitial 

carbides increase in complexity with increasing group number, but are 
generally similar within each group; it also shows that all monocarbides 

have a fee structure and that the carbon to metal ratio is one or less. 

The characteristics of each group are summarized in Table 3 S. 
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Table 3.4: Major Compositions and Structures of Interstitial Carbides 

Group IV Group V Group VI 

Tic,_, (fee) 

zrc,_, @cc) 

M-C,, (kc) 

V,C (b) 
v‘lc3* 
v&G* 
v&7* 
vc (fee) 

%C (hcp) 
%3’2* 

Nbp 
Nbc (fee) 

TqC (hcp) 
Ta3C2* 
Ta,C,* 

TaC (fee) 

fee = face-centered cubic close packed 
hcp = hexagonal close packed 
hex = simple hexagonal 
* unidentified 

Cr2,G @cc) 
Cr,C,. 
Cr,C, (hex) 

Mo,C (hcp) 

Mo,C,. 
MoC (hex) 

W,C (hcp) 

WC (hex) 

Table 3.5: Known Phases and Structures of Interstitial Carbides 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

Group IV Carbides 

Lowest carbon/metal atomic radii ratio 
Composition is monocarbide with carbon atoms in all octahedral sites 
(at stoichiometry) 
fee structure (NaCl) only 
Structure of host metal is either hcp or bee 

Group V Carbides 

Intermediate carbon/metal atomic radii ratio 
Major composition is M,C composition (stable phase) with carbon 
atoms occupying half the octahedral sites 
hcp and fee structures 
Host metal has only one structure: bee 

Group VI Carbides 

Highest carbon/metal atomic radii ratio 
Several compositions 
fee, hcp, and hexagonal structures 
Host metal has only one structure: bee 
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6.3 Metal-to-Carbide Structural Switching 

As shown in Table 3.2, most early transition metals have a bee 

structure which is not geometrically suitable to accommodate the carbon 

atoms in its interstices. Consequently, in order to form a carbide, the metal 

must switch to a close-packed structure (fee or hcp), which provides 

octahedral sites large enough for the carbon atoms and is in turn stabilized 
by them. The switch can be seen by comparing Tables 3.2 and 3.4. 

This switch is accompanied by an increase of a few percent in the 

distance between the metal atoms, as shown in Table 3.6. This table 
compares the metal-to-metal (M-M) atomic spacing of the pure metals of 

Group IV and V and their M-M spacing within their monocarbide (MC) 

structure.12l115l In every case, the M-M spacing increases when going from 
the pure metal to the carbide. The increase is more pronounced with the 

carbides of Group V than for those of Group IV. This factor influences the 

metallic bonding as reviewed in the following section. 

Table 3.6: Atomic Spacing of Pure Metal and Monocarbide Host Metal 

Carbide 

M-M Spacing M-M Spacing 

Pure zetal* Host zeta1 

(nm) (nm) 

Change 
(%) ** 

TIC 0.2934 0.3065 + 4.46 

ZrC 0.3194 0.3324 + 3.91 
HtC 0.3170 0.3294 + 3.76 

vc 0.2676 0.2923 + 8.79 
NbC 0.2912 0.3 147 + 7.46 

TaC 0.2914 0.3131 + 6.93 

* For coordination number = 12 

** Change going from the pure metal to the host metal in the carbide 
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This switch in the metal structure occurring when an interstitial 
carbide is formed has been used to assert that these compounds are not truly 
interstitial structures since the basic metal framework is modified.l15l This 
interpretation may be semantically correct but the use of the term interstitial 
is widespread and, if not entirely accurate, provides a visual and easy-to- 
grasp representation of the structure. 

6.4 Density Considerations 

Table 3.7 compares the density of the metals of Groups IV, V, and VI 
with the density of the corresponding interstitial carbides (for materials 
closest to stoichiometry) and the difference between the two in percent.111121 

Table 3.7: Density of Metals and Corresponding Interstitial Carbides 

Carbide 

Carbide Metal 
Density Density 

(g/cm3) Wcm3) 

Change 
(%) * 

Group IV TiC 4.91 4.54 + 8.1 
ZrC 6.59 6.51 + 1.2 
HtC 12.67 13.36 - 5.1 

Group V VC 5.65 6.11 - 7.5 
NbC 7.79 8.56 - 9.0 
TaC 14.5 16.6 - 12.6 

Group VI cr3c2 6.68 7.20 - 7.2 
Mo,C 9.06 10.22 - 11.3 
WC 15.8 19.3 - 18.1 

* Change in density going from the host metal to the carbide 
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TIC and ZrC both have higher density than their respective metals, whereas 

the other carbides have lower density, possibly corresponding to a larger 

increase in M-M spacing occuring during formation of the monocarbide 

noted in Table 3.6. 

7.0 ATOMIC BONDING OF INTERSTITIAL CARBIDES 

7.1 Complexity of Bonding System 

As shown in the preceding section, the spatial arrangement of intersti- 

tial carbides is relatively well established. How the carbon and metal atoms 

are held together is more uncertain. The subject is still controversial and a 

definite unified bonding scheme has yet to be devised. However, the 
understanding of this bonding, theoretically and experimentally, is progress- 

ing, particularly with the monocarbides which have been more thoroughly 

investigated than the other compositions. A point of general agreement is 

that the bonding system is complex. 
The structural characteristics and properties of interstitial carbides 

are generally different from those one might expect from a simple solution of 

carbon atoms in the interstices of the transition metal, reflecting an obvious 
change in the atomic bonding. 11*1 Some of the major differences between the 

host metal and the carbide are as follows: 

l The carbides are hard and brittle while the host metals are 

malleable and much softer 

l The carbides have a high bond strength which exceeds by far 

the strength characteristics of the host mekW1 

l The melting point of the carbides is generally much higher 

than that of the parent metal (see Sec. 6.2 and Fig. 3. 10)1171 

l A switch to a more stable structure occurs in every case when 

going from the metal to the carbide, as mentioned in Sec. 5.3 

These differences indicate that interstitial carbides are held together 
by considerably stronger bonds than the purely metallic bonds of the parent 

metals. Indeed, it would be unreasonable not to expect metal-carbon 

bonding to contribute to the strength and stability of the structure. 

Page 61 of 360



42 Handbook of Refractory Carbides and Nitrides 

7.2 Overall Bonding Scheme 

The carbon atoms in an interstitial carbide can be considered as 

isolated atoms nesting, so to speak, within the framework of the metal atoms 

and with essentially no carbon-to-carbon bond since the spacing between 

carbon atoms is too large for any significant atomic interaction resulting 
from overlapping electron shells. The overall bonding scheme is then 

limited to metal-to-metal (M-M) and metal-to-carbon (M-C) bonds and 

combines the three types of bonding: ionic, covalent, and metallic, described 
in Ch. 2, Sec. 5.2.118111gI It can be summarized as follows: 

a. Ionic bonding resulting from a transfer of electrons from 

the metal to the carbon atom, 

b. Metallic bonding with a finite density of states at the 

Fermi-energy level Er, 

c. Covalent bonding between metal d-state and the carbon 

p-state, with some metal-to-metal interaction. 

These bonding schemes are examined in the following sections. 
An accurate determination of the electronic band structure and den- 

sity of states is essential to obtain a precise representation of structure of 
these carbides and understand their bonding mechanisms and the relation 

between bonding characteristics and properties. The band structure is 

usually well characterized and experimental observations are fairly exten- 

sive for the simpler carbides such as the carbides of Groups IV (Ti, Zr, I-If) 
and the monocarbides of Group V (V, Nb, Ta). However, the band structure 
for other compositions and non-stoichiometric compounds is not as thor- 

oughly investigated and is not as well determined.l18l120l 

7.3 Thermal Properties Considerations 

Comparisons of the melting points of interstitial carbides and their 

host metals and the bond energies ofthese carbides give a qualitative view of 

the M-M and M-C bonds. 
Comparison of Melting Point. The melting points are shown in 

Table 3.8 and Fig. 3.17. The Group IV carbides have much a higher melting 

point than their host metals. The differences are smaller for those of Group 

V, while in Group VI the reverse occurs as the metals have higher melting 
points than the corresponding carbides. Table 3.8 also shows the bonding 
energies of the monocarbides (Groups IV and V) are high, a fact that is 
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reflected by the high melting points of these materials.114l Table 3.8 also 
compares the changes in density going from the carbide to the host metal as 
reported in Table 3,7. A point of interest is that the ratio of melting points 
(A4@W,,J and the density changes (from metal density to carbide density) 
gradually and fairly evenly diminishes going from group IV to group VI. 

600 

I 

Figure 3.17: Comparison of melting points of interstitial carbides and their host metals 

Assuming that the melting point of the metal can be used as a gauge of the 
M-M bond strength, i.e., the higher the melting point the higher the M-M 
bond strength, and the melting point of the carbide to gauge the M-C bond 
strength, the following qualitative trend can be established?] 

Group IV M-M bond weak - M-C bond very strong 
Group V M-M bond strong - M-C bond strong 
Group VI M-M bond very strong - M-C bond weak 
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Table 3.8: Bond Energy and Melting Point of Interstitial Carbides and their 

Host Metals 

Bond Energy Melting Point (“C) Density 

E,, eV Carbide Metal MPJMPm Change,%* 

Group IV 

Group V 

Group VI 

TiC 

ZrC 

14.66 3067 1660 

15.75 3420 1850 

17.01 3928 2230 

vc 13.75 2830 1890 

NbC 16.32 3600 2468 

TaC 16.98 3950 2996 

Cr,C, - 1810 1865 

MO& - 2520 2620 

WC - 2870 3410 

1.9 +8.1 

1.9 +1.2 

1.77 -5.1 

1.5 -7.5 

1.46 -9 

1.32 -12.6 

0.97 -7.2 

0.96 -11.3 

0.84 -18.1 

* Change in density going from the host metal to the carbide 

Note: Variations in the thermal properties of interstitial carbides are often found in the 
literature, reflecting the difficulty of these measurements at such high temperatures and 
the essentially non-stoichimetric nature of interstitial carbides. The values given here are 
a general average.[131[141[161[‘71 

Heat of Formation. Properties such as heat of formation and 

standard entropy are important factors in determining the bonding nature of 
solids in general and carbides in particular. 12111 *I Figure 3.18 shows the heat 

of formation of the transition metal carbides for near-stoichiometry compo- 

sitions. Within each group, the absolute values are relatively close but 

decrease markedly when going from Group IV to Group VI. 

These characteristics of the melting point and heat of formation show 
the greater stability of the carbides of Group IV which would imply that the 

bonding portions of their electron band structure are filled (i.e., a half-filled 

d-shell). The carbides of Group V and especially those of Group VI are less 

stable which may be related to the gradual filling of the antibonding portion 
of the bond. 
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Figure 3.18: Heats of formation of interstitial carbides. 
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7.4 Ionic Bonding and Electronegativity 

As mentioned in Ch. 2, electronegativity is the tendency of an element 

to gain electrons and form negative ions. The electronegativity of carbon is 
high while that of the early transition metals is low (see Ch. 2, Table 2.1). 

The differences are shown in Table 3.9. 

Table 3.9: Difference in Electronegativity Between Carbon and Host Metal 

Group IV Group V Group VI 

C-Ti 1.0 c-v 0.9 C-Cr 0.9 
C-Zr 1.1 C-Nb 0.9 C-MO 0.7 

C-I-If 1.2 C-Ta 1.0 c-w 0.8 

Ionic bonding results from the transfer of electrons from one atom to 

the other leading to an electrostatic interaction. A qualitative relationship 

between the difference in electronegativity and the ionic character of the 

bond is well recognized, the greater the difference, the greater the ionicity. 

For an electronegativity difference of one, the percentage ionic character is 

estimated at about 20%.l121 However, such estimation is valid for purely 

ionic structures and may not be entirely applicable to interstitial carbides.l21l 
An ionic bonding contribution has definitely been established, par- 

ticularly for TIC. It indicates a charge transfer from the titanium to the 
carbon, M + C, of about half an electron, resulting in the formation of M+ 

and C- ions. This ionic bonding would be expected to be similar for the 

other carbides of Group IV and those of Group V but less significant for 

those of Group VI as the electronegativity difference decreases.l1gll21l 

7.5 Covalent Bonding in Interstitial Monocarbides 

As opposed to ionic bonding which involves electron transfer, cova- 
lent bonding means the sharing of electrons. Interstitial carbides have some 

degree of covalent bonding (M-C and M-M) resulting mostly from interac- 

tion between the 2p state of the carbon (see Ch. 2, Sec. 3.1) and the d state 

of the metal (the unfilled d orbitals mentioned in Sec. 2.2) and also from 
interaction between metal atoms.lrgl 
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In order to form a monocarbide, the valence electrons of the carbon atom 
hybridize with the spd band of the metal atom. It is likely that the metal 

orbitals are the d2sp3 hybridization since the typical octahedral grouping of 

the metal atoms centered on the carbon atom has six bonds to the six comers 

of the octahedron, thus favoring the M-C bond. Indeed, the dlsp3 hybridiza- 
tion is common in the Group IV metals (Ti, Zr, Hf).1121[211 

7.6 Bonding and Atomic Spacing 

By using the geometrical constants of the structure of the interstitial 
monocarbides and of the individual atoms, Kisly has proposed a relative 

contribution of each bonding component, ionic and covalent, as shown in 
Table 3 10 ~1 . . 

Table 3.10: Metal-Carbon Bond Length and Deviation from Sum of 

Covalent (AC) and Ionic (AJ) Radii of Components 

Metal/Carbon Sum of Sum of 
Bond Length Covalent Ionic 

Carbide (run) Radii (nm) AC (%)* Radii (nm) AJ(%)** 

TIC 0.2158 0.2227 3.2 0.1437 -33.4 

ZrC 0.2341 0.2467 5.4 0.1580 -32.5 

0.23 19 0.2432 4.9 0.1572 -32.2 

vc 0.2059 0.2131 3.5 0.1321 -35.8 
NbC 0.2216 0.2327 5.0 0.1458 -34.2 

TaC 0.2205 0.23 14 4.5 0.1444 -34.5 

* % change going from M-C bond length to sum of covalent radii 

** % change going from M-C bond length to sum of ionic radii 

In this table, the measured length of the metal-carbon bond of each 
monocarbide is compared to the sum of the covalent radii of the metal and 

carbon atoms. The change, AC, is expressed in percentage. As can be seen, 
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it is small and does not exceed 5%. On the other hand, the difference 

between the M-C bond length and the sum of the ionic radii of the constitu- 
ent (AJ) is considerably larger, the ionic radius being over 30% smaller in 

all observed cases. This would indicate that the M-C bond is much more 

covalent than ionic. 

7.7 Metallic Bonding 

The metallic character of the bond is partially retained as evidenced 
by a degree of metallic bonding (M-M) with a finite density of states at the 

Fermi energy and an appreciable electron density in the unit cell.ll*l As a 

result, some properties such as thermal and electrical conductivity have 

strong metallic characteristics (see following three chapters). 

7.8 Band Structure 

Detailed reviews of the band structure of interstitial carbides were 

made by Schwarz,[191 Calais,1201 Neckel,[221 Ivanovsky,[231 and Redinger.[24l 

The band structure can be summarized as follows. The electronic energy 
spectra of these carbides are similar and contain bands of C2s, C2p_Md,s, 

and Md,s,p states (M = metal). When the valence concentration (VEC) in 

the elementary cell of the carbide is x 8 (TIC, ZrC, and HfC), the Fermi level 

is found in the region of the density-of-state minimum between p-d and 
d-like bands. With VEC > 8 (carbides of Groups V and VI), the Fermi level 
is in the low-energy region of the metal states band. 

8.0 INTERSTITIAL CARBIDES AS DEFECT STRUCTURES 

8.1 Vacancies 

Interstitial carbides are stable over a broad range of composition and 

can be considered to be essentially non-stoichiometric materials in which 

stoichiometry is rarely, if ever, reached. In other words, there are vacan- 

cies, that is, missing atoms within the lattice. These missing atoms are 

mostly carbon and only rarely are metal vacancies present. The amount of 

carbon vacancies can be considerable, reaching 50% in some cases. An 

example is given in Fig. 3.19 which represents the phase diagram of the 
binary system Ti-C.121 The extensive homogeneity range is shown in the 
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shaded portion of the diagram. As a result of such a wide range of stable 

compositions, the interstitial carbides are usually considered as defect 

structures. 

The lattice parameter varies with the composition as shown in the 

typical case of titanium carbide in Fig. 3.2O.trl One should note that the 
highest value of a,, occurs at a carbon/titanium ratio of approximately 0.85 

and not at stoichiometry. This is also where the melting point is the highest. 
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8.2 Ordering of the Carbon Atoms 

When the concentration of carbon-atom vacancies is high, a long-range 
ordering in their arrangement within the metal lattice is usually observed. 

The effect of this ordering on the structure and physical properties of the 
carbide may be considerable in some cases but the mechanisms of forrna- 

tion, the structural and bonding arrangement are still not well defined.[21[251~261 

1.0 0.9 08 0.7 0.6 05 

Tttanlum-Curbon Rail0 

Figure 3.20: Lattice parameter of TIC as a function of composition. 
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9.0 GENERAL REVIEW OF THE PROPERTIES OF 
INTERSTITIAL CARBIDES 

9.1 Variations in Properties and Composition 

The relationship between structure and properties is often difficult to 

establish since the effects of atomic size, valencies, bond length, bond 

strength, stoichiometry, vacancies, and vacancy ordering are yet to be fully 

determined. A great deal of work is still needed. 
Variations in composition and the presence of defects and vacancies 

may considerably alter the properties and behavior of these materials. This 
is reflected by the high spread of values found in the literature. In order to 

be meaningful, a property should be associated with the composition of the 

carbide being tested; this is often not the case and, although a great deal of 

information is available, the reported values are sometimes questionable. 
The data listed in the following chapters must be viewed with this in mind. 

A reason for the high spread is, in addition to the variation in 

composition and other factors mentioned above, the paucity of large single 

crystals of high quality and uniformity. Measurements made on polycrystals 
and films have to contend with grain boundaries, grain growth, voids, and 

other defects which impart an additional measure of uncertainty in the 

results.[251 
Another reason is the effect of impurities, especially dissolved 

oxygen. Oxygen is difficult to remove altogether and may affect the 

physical properties of the material, particularly measurements of the lattice 

parameters.[ll 

9.2 General Characteristics 

As seen above, the atomic structure of interstitial carbides is a 

mixture of ionic, covalent, and metallic bonding. As a result, the properties 

of these compounds reflect this structural mix and combine metallic and 

ceramic characteristics as sununarized in Table 3.11. 
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Table 3.11: General Properties of Interstitial Carbides as Related to 
Structural Bonding 

Metallic bonding (metal-like properties) 
* high thermal conductivity 
* high electrical conductivity 
* Hall constant close to host metal 
. opacity and typical lustre 
* indeterminate composition (like alloys) 
. sequence of distinct phases 

Covalent bonding (ceramic-like properties) 
. high hardness 
* high bond strength and brittleness 
. very high melting point and refractoriness 

Ionic bonding 
. chemical behavior of ionic crystals 
* high electron energy level 
. electrcdifision 

Note: The properties of each interstitial carbide are reviewed in 
the following three chapters. 
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Carbides of Group IW 
Titanium, Zirconium, 
and Hafnium Carbides 

1.0 GENERAL CHARACTERISTICS OF GROUP IV 

CARBIDES 

This chapter is a review of the characteristics and properties of the 

interstitial carbides formed by the metals of Group IV: titanium, zirconium, 
and hafbiurn. The rationale for reviewing these compounds together in one 

chapter is their similarity in atomic bonding, composition, and crystallogra- 
phy as shown in Ch. 3 and summarized as follows: 

l The metal-to-metal bond is relatively weak and the 

metal-to-carbon bond is strong 

. The only stable composition is the monocarbide with carbon 

atoms in all octahedral sites (at stoichiometry) 

l The major crystalline structure is ccp with a fee Bl symmetry 

(NaCl) 

These carbides also have similar properties and characteristics. Of 

the three, titanium carbide has been more investigated and is the most 

important from an application standpoint. It is produced industrially on a 

large scale in the form of powders, molded shapes, and thin films. The 

55 
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fabrication processes and the applications of these three carbides are summa- 
rized in Sets. 6,7, and 8 and reviewed in more detail in Chs. 14, 15, and 16. 

2.0 PHYSICAL AND THERMAL PROPERTIES OF GROUP IV 

CARBIDES 

In this section and the next three, the properties and characteristics of 
the interstitial carbides of Group IV are reviewed and compared with those 

of the host metals, the corresponding interstitial nitrides, as well as those of 

another refractory group: the borides of the Group IV metals . The values 
given are those for composition as close to stoichiometry as possible.t’l-I61 
As mentioned in Ch. 3, Sec. 8.1, interstitial carbides are essentially 

non-stoichiometric compounds and the variations in the reported property 

values often found in the literature reflect this characteristic. The values 

given here are an average.171-li21 

2.1 Density and Melting Point 

Density and melting point are shown in Table 4.1, 

Table 4.1: Density and Melting Point of Group lV Interstitial Carbides and 

Other Refractory Compounds 

Material Density (gkm3) Melting Point “C 

TIC 
ZrC 
HfC 

Ti 

K 

TiN 
ZrN 

4.91 3067 
6.59 3420 

12.67 3928 

4.54 1660 
6.51 1850 

13.36 2230 

5.40 
7.32 

13.8 

2950 
2980 
3387 

TiB, 4.52 2980 
ZrB, 6.09 3040 
HfB2 11.20 3250 
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As could be expected, the density increases considerably with the 
increasing atomic number of the metal. The melting points of these carbides 

are higher in all cases than those of the other compounds and particularly 

those of the host metals. 

2.2 Thermal Properties 

The thermal properties are shown in Table 4.2. 

Table 4.2: Thermal Properties of Group IV Interstitial Carbides and Other 

Refractory Materials 

Specific Heat Thermal Conductivity Thermal Expansion 
at 298 K at 20°C at 20°C 

Material (J/mole-K) (W/m-K) (x lo-WI) 

TIC 33.8 21.0 7.4 

ZrC 37.8 20.5 6.7 
33.4 20.0 6.6 

Ti 25.05 21.9 8.5 

Zr 26.05 22.7 

Hf 26.27 23.0 6.0 

TiN 33.74 19.2 9.3 
ZrN 40.39 20.5 7.2 

38.01 21.7 6.9 

TiB, 44.29 24.3 6.6 

ZrB, 48.26 24.3 6.6 

HfB, 49.77 6.8 

Of note are the higher specific heats and thermal conductivities of the 

borides. 
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2.3 Thermodynamic Functions 

The heat of formation and the standard entropy were reported in Ch. 3, 

Sec. 6.3 and Fig. 3.18 (see also Sets. 3, 4, and 5). High-temperature 

enthalpy data may be calculated by the following equation: 

Eq. (1) HOT - H0298. 1 SK =A+BT+CT2+DT3+(E/‘T) 

The values ofA, B, C, D, and E for TIC, ZrC, and HfC are given in Table 4.3. 

Table 4.3: Thermodynamic Values of Group IV Carbides 

TIC ZrC 

A -5.0007x 103 -5.4298~ lo3 -3.8886~10~ 

B +13.296T +14.228T +10526T 

C -9.7189~ lOaT -1.5583~10-~T~ +1.0963~1O-~T2 

D +3 845 1 x 1 0-7T2 

+412124x 105!I 

+4.6364x 10-7T3 -1.0149~10-~T~ 

E +4.6364x 1O’TT +1.9539x105m 

from 298-3000 K, in Cal/mole ho.5 % 

The specific heat (C,) of the Group IV carbides as a function of 

temperature is shown in Fig. 4. 1.1131 C, is also expressed as the first 
derivation of Eq. 1 above. Other thermal functions are detailed in Ref. 5. 

2.4 Thermal Conductivity 

The thermal conductivity or k (i.e., the time rate of transfer of heat by 

conduction) of interstitial carbides is different from that of most other 

refractory materials as k increases with increasing temperature as shown in 

Fig. 4.2.1131 Typically, the mechanism of thermal conductivity involves two 
components: electron thermal conductivity k, and phonon (lattice) conduc- 

tivity kp. As shown in Fig. 4.3 (in this case for titanium carbide), k, 
increases markedly with temperature. This behavior is believed to be the 
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result of strong scattering of electrons and phonons by carbon vacancies in 
addition to the scattering of electrons by polar optical phonons and the 
scattering of phonons by the conduction electrons.lgl-1121 

120(3 

1000 

400 800 1200 1600 mal 2400 

Temperature, K 

Figure 4.1: Specific heats of Group IV carbides as a function of temperature.[13] 

As can be seen in Table 4.2, the thermal conductivities of the 

Group IV carbides, nitrides, and borides are relatively close. They are also 

similar to those of the host metals and, from this standpoint, reflect the 

metallic character of these compounds. However, their conductivities are 

much lower than that of the best conductors such as Type II diamond 

(2000 W/m*K), silver (420 W/m-K), copper (385 W/m-K), beryllium 

oxide (260 W/m-K), and aluminum nitride (220 W/m*K).1141 
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400 800 1200 1600 zao 2400 

Temperature, K 

Figure 4.2: Thermal conductivities of Group IV carbides as a function of temperature.[13] 

0.5 

0 
0 500 loo0 1500 2Oal 

Temperature, K 

Figure 4.3: Thermal conductivity components of titanium carbide as a function of 
temperature: k, = electron conductivity; k,, = phonon conductivity. 
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2.5 Thermal Expansion 

The interatomic spacing between the atoms of a carbide (as with any 

other material) is a function of temperature. At zero degree K (-273°C) 

these atoms have their lowest energy position, that is, they are in the ground 

state (see Ch. 3, Sec. 2.1). The increased energy resulting from increasing 
temperature causes the atoms to vibrate and move farther apart. In other 

words, the mean interatomic spacing increases and the result is thermal 

expansion. In strongly bonded solids such as the carbides, the amplitude of 
the vibrations is small and the dimensional changes remain small. As shown in 

Table 4.4, the higher the bond energy, the lower the expansion. This 

correlation is also observed with the carbides of Group V (See Ch. 5, Sec. 2). 

Table 4.4: Bond energy and Thermal Expansion of Group IV Carbides 

Carbide 
Bond Energy 

E,, eV 

Thermal Expansion 

20°C (XatlO-6/Y) 

TIC 14.20 7.4 

ZrC 15.58 6.7 

16.45 6.6 

As shown in Fig. 4.4,t131 thermal expansion increases with increasing 

temperature but this increase is not linear and is slightly more rapid at high 
temperature. 
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Figure 4.4: Linear thermal expansions of Group IV carbides as a function of temperature. 

3.0 ELECTRICAL PROPERTIES OF GROUP IV CARBIDES 

3.1 Electrical Conductivity 

In electrical conductors such as metals, the attraction between the 
outer electrons and the nucleus of the atom is weak; the outer electrons can 
move readily and, since an electric current is essentially a flow of electrons, 
metals are good conductors of electricity. In electrical insulators (or dielec- 
trics), electrons are strongly bonded to the nucleus and are not free to move. The 
electrical properties of Group IV carbides are shown in Table 4.5.[5J[6J[151 
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Table 4.5: Electrical Properties of Group IV Interstitial Carbides and 

Other Refractory Compounds 

Electrical Resistivity Hall constant Magnetic 
at 20°C at 20°C Susceptibility 

Compound (@cm) 1 O-“ cm3/As 1 OS6 emu/m01 

TIC 
ZrC 

Ti 43 
Zr 43 
Hf 35 

TiN 
ZrN 

TiB, 9-15 
ZrB, 7-10 

HfB2 10-12 

68 -15.0 -7.5 
43 -9.41 -30 
37 -12.4 -37 

20-25 
7-2 1 

33 

-0.2 
+0.3 

- 0.7 kO.02 +3s 
-1.3 +22 

-2.4 

As shown in the above table, the Group IV carbides (and Groups V 

and VI carbides as well) are good electrical conductors and have an 

electrical resistivity only slightly higher than that of the parent metals, 

reflecting the metallic character of these compounds. The nitrides and 

especially the borides have even lower resistivity. The large spread in the 

reported values may be attributed to differences in composition and the 

presence of defects and impurities. 
The magnetic susceptibility is strongly affected by the metal-to-carbon 

ratio, and the values listed here are extrapolated to stoichiometric 
composition.151 
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3.2 Hall Effect 

The Hall effect occurs when a current-carrying conductor is placed in 

a magnetic field and is related to the difference between electron conduction 

and positive-hole conduction. Electron conduction is the dominant factor in 

the transition metal carbides which, with the exception of WC, all have a 

negative Hall constant. A discussion of the Hall effect in interstitial 

carbides is found in Ref. 15. 

4.0 MECHANICAL PROPERTIES OF GROUP IV CARBIDES 

4.1 Property Variables 

The mechanical properties and the failure mechanisms of 

transition-metal carbides are reviewed in detail by Toth.151 Generally, large 
spreads in the reported values found in the literature are common. This is 
particularly true in older reports which were mostly performed on sintered 

materials. More recently, testing has been switched to single crystals or 

polycrystalline materials obtained from the melt or by thin-film deposition. 
These are believed to yield more accurate and consistent information. Yet, 
any test must be carefully characterized in order to be meaningful. The 

following factors influence mechanical testing.l16ll17l 

l Stoichiometry 

l Impurities particularly oxygen and nitrogen 

l Grain size and morphology 

l Grain orientation 

l Structural defects (vacancies, dislocations) 

l Presence of different phases 

Transition metal carbides are often processed by sintering with a 

metal binder such as cobalt and nickel. The mechanical properties of such 

composites are often quite different from those of single crystal or polycrys- 
talline materials.ll*l This often adds to the confirsion when quoting property 

values (see Ch. 17). 
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4.2 Summary of Mechanical Properties 

The mechanical properties of Group IV carbides are summarized in 

Table 4.6. The values are average values reported in the recent litera- 
~~~~~~1~~~1~~~1~~~1-~~11 

4.3 Failure Mechanism 

Interstitial carbides are strong materials especially at high tempera- 

ture. However, like most ceramics, they are intrinsically brittle. For 

example, metals have a fracture toughness that is generally some forty times 
greater than conventional ceramics. This brittleness of carbides is related on 

the atomic level to their strong hybrid ionic-covalent bonds which, as 

mentioned above, means a relatively weak metal-to-metal bond but a strong 

metal-to-carbon bond. These strong bonds prevent plastic deformation such 

as occurs in ductile metals. No plastic deformation means catastrophic 
brittle failure since applied stresses tend to concentrate at the sites of flaws 

such as voids or chemical impurities at grain interfaces. It follows that, if 
ceramics could be made without such flaws, they would be far more 

resistant to cracking. In reality, the actual strength of ceramics is only a 

small fraction of the theoretical strength. 

Table 4.6: Mechanical Properties of Group IV Interstitial Carbides and 

Other Refractory Compounds at 20°C 

Young’s Modulus Transverse Rupture 
Vickers Hardness of Elasticity Shear Modulus Strength 

Compound (GPa) (GPa) (GPa) (MPa) 

TIC 

ZrC 

HfC 

TiN 

ZrN 

HfN 

28-35 410-510 186 240-390 
25.9 350-440 172 
26.1 350-510 193 

18-21 251 

15.8 397 

16.3 

TiB2 15-45 480-563 240 

ZrB, 22.5 

HfB2 29.0 
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4.4 Ductile-Brittle Transition 

The transition-metal carbides have the ability to deform plastically 

above a given temperature, i.e., the ductile-to-brittle transition temperature. 

Below that temperature, the carbides fail in a brittle manner while above it, 
they show a ductile behavior and undergo plastic deformation.151 The 

transition temperature is not a fixed value but depends on several factors 
such as grain size, composition, and impurity content.llgl It is usually about 

800°C. 

4.5 Hardness 

Hardness is a complex property which involves elastic and plastic 

deformation, crack initiation, and the development of new surfaces. It can 

be defined in terms of bonding energy, covalency level, atomic spacing, and 
by the parameters of fracture and deformation characteristics.l20l Hardness 

is dependent on the fabrication process, composition, and the presence of 
impurities. Table 4.6 shows that all the compounds of Group IV metals are 

hard, the carbides being the hardest, followed by the borides and the nitrides. 
The Group IV carbides have higher hardness than those of Groups V and VI 

(see Chs. 5 and 6). This reflects the greater strength of M-C bonds found in 

these carbides. 

Hardness vs. Composition. Hardness varies with composition as 

shown in Fig. 4.5.lil For the Group IV carbides, it appears to increase 
gradually until stoichiometry is reached. The Group V carbides have a 

different behavior and their hardness reaches a maximum somewhat below 
stoichiometry. 

Hardness vs. Temperature. Hardness decreases rapidly with in- 
creasing temperature as shown in Fig. 4.6.1411181 The exception is WC which 

maintains a high hardness until about 800°C (See Ch. 6, Sec. 8). 

4.6 Transverse Rupture Strength 

In the testing of tensile properties of brittle materials such as carbides, 

it is difficult to obtain perfect grip alignment without bending stresses that 

tend to give premature fracture. For that reason, tensile testing is not truly 

representative of the strength of these materials as it is in metals. Transverse 
bending (and particularly the 4-point bending test) is preferred.l22l As with 
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other properties, strength may vary considerably depending on the composi- 
tion, the microstructure, the fabrication process, and other variables. 

16 

01 

0.6 0.7 0.8 0.9 1.0 

Metal to Carbon Ratio 

Figure 4.5: Hardnesses of refractory carbides as a function of metal-toxarbon ratio. 

~400600800 

Temper&r% “C 

Figure 4.6: Hardnesses of refractory carbides as a function of temperature. 
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5.0 CHEMICAL PROPERTIES OF GROUP IV CARBIDES 

5.1 Mutual Solubilities 

A characteristic of the carbides of Group IV and the monocarbides of 
Group V is their mutual solubility as shown in Fig. 4.7.111141 This solubility 

is complete between each of the carbides of Group IV; it is also complete 
between those of Group V. Intergroup solubility (i.e., between Group IV 

and v) is also complete with the exception of VC which is only a partial 

solvent for the Group IV carbides and which, interestingly enough, has the 

largest carbon/metal atomic radii ratio (see Table 3.3 of Ch. 3). The 
solubility between the carbides of Groups IV and V and those of Group VI 

is reviewed in Ch. 6, Sec. 5.1. The carbides and the mononitrides of Group IV 

and V are also mutually soluble as shown in Fig. 4.8.1231 

Many ternary carbides and nitrides are known and some of these 

compounds have excellent properties. For instance, the hardness of 

ternary-carbide systems of the same group (Group IV or Group V) is 
considerably higher than the hardness of the binary constituents.1’1 A 

hardness of approximately 43.1 GPa is reported for the compound Ti,~&f,,.4C 

as shown in Fig. 4.9, making it one of the hardest materials known. The 

system Ti(C,N) has also been extensively investigated and is a useful 

coating for wear resistance applications (see Ch. 16). 
The study of these ternary (and quaternary) systems is an extensive 

and promising area but outside the scope of this book (for a general review 

of these systems, see Ref. 24). 

5.2 Chemical Properties 

The Group IV carbides are generally chemically inerti (see follow- 

ing three sections). 

6.0 CHARACTERISTICS AND PROPERTIES OF TITANIUM 
CARBIDE 

6.1 Summary of Properties 

The characteristics and properties of titanium carbide are summa- 

rized in Table 4.7. 
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Figure 4.7: Mutual solubilities of refractory carbides. 
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Figure 4.8: Mutual solubilities of Group IV and Group V carbides and nitrides. 
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Figure 4.9: Hardnesses of ternary refractory carbides as a function of composition. 
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Table 4.7: Summary of Characteristics and Properties of Titanium Carbide. 

Note: Test temperature is 20°C unless otherwise stated. 

Structure: cubic close packed (fee. B 1, NaC1)1251 
Lattice Parameter: 0.4328 nm 
Space Group: Fm3m 
Pearson Symbol: cF8 
Composition: TIC,,, to TIC,, 
Molecular Weight: 59.91 g/mol 
Color: silver gray 
X-ray Density: 4.91 g/cm3 

Melting Point: 3067°C (does not decompose) 
Debye Temperature: 6 14 K 
Specific Heat (C,,): 33.8 J/mole*K 
Heat of Formation, -AH, at 298 K (kJ/g-atom metal): 1 84.6151 
Thermal Conductivity (K): 21 W/m*“C (see Fig. 4.2 & 4.3) 
Thermal Expansion: 7.4 x 10d/“C (see Fig.4.4) 

Electrical Resistivity: 50 f 10 p.Qcm 
Superconductive Transition Temperature: 1.15K 
Hall Constant: - 15 .O x lOa cm-As 
Magnetic Susceptibility: + 6.7 x 10m6 emu/m01 

Vickers Hardness: 28-35 GPa 
Modulus of Elasticity: 410-5 10 GPa 
Shear Modulus: 186 GPa 
Bulk Modulus: 240-390 GPa 
Poisson’s Ratio: 0.19 1 
Transverse Rupture Strength: 240-390 MPa 
Coefficient of Friction: 0.25 (on tool steel, 50% humidity)t261 

Oxidation Resistance: Oxidizes slowly in air at 800°C 

Chemical Resistance: Resistant to most acids. Attacked by HNO, and HF. 
Attacked by the halogens. Can be heated in hydrogen to its melting point 
without decomposition. 

Isomorphism: TIC is isomorphous with TiN and TiO. Thus oxygen and 
nitrogen as impurities, or as deliberate addition, can substitute for carbon to 
form binary and ternary solid solutions over a wide range of homogeneity. 
These solutions may be considered as Ti(C,N,O) mixed crystals. TIC forms 
solid solutions with the other monocarbides of Group IV and V. It is the 
host lattice for WC (see Ch. 6, Sec. 8). 
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6.2 Phase Diagram 

The C-Ti phase diagram is shown in Fig. 3.12 of Ch. 3.1z7112*l 

6.3 Summary of Fabrication Processes 

Titanium carbide powder is prepared by the reaction of TiO, with 

carbon at 2000°C or above in hydrogen; by the carburization of titanium 

sponge; by the auxiliary bath technique, or by plasma-CVD. Titanium 
carbide coatings are deposited by CVD, evaporation or sputtering (see Chs. 

14 and 15). 

6.4 Summary of Applications and Industrial Importance 

Titanium carbide is extremely hard with high strength and rigidity and 
outstanding wear resistance. It has a low coefficient of friction and resists 

cold welding. It also has good stability at high temperature. For these 

reasons it has become a major industrial material as a secondary carbide in 
cemented tungsten-carbide cutting and grinding tools. It is also used as a 

coating for these tools, and in other mechanical and abrasive wear applica- 

tions. However it is susceptible to chemical attack and is not a good 

diffusion barrier. 
The following is a summary of applications of titanium carbide in 

production or development. More details are given in Ch. 16. 

l Secondary carbide in cemented carbides 

l Coatings for cutting and milling tools and inserts 

l Coatings for stamping, chamfering and coining tools 

l Ball-bearing coatingst2gl 

l Coatings for extrusion and spray gun nozzles 

l Coatings for pump shafts, packing sleeves, and feedscrews 

for the chemical industry 

l Coatings for molding tools and kneading elements for plastic 

processing 

l Molded bipolar plates for high-voltage battery and fuel power 
sourcesl30l 

l Coatings for f%sion-reactor applications[311 
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7.0 CHARACTERISTICS AND PROPERTIES OF ZIRCONIUM 
CARBIDE 

7.1 Summary of Properties 

The characteristics and properties of zirconium carbide are summarized 

in Table 4.8. 

Table 4.8: Characteristics and Properties of Zirconium Carbide. 
Note: Test temperature is 20°C unless otherwise stated. 

Structure: cubic close packed (fee B 1, NaCl) 

Lattice Parameter: 0.4698 mn 

Space Group: Fm3m 
Pearson Symbol: cF8 

Composition: ZrC,,,, to ZrC,,,, 
Molecular Weight: 104.9 1 g/mol 
Color: silver gray 
X-ray Density: 6.59 g/cm3 

Melting Point: 3420°C (melts without decomposition) 

Debye Temperature: 49 1 K 

Specific Heat (C,): 37.8 J/mole-K 
Heat of Formation, -AH, at 298 K (kJ/g-atom metal): 196t51 

Thermal Conductivity: 20.5 W/m.“C (see Fig. 4.2) 
Thermal Expansion: 6.7 x 10-6/“C (see Fig.4.4) 

Electrical Resistivity: 45 f 10 m-cm 

Superconductive Transition Temperature: < 1.2 K 
Hall Constant: - 9.42 x 10e4 cm*As 

Magnetic Susceptibility: -23 x IO” emu/m01 

Vickers Hardness: 25.5 GPa 
Modulus of Elasticity: 350-440 GPa 

Shear Modulus: 172 GPa 

Bulk Modulus: 207 GPa 
Poisson’s Ratio: 0.19 1 
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Table 4.8: (Cont ‘d) 

Oxidation Resistance: Oxidizes in air at 800°C 

Chemical Resistance: Not as chemically resistant as TIC. Dissolved by 

cold HNO, and by a cold mixture of H,SO, and H,PO,. Reacts readily 
with the halogens. Can be heated in hydrogen to its melting point without 

decomposition. 

Isomorphism: Like TIC, ZrC forms solid solutions with oxygen and nitrogen 
which have a wide range of composition. The lattices of ZrC, ZrN, and ZrO 

are isoty-pical. ZrC forms solid solutions with the other monocarbides of 

Group IV and V. 

7.2 Phase Diagram 

The Zr-C phase diagram is shown in Fig. 4. 10.[271[281 

7.3 Summary of Fabrication Processes 

Zirconium carbide powder is prepared by the reaction of ZrO, with 
carbon at 1800-24OO’C in hydrogen; by the carburization of zirconium 

sponge; by the auxiliary bath technique, or by plasma-CVD. Zirconium 
carbide coatings are deposited by CVD, evaporation or sputtering (see Chs. 
14 and 15). 

7.4 Summary of Applications and Industrial Importance 

Zirconium carbide is a highly refractory compound with excellent 

properties but, unlike titanium carbide, it has found only limited industrial 

importance except as coating for atomic-tie1 particles (thoria and Urania) 

for nuclear-fission power plants. ~11 This lack of applications may be due to 

its high price and difficulty in obtaining it free of impurities. 
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Figure 4.10: Carbon-zirconium phase diagram. 
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8.0 CHARACTERISTICS AND PROPERTIES OF HAFNIUM 

CARBIDE 

8.1 Summary of Properties 

The characteristics and properties of hafhiurn carbide are summa- 

rized in Table 4.9. 

Table 4.9: Characteristics and Properties of Hafhium Carbide. 
Note: Test temperature is 20°C unless otherwise stated. 

Structure: cubic close packed (fee B 1, NaCl) 

Lattice Parameter: 0.4636 nm 

Space Group: Fm3m 
Pearson Symbol: cF8 

Composition: HfC,,,, to HfC,,,, 
Molecular Weight: 190.50 g/mol 

Color: silver gray 

X-ray Density: 12.67 g/cm3 

Melting Point: 3928°C (melts without decomposition) 
Debye Temperature: 436 K 
Specific Heat( (C,): 37.4 J/mole*K 

Heat of Formation, -AH, at 298 K @J/g-atom metal): 209.6151 
Entropy at 298.15 K (So): 39.48 KJ/mol 

Thermal Conductivity: 20.0 W/m.“C (see Fig. 4.2) 

Thermal Expansion: 6.6 (x 10-6/“C) (see Fig.4.4) 

Electrical Resistivity: 37-45 l&cm 

Superconductive Transition Temperature: < 1.2K 

Hall Constant: - 12.4 x 10m4 cm*As 

Magnetic Susceptibility: -23 x 10m6 emu/mol 

Vickers Hardness: 26.1 GPa 

Modulus of Elasticity: 350-5 10 GPa 

Shear Modulus: 193 GPa 

Bulk Modulus: 241 GPa 

Poisson’s Ratio: 0.18 
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Table 4.9: (Cont’d) 

77 

Oxidation Resistance: Oxidizes in air at 500°C 

Chemical Resistance: Not as chemically resistant as TIC. Chemical resis- 
tance similar to that of ZrC. 

Isomorphism: Like TIC and ZrC, Hfc forms solid solutions with oxygen 

and nitrogen which have a wide range of composition. HK forms solid 
solutions with the other monocarbides of Group IV and V, particularly NbC 

and the solution HK-NbC is used as coating for tools.t61 

8.2 Phase Diagram 

The phase diagram of the Hf-C system is shown in Fig. 4.11 .t271t281 

Atomlc Percent Carbon 

Figure 4.11: Carbon-hafnium phase diagram. 
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8.3 Summary of Fabrication Processes 

HaGrium carbide powder is prepared by the reaction of HQ with 
carbon at 1800-2200°C in hydrogen; by the carburization of hafhium 

sponge; by the carburization of hafnium hydride at 1600-17OO”C, or by 
plasma CVD. Hafnium carbide coatings are deposited by CVD, evapora- 

tion or sputtering (see Chs. 14 and 15). 

8.4 Summary of Applications and Industrial Importance 

Hafhium carbide is, with tantalum carbide, the most refractory com- 
pound available. In spite of its excellent properties, it has only limited 

industrial importance, possibly because of its high cost (see Ch. 16). Some 

experimental applications are as follows: 

l Oxidation resistant coatings for carbon-carbon composites 

(co-deposited with SiC)l33l 

l Production of whiskers (with nickel catalyst)134l135l 

l Coating for superalloysl36l 

l Coating on cemented carbide# 
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5 

Carbides of Group Vz 

Vanadium, Niobium and 

Tantalum Carbides 

1.0 GENERAL CHARACTERISTICS OF GROUP V 
CARBIDES 

This chapter is a review of the characteristics and properties of the 
interstitial carbides formed by the metals of Group V: vanadium, niobium, 
and tantalum. These three carbides have similar atomic bonding, composi- 

tion, and crystallography as shown in Ch. 3. These common points can be 
summarized as follows: 

l Both metal-to-metal and metal-to-carbon bonds are strong 

l Unlike the carbides of Group IV, they have two compositions: 

a subcarbide M,C with carbon atoms in half the octahedral 

sites, and a monocarbide MC with carbon atoms in all 

octahedral sites (at stoichiometry) 

l They have two crystalline structures: hcp (M,C) and ccp 

(MC) with a fee B 1 symmetry (NaCl) 

These carbides also have similar properties and characteristics. Only 

the monocarbide phases are of industrial importance. TaC is produced on 
a relatively large scale while the importance of VC and NbC is still limited. 

Their fabrication processes and applications are summarized in Sections 6, 

7, and 8 and reviewed in more detail in Chs. 14, 15, and 16. 

81 
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2.0 PHYSICAL AND THERMAL PROPERTIES OF GROUP V 
CARBIDES 

In this section and the next three, the properties and characteristics of 
the interstitial carbides of Group V are reviewed and compared with those of 

the parent metals and their nitrides and borides. The values given are those 

for compositions as close to stoichiometry as possible.l’l-171 The properties 

in most cases are similar to those of the Group IV carbides and the remarks 

stated in Ch. 4 also apply here. 

2.1 Density and Melting Point 

Density and melting point are shown in Table 5.1. 

Table 5.1: Density and Melting Point of Group V Interstitial Carbides and 

Other Refractory Compounds 

Material 

Density 

(g/cm31 

Melting Point 

“C 

vc 
w 
NbC 
Nb,C 
TaC 
Ta,C 

V 
Nb 
Ta 

5.65 2830 
5.75 2187 
7.79 3600 
7.85 3080 

14.5 3950 
14.8 3330 

6.11 1890 
8.56 2468 

16.6 2996 

VN 6.0 2177 

NbN 7.3 near 2400 

TaN 14.3 3093 

VB, 5.10 2100 
NbB, 7.21 3050 
TaB, 12.60 3200 
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As could be expected, the density increases considerably with the 

increasing atomic number of the metal. The melting point of the carbides is 

higher in all cases than that of the other materials. 

2.2 Thermal Properties 

The thermal properties are shown in Table 5.2.1sl 

Table 5.2: Thermal Properties of Group V Interstitial of Monocarbides 
and Other Refractory Materials 

Material 

Specific Heat 
at 298 K 

(J/mole*K) 

Thermal 
Conductivity 

at 20°C 
(W/m-K) 

Thermal 
Expansion 

at 20°C 
(x 1 OYC) 

vc 32.3 38.9 7.2 
NbC 36.8 14.2 6.6 
TaC 36.4 22.1 6.3 

V 24.75 30.7 8.0 
Nb 24.43 53.7 7.3 
Ta 25.33 57.5 6.5 

VN 38.00 11.3 8.7 
NbN 39.01 3.8 10.1 
TaN 40.60 8.78 8.0 

VB2 
NbB, 
TaB, 

16.7 
10.9 

7.6 
8.0 
8.2 

Thermodynamic Functions. t51 Like the carbides of Group IV, the 

high-temperature enthalpy data for the Group V carbides is provided by the 

equation: Ho, - Hozg8. 1 5K - -A + BT + CT* + DT3 + (E/T). The values of A, 
B, C, D, and E are given in Table 5.3. 
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Table 5.3: Thermodynamic Values of Group V Carbides 

vc* Nbc** TaC** 

A -3.0347x 103 -4.0918~103 -3.7468~ lo3 
B +7.8928T +10.8561T +lO.l132T 
C +2.4967x 10-3T2 +9.1724x 10dT2 -1.2668~lO-~T~ 
D -3 3282x lo-‘T3 

+;.3964x 105/T 
-5.2003 x 10-8T3 -8 0868x lo-*T3 

E +2.3105x105/T +;.8517~105/T 

* from 298-2500 K, in cal/mole.* 1% 

** from 298-3000 K, in Cal/mole.* 0.3% 

Specific Heat. The specific heat (C,) of the Group V carbides as a 

function of temperature is shown in Fig. 5.1 and is similar to that of Group 

Iv carbides. fgl Other thermal functions are detailed in Ref. 5. 

1200 

4lo_ 800 1200 1600 !xm 2400 

TemperahJre, K 

Figure 5.1: Specific heats of Group V carbides as a function of temperature. 
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Thermal Conductivity. The thermal conductivity (k) of Group V 

carbides is relatively high and similar to that of the Group IV, showing the 
metallic character of these compounds (for discussion, see Sec. 2.4 of Ch. 

4). It is slightly lower than that of the host metals. It increases with 

increasing temperature as shown in Fig. 5.2 (only values for NbC are 
available). f91 

400 800 1200 1600 2ooo 2400 

Temperatue, K 

Figure 5.2: Thermal conductivity of niobium carbide as a function of temperature. 

Thermal Expansion. Like the carbides of Group IV, the Group V 

carbides have a low thermal expansion (for discussion see Ch. 4, Sec. 2.5). 

As shown in Table 5.4, the higher the bond energy, the lower the expansion. 

The thermal expansion as a function of temperature is shown in Fig. 5 .3,t91 
and like that of the other interstitial carbides, it increases slightly with 

increasing temperature. 
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&lo a00 12m 1600 2ooo 2Aoo 

Temperature, K 

Figure 5.3: Linear thermal expansions of Group V carbides as a function of temperature. 

Table 5.4: Bond energy and Thermal Expansion of Group V Carbides 

Carbide 
Bond Energy 

E,, eV 

Thermal 
Expansion at 

20°C (x 1 O-v%) 

vc 14.63 7.2 
NbC 16.62 6.6 
TaC 16.92 6.3 
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3.0 ELECTRICAL PROPERTIES OF GROUP V CARBIDES 

Like the other interstitial carbides, the Group V carbides are electrical 
conductors (see Ch. 4, Sec. 3.1). Their electrical properties are shown in 
Table 5.5.1511611101 

Table 5.5: Electrical Properties of Group V Interstitial Carbides and Other 
Refractory Compounds 

Compound 

Electrical 
Resistivity 

at 20°C 

(Wcm) 

Hall 
Constant 
at 20°C 

1 0e4 cm3/As 

Magnetic 
Susceptibility 
1 0T6 emu/m01 

vc 60 - 0.48 + 35 
NbC 35 - 1.3 + 20 
TaC 25 - 1.1 + 12 

V 
Nb 
Ta 

24-26 
12.5 + 0.9 
12.4 + 1.0 

VN 
NbN 
TaN 

85 
58-78 - 0.52 +31 
135-250 

v*2 

NbB, 
TaB2 

13 
12 
14 

The electrical resistivity of the carbides is only slightly higher than 

that of the host metals, reflecting the metallic character of these compounds 

and their strong metal-to-metal bond. The nitrides and especially the 

borides have lower resistivity. The Hall constant is negative, like that of the 

Group IV carbides (see Sec. 3.2 of Ch. 4). 
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4.0 MECHANICAL PROPERTIES OF GROUP V CARBIDES 

The mechanical properties of Group V carbides are summarized in 

Table 5.6. The values are average values reported in the recent litera- 
turet111511611911111 (see Sec. 4.1 of Ch. 4). 

Table 5.6: Mechanical Properties of Group IV Interstitial Carbides and 
Other Refractory Compounds at 20°C 

Compound 

Vickers 
Hardness 

(GPa) 

Young’s 
Modulus of 
Elasticity 

(GPa) 

Shear 
Modulus 

(GPa) 

Transverse 
Rupture 
Strength 

(MPa) 

vc 27.2 430 
NbC 19.6 338-580 214 300-400 
TaC 16.7 285-560 214 350-400 

VN 14.2 357 
NbN 13.3 493 
TaN 11.0 

VB2 20.9 261 
NbB, 23.2 
TaB, 22.6 248 

The fracture mechanism and the ductile-brittle transition are similar 

to those of the Group IV carbides (see Sec. 4, Ch. 4). 

Hardness. Table 5.6 shows that carbides are the hardest, followed by 

the borides and the nitrides. The Group V carbides have higher hardness 

than those of Group VI but are not quite as hard as those of Group IV (see 

Ch. 4, Sec. 4.4 and Ch. 6, Sec. 4.0). This reflects the intermediate strength 
of M-C bonds found in these carbides. 

Hardness varies with composition as shown in Fig. 4.5 of Ch. 4 (see 
comments in Ch. 4, Sec. 4.4). Maximum hardness occurs with a carbon to 

metal ratio of about 0.8. It decreases with temperature as shown in Fig. 4.6 

(Ch. 4). 
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5.0 CHEMICAL PROPERTIES OF GROUP V CARBIDES 

5.1 Mutual Solubilities 

The existence of ternary carbides and nitrides was discussed in Ch. 4, 
Sec. 5.0. As shown in Fig. 4.7 (Ch. 4), VC, NbC, and TaC have complete 

mutual solubility and variable solubility with the carbides of Group IV. 

With the partial exception of VC, they are also mutually soluble with the 

nitrides of Groups IV and V (see Fig. 4.8).1121 

5.2 Chemical Properties 

The Group V carbides are chemically stable and have a chemical 
resistance similar to that of the Group IV carbides.131 

6.0 CHARACTERISTICS AND PROPERTIES OF VANADIUM 
CARBIDE 

6.1 Summary of Properties 

The properties of vanadium carbide as summarized in Table 5.7. 

Table 5.7: Characteristics and Properties of Vanadium Carbide. 

Note: 1. When phase is not indicated, value reported is for VC. 

2. Test temperature is 20°C unless othenvise stated. 

Phases: V,C, VC 

Structure and Lattice Parameter (run): 

czV2C(low temperature phase): 
orthorhombic, a = 0.2873, b = 1.0250, c = 0.4572 

j3V,C (high temperature phase): 

hexagonal;a = 0.290, c = 0.4587 

VC: fee Bl (NaCl), a = 0.4159 
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Table 5.7: (Cant ‘d) 

Space Group and Pearson Symbol: 
aV,C: Pbcn, oP12 

pV,C: P6,,/mmc(b), hP3 

vc: Fm3m, 3F8 

Composition: vco.73 to vco.99 

Molecular Weight: V,C: 113.89 g/m01 

vc: 62.953 g/mol 

Color: gray 

X-ray Density: V,C: 5.75 g/cm3 
vc: 5.65 g/cm3 

Melting Point: 2830°C 

Debye Temperature: V,C 490 K 

VC,,, 659 K 

Specific Heat (C,): 32.3 J/mol*K (see Fig. 5.1) 

Heat of Formation: (-AHr) at 298 K &J/g-atom metal)[51 

V,C 69.0 

vc 102.6 

Thermal Conductivity (K): 38.9 W/m*“C at 20°C 

Thermal Expansion: 7.3 x 10-6/oC at 20°C (see Fig. 5.3) 

Electrical Resistivity: 60 ).rLIcrn 

Superconductive Transition Temperature: < 1.2K 

Hall Constant: -0.48 x 10-4cm3/As 

Magnetic Susceptibility: + 26.2 x 10s6 emu/m01 

Vickers Hardness: 27.2 GPa 

Modulus of Elasticity: 430 GPa 

Shear Modulus: 157 GPa 

Bulk Modulus: 390 GPa 

Poisson’s Ratio: 0.22 

Oxidation Resistance: Oxidizes in air at 800°C 

Chemical Resistance: Resistant to cold acids, except HNO,. Easily dis- 

solved by hot oxidizing acids. VC can be heated in hydrogen to its melting 

point without decomposition. 
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Isomorphism. VC, VN, and VO have isotypical structures and form 

solid solutions where nitrogen or oxygen can substitute for carbon over a 
wide range of homogeneity. These solutions may be considered as V(C,N,O) 
mixed crystals. VC forms solid solutions with the other monocarbides of 
Group V and TIC, and with TIN, NbN, and TaN.t131 

5.2 Phase Diagram 

The V-C phase diagram is shown in Fig. 5.4.t14,151 At high tempera- 

ture, only the VC and VC2 phases are found. These phases react 
peritectictally at =1320‘S to form the V,C,_, phase. More complicated 

phases are formed at lower temperature. 

Figure 5.4: Carbon-vanadium phase diagram. 
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6.3 Summary of Fabrication Processes 

VC powder is prepared by the reaction of vanadium oxide or ammo- 

nium vanadate with carbon at 1500-1700°C in hydrogen followed by a 

vacuum heat treatment. The reaction of vanadium metal with carbon under 
vacuum is also used. VC coatings are deposited by CVD, evaporation or 

sputtering (see Chapters 14 and 15). 

6.4 Summary of Applications and Industrial Importance 

The monocarbide VC is the only phase produced industrially but its 

use is limited. The following is a summary of its applications in production 

or development (see Ch. 16). 

l Grain-growth inhibitor in WC-cobalt hard metals 

l In steel alloys where it forms during melting 

7.0 CHARACTERISTICS AND PROPERTIES OF NIOBIUM 

CARBIDE 

7.1 Summary of Properties 

The properties of niobium carbide are summarized in Table 5.8. 

Isomorphism. NbC, NbN, and NbO have isotypical structures and 

form solid solutions where nitrogen or oxygen can substitute for carbon over 

a wide range of homogeneity. These solutions may be considered as 

Nb(C,N,O) mixed crystals. NbC forms solid solutions with the carbides of 

Group IV and the other monocarbides of Group V, and with the nitrides of 

Group IV and V.[131 

7.2 Phase Diagram 

The C-Nb phase diagram is shown in Fig. 5.5.[14J51 Nb,C has two 

phases: yNb,C, a disordered hexagonal phase which transforms above 

25OOOC into PNb,C and an ordered hexagonal phase. 
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Table 5.8: Characteristics and Properties of Niobium Carbide. 

Note: 1. When phase is not indicated, value reported is for NbC. 
2. Test temperature is 20°C unless otherwise stated. 

Phases: Nb,C, NbC 

Structure and Lattice Parameter (run): 
Nb,C hexagonal, a = 0.3 122, c = 0.4964 
NbC ccp, a = 0.44691 

Space Group and Pearson Symbol. 
Nb,C C3m, hP3 
NbC Fm3m, cF8 

Composition: NbC0,70 to NbC,,,, 

Molecular Weight: Nb& 197.82 g/mol 
NbC 104.92 g/mol 

Color: gray sometimes with a lavender tint 

X-ray Density : Nb,C 7.79 g/cm3 
NbC 7.85 g/cm3 

Melting Point: Nb,C 3080°C (decomposes) 
NbC 3600°C (melts without decomposition) 

Debye Temperature: Nb,C 662 K 
NbC 546 K 

Specific Heat (C,,): 36.8 J/mole-K (see Fig. 5.1) 

Heat of Formation (-AH& at 298 K @J/g-atom metal)[5J 
Nb,C 97.5 
NbC 140.6 

Thermal Conductivity: 14.2 W/m*% at 20°C (see Fig. 5.2) 

Thermal Expansion: 6.6 x 10a/OC at 20°C (see Fig. 5.3) 

Electrical Resistivity: 35 pQcrn 

Superconductive Transition Temperature: 6 K 

Hall Constant: -1.3 x 1 0-4cm3/As 

Magnetic Susceptibility: +15.3 x 10m6 emu/m01 

Vickers Hardness: 19.65 GPa 
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Table 5.8: (Cord ‘d) 

Modulus of Elasticity: 338-580 GPa 

Shear Modulus: 214 GPa 

Bulk Modulus: 296 GPa 

Poisson’s Ratio: 0.2 1 

Transverse Rupture Strength: 300-400 MPa 

Oxidation Resistance: oxidizes in air at 800°C 

Chemical Resistance: Reacts with nitrogen and ammonia at high tempera- 
ture to form NbN. Less chemically resistant than TaC. Dissolved by hot 
oxidizing acids. 
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Figure 5.5: Carbon-niobium phase diagram, 
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7.3 Summary of Fabrication Processes 

NbC powder is prepared by the reaction of niobium oxide with carbon 

at 17OOOC in hydrogen. The reaction of niobium metal or niobium hydride 

with carbon under vacuum is also used. NbC coatings are deposited by 

CVD, reactive evaporation, or sputtering (see Chs. 14 and 15). 

7.4 Summary of Applications and Industrial Importance 

The monocarbide NbC is the only phase found industrially but its use 
is limited. It is found mostly in combination with TaC in 10, 20, or 50 wt% 

NbC. The following is a summary of its applications in production or 

development (see Ch. 16). 

l In special grades of cemented carbides in combination with 

alumina 

l With TaC to improve the properties of cemented carbides 

8.0 CHARACTERISTICS AND PROPERTIES OF TANTALUM 

CARBIDE 

8.1 Summary of Properties 

The properties of tantalum carbide are summarized in Table 5.9. 

Table 5.9: Characteristics and Properties of Tantalum Carbide. 

Note: 1. When phase is not indicated, value reported is for TaC. 
2. Test temperature is 20°C, unless otherwise stated. 

Phases. Ta&, TaC 

Structure, Lattice Parameter (nm). 
Ta,,C Orthorhombic, a = 0.2873, b = 1.0250, c = 0.4572 

TaC ccp, a = 0.4455 

Space Group and Pearson Symbol. 
Ta,C P3m1, hP3 

TaC Fm3m. 3F8 
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Table 5.9: (Cont ‘d) 

Composition: TaC,.,, to TaC,.,, 

Molecular Weight: Ta& 373.91 g/mol 

TaC 192.96 g/m01 

Color: brown, gold 

X-ray Density: Ta,,C 14.8 g/cm3 

TaC 14.5 g/cm3 

Melting Point: Ta& 33 3 0°C (decomposes) 

TaC 3950°C (melts without decomposing) 

Debye Temperature: Ta& 378 K 
TaC 489 K 

Specific Heat (C,): 36.4 J/moleK (see Fig. 5.1) 

Heat of Formation: (-AH,) at 298 K (kJ/g-atom metal)t51 
Ta& 104.2 

TaC 142.7 

Thermal Conductivity: 22.1 W/m*% at 20°C 

Thermal Expansion: 6.3 x lO?C at 20°C (see Fig. 5.3) 

Electrical Resistivity: 25 pI2cm 

Superconductive Transition Temperature: 10.3K 

Hall Constant: -1.1 x 10-4cm3/As 

Magnetic Susceptibility: +9.3 x 10m6 emu/mol 

Vickers Hardness: 16.7 GPa 

Modulus of Elasticity: 285-560 GPa 

Shear Modulus: 214 GPa 

Bulk Modulus: 4 14 GPa 

Poisson’s Ratio: 0.24 

Transverse Rupture Strength: 350-400 MPa 

Oxidation Resistance: Oxidizes rapidly in air at 800°C 

Chemical Resistance: TaC is one of the most chemically stable carbides. 
Decarburizes when heated in hydrogen at very high temperatures (3000°C). 
Does not react with nitrogen up to 2700°C. Reacts at high temperature with 
Nb, Ta, and MO. Stable in nonoxidizing acids, but is attacked easily by 
HNO, and HF and by melts of oxidizing salts. 
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Isomorphism. TaC forms solid solutions with the carbides of Group 
IV and the other monocarbides of Group V and with the mononitrides of 
these two groups. 

8.2 Phase Diagram 

The C-Ta phase diagram is shown in Fig. 5.6.[141[151 

20304060 6070 

Atomic Percent Carbon 

Figure 5.6: Carbon-tantalum phase diagram. 
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8.3 Summary of Fabrication Processes 

TaC powder is prepared by the reaction of Ta,O, with carbon at 

1700°C in hydrogen usually in two steps, by the direct carburization of 

tantalum sponge, or by the reaction of tantalum hydride with carbon. TaC 

coatings are deposited by CVD, reactive evaporation and sputtering (see 

Chs. 14 and 15). 

8.4 Summary of Applications and Industrial Importance 

Tantalum carbide is produced industrially in appreciable quantity 

with a world production estimated at 500 tons annually (1994). The 
following is a summary of applications of tantalum carbide in production or 

development. More details are given in Ch. 16. 

l In combination with WC-Co cemented carbides (up to 2 

wt%) to inhibit WC grain growth 

l With WC-Co cutting tools to improve cutting characteristics 

(up to 15 wt%) 

l With WC-Co cutting tools to improve shock resistance, 

high-temperature hardness, cratering, and wear and oxidation 

resistance 
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Carbides of Group VI: 

Chromium, 

Molybdenum, and 

Tungsten Carbides 

1.0 GENERAL CHARACTERISTICS OF GROUP VI 

CARBIDES 

1.1 Common Features of Group VI Carbides 

This chapter is a review of the characteristics and properties of the 
interstitial carbides formed by the metals of Group VI: chromium, molybde- 

num, and tungsten. These three carbide systems have similar atomic 

bonding, composition, and crystallography. Their properties and character- 

istics are also similar. 

They have a more complex composition and crystallography than the 

carbides of Groups IV and V. As shown in Ch. 3, their structural 

characteristics can be summarized as follows: 

l They have several compositions?] 

Cr.&, MO.& W,C 

Cr,C, MO& WC 

Cr& MoC,_, 

l They have two major crystalline structures: hexagonal and 

orthorhombic 

100 
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l The monocarbide form is retained in MoC and WC but, 

unlike the carbon atoms of the monocarbides of Group IV 

and V which occupy octahedral sites (Bl structure), the 

carbon atoms in MoC and WC occupy the more spacious 
trigonal prismatic sites (hexagonal structure)121131 

l The metal-to-metal bonds are strong and the metal-to-carbon 
bonds are weak 

The carbides of Group VI are important industrial materials, particu- 

larly tungsten carbide and chromium carbide. Their fabrication processes 

and applications are summarized in Sets. 6,7, and 8 and reviewed in more 
detail in Chs. 14, 15, and 16. 

1.2 Refractory Characteristics 

A criterion of this book is that only those carbides and nitrides having 
a melting point above 1800°C and good chemical resistance are considered. 
Chromium carbide is a marginal case as mentioned in Ch. 3, Sec. 4.4.t11141 

Its cubic form, Cr23Cs, decomposes on melting at approximately 15OOT 

and cannot be considered refractory. The hexagonal form, Cr&,, melts 

without decomposition at 1755°C but, because of its industrial importance, 
it is considered here. Only the orthorhombic form, Cr,C,, with a melting 

point of 18 lO“C, truly (if barely) meets the refractory criteria. 

2.0 PHYSICAL AND THERMAL PROPERTIES OF GROUP VI 
CARBIDES 

In this section and the next three, the properties and characteristics of 
the major phases of interstitial carbides of Group VI, i.e., Cr3C2, Mo,C, and 
WC, are reviewed and compared with those of the parent metals and their 

borides. The nitrides of Group VI are not included since they are not 

considered refractory (see Ch. 9). The values given are those for composi- 
tion as close to stoichiometry as possible.151-[*I The properties in most cases 

are similar to those of the Groups IV and V carbides and the statements in 

Ch. 4 also apply here. 
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Density and Melting Point 

Density and melting point are shown in Table 6.1. 

Table 6.1: Density and Melting Point of Group VI Interstitial Carbides and 
Other Refractory Compounds 

Material 

Cr3C2 

Mo,C 

WC 

Cr 

MO 
W 

CrB, 
Mo2J35 

W2B5 

Density Melting Point 

Wcm3) “C 

6.68 1810 

9.06 2520 

15.8 2870 

7.20 1865 

10.22 2620 
19.3 3410 

5.20 2170 
7.48 2100 

13.1 2600 

As could be expected, the density increases considerably with the 
increasing atomic number of the metal. Unlike the carbides of Groups IV 

and V, the carbides of Group VI have melting points that are lower than 
those of their respective host metals but are relatively close to those of the 

borides (see Sec. 6.3 of Ch. 3). 

2.2 Thermal Properties 

The thermal properties are shown in Table 6.2,[g1[101 

Thermodynamic Functions.[51 Like the carbides of Groups IV and 

V, the high-temperature enthalpy data for the Group VI carbides is provided 
by the equation: Ho, - H02g8.15K =A + BT + CT2 + DT3 + (E/T). The values 

of A, B, C, D, and E for Cr,C,, MqC, and WC are given in Table 6.3. 
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Table 6.2: Thermal Properties of Group VI Interstitial Carbides and Other 

Refractory Materials 

Specific Heat Thermal Conductivity Thermal Expansion 
at 298 K at 20°C at 20°C 

Material (J/mole*K) (W1m.K) (x 1 O?C) 

cr3c2 32.7 19 

MO& 30.3 21.5 

WC 39.8 63 

Cr 23.29 91 6.0 

MO 24.23 138 5.0 

W 23.90 173 4.5 

CrB, 

Mo,B5 

W2B5 

10.4 

7.9 
a 5.2, c 7.3 

20.5 10.5 

8.6 

7.8 

Table 6.3: (after Ref. 1) Thermodynamic Values of Group VI Carbides. 

WC2 Mo,C WC 

A -3.6074~ lo3 -2.9502~ lo3 -2.7595 x lo3 

B +9.4443T +9.0920T +8.5025T 
C +1.1635~10-~T~ +1.0471~10-~T~ +2,0550x 10-3T2 

D +2.8241x lo-*T3 -9 9403 x 1 O-*T3 -2 4625 x 1 0-7T3 

E +2.0496x 105m +;.3333x105/T +;44249x 105/T 

from 298-1600 K, in Cal/mole f 0.5 % 
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Specific Heat. The specific heat (Cp> of the Group VI carbides 
increases essentially linearly with increasing temperature. Figure 6.1 shows 

this relationship for WC.lgl 

01 I I I 
400 800 1!200 ldoo 2ooo 2400 

Temperature, K 

Figure 6.1: Specific heat of tungsten carbide as a function of temperature.[g] 

Thermal Conductivity. Like the other interstitial carbides, the 
carbides of Group VI are good thermal conductors, thus reflecting their 

metallic character. This is especially true of WC which has the highest 

thermal conductivity of any of the transition-metal carbides and can be 

considered as an excellent thermal conductor (for discussion, see Sec. 2.2 of 
Ch. 4).W’1[“1 

Thermal Expansion. Like the carbides of Groups IV and V, the 
Group Vl carbides have a relatively low thermal expansion which varies 

with temperature as shown in Fig. 6.2. lgl For discussion see Ch. 4, Sec. 2.4. 

3.0 ELECTRICAL PROPERTIES OF GROUP VI CARBIDES 

Like the carbides of Groups IV and V, the Group V carbides are 

electrical conductors (see Ch. 4, Sec. 3.1). The electrical properties of the 
Group Vl carbides are shown in Table 6.4.15-711121 These materials can be 

considered as good electrical conductors even though their electrical resistivity 
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is higher than that of the host metals. WC has the lowest resistivity of any 
of the interstitial carbides (and, as mentioned above, the highest thermal 
conductivity).I1ol It can qualify as the most metallic of these carbides. 

Hall constant is negative (see Sec. 3.2 of Ch. 4). 

T 

A 400 800 1200 16m 2am 240 

Temperature, K 

Figure 6.2: Linear thermal conductivities of Group VI carbides as a function oftemperature.[gl 

Table 6.4: Electrical Properties of Group VI Interstitial Carbides and 
Other Refractory Compounds 

Compound 

Electrical Resistivity Hall Constant 
at 20°C at 20°C 
(S2cm) 1 OS4 cm3/As 

Magnetic 
Susceptibility 
10” emu/m01 

cI;c, 75 -0.47 
MO& 71 -0.85 
WC 22 -21.8 

Cr 12.9 
MO 5.2 
W 5.65 

CrB, 18 
Mo,B5 18 
WJ35 19 

+10.0 
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4.0 MECHANICAL PROPERTIES OF GROUP VI CARBIDES 

The mechanical properties of Group VI carbides are summarized in 
Table 6.5. The values are average values reported in the recent litera- 

turet1J131151-1’1 (see Sec. 4.1 of Ch. 4). 

Table 6.5: Mechanical Properties of Group VI Interstitial Carbides and 

Borides at 20°C 

Compound 

Vickers 
Hardness 

(GPa) 

Young’s 
Modulus of 
Elasticity 

(GPa) 

Shear 
Modulus 

(GPa) 

Transverse 
Rupture 
Strength 

(MPa) 

cr3c* 10-18 344-400 49 

MO& 15.5-24.5 535 
WC 22 (0001) 620-720 262 550 

CrB, 20.5 

M”2B5 23.0 

W2B5 26.1 

The fracture mechanism and the ductile-brittle transition are similar 

to those of the carbides of Groups IV and V (see Sec. 4, Ch. 4). The high 

strength of WC should be noted. 

Hardness. Table 6.5 shows that carbides of Group VI are not as hard 

as the carbides of Groups IV and V (see Ch. 4, Table 4.6 and Ch. 5, Table 
5.6). This may reflect the lower strength of their M-C bonds. The hardness 

decreases with temperature as shown in Fig. 4.6 (Ch. 4). Alone among the 
refractory carbides, WC retains its hardness up to approximately 800°C 

and, above 400°C, it is the hardest carbide. 
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5.0 CHEMICAL PROPERTIES OF GROUP VI CARBIDES 

5.1 Mutual Solubilities 

The existence oftemary carbides and nitrides was discussed in Ch. 4, 
Sec. 5.0. As shown in Fig. 4.7 (Ch. 4) the carbides of Group VI, Cr,C,, 

MO&, and WC, with their hexagonal or orthorhombic structure, cannot 

readily accommodate the cubic structure of the Groups IV and V carbides in 
solid solution. However the reverse is possible. For instance W-C and 
MO-C are soluble in Ti-C and Ta-C although the solubility is limited as shown 
below. 

W-Ti-C and W-Ta-C Systems.[31 The ternary system tungsten 

titanium carbide is an important material system with applications in 

cemented carbides for cutting tools. The solubility of WC in the TIC lattice 

is a function of temperature. It is 60 wt.% at 1500°C, reaches 90 wt.% at 

2400°C and is probably complete above 2600°C. WC is also soluble in 

TaC but to a lesser degree. In both systems, WC crystals precipitate upon 
cooling from sintering temperature and, as a result, these systems should be 

considered as mixed crystals or as a ceramic/ceramic composite. 

Mo-Ti-C System. Similarly to the W-Ti-C and W-Ta-C systems, 

molybdenum carbide is partially soluble in TIC to form a useful material for 

cemented carbides. As already mentioned, the study of these ternary (and 
quaternary) systems is outside the scope of this book (for a general review of 

these systems, see Ref. 13). 

5.2 Chemical Properties 

The Group VI carbides are chemically stable and have a chemical 

resistance similar to that of the Group IV carbides.161 

6.0 CHARACTERISTICS AND PROPERTIES OF CHROMIUM 
CARBIDE 

6.1 Summary of Properties 

The characteristics and properties of chromium carbide are summarized 

in Table 6.6. 

6.2 Phase Diagram 

The phase diagram of the C-Cr system is shown in Fig. 6.3.11411151 
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Table 6.6: Characteristics and Properties of Chromium Carbide. 

Notes: 1. When phase is not indicated, value reported is for CrsC,. 

2. Test temperature is 20°C unless otherwise stated. 

Phases: Cr,,C,, Cr,C,, Cr,C, 

Crystal Structure and Lattice Parameters (nm): 

Cr,C, is an intermediate carbide having carbon chains with C-C 
distance approximately 0.165 nm running through distorted metal 

lattice where the Cr atoms are at the corners of trigonal prisms and the 

carbon atoms in the center of the prisms (see Ch. 3, Sec. 4.4).t11J41 
Cr,C,: Hexagonal, a = 1.398, c = 0.4523 

Cr,C,: Orthorhombic, a = 0.283, b = 0.554, c = 1.1470 

Space Group and Pearson Symbol: 
Cr,C,: Pnma, oP40 

Cr,C,: Pnma, oP20 

Composition: narrow range of homogeneity (approximately 39-40 at/C) 

Molecular Weight: 

Cr,C,: 393.70 g/m01 

Cr,C,: 180.01 g/mol 

Color: gray 

X-ray Density: 
Cr,C,: 6.97 g/cm3 

Cr,C,: 6.74 g/cm3 

Melting Point: 

Cr,C,: 1755°C (melts congruently) 
Cr,C,: 1810°C (decomposes at melting temperature) 

Specific Heat (C,): 32.7 J/mole*K 

Heat of Formation (-AaHr) at 298 K (KJ/g-atom metal)?1 23.0 

Thermal Conductivity: 19 W/m*% at 20°C 

Thermal Expansion: 10.4 x 10a/OC at 20°C (see Fig. 6.2) 

Electrical Resistivity: 75 pQcm 

Superconductive Transition Temperature: cl.2 K 
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Table 6.6: (Cant ‘d) 

Hall Constant: -0.47 x 10s4 cm3/A*s 

Vickers Hardness: lo- 18 GPa 

Young Modulus of Elasticity: 15 S-24.5 GPa 

Transverse Rupture Strength: 49 MPa 

Oxidation Resistance: Generally superior to that of other interstitial car- 
bides. Oxidation in air starts at 1000°C and a dense and strong oxide layer 
is formed. 

Chemical Resistance: Insoluble in cold HCl; dissolves in hot oxidizing acids. 

Solid Solubility: See Sec. 5.1 

0 
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Figure 6.3: Carbon-chromium phase diagram 
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6.3 Summary of Fabrication Processes 

Cr& powder is prepared by the reaction of chromium oxide (Cr,O,) 
with carbon up to 1600°C in hydrogen; if the temperature is kept below 

13OO”C, Cr,C, is obtained. An oxygen free-carbide can be obtained by the 
carburization of the chromium metal. Chromium carbide coatings are 

deposited by CVD, reactive evaporation, and sputtering (see Chs. 14 and 15). 

6.4 Summary of Applications and Industrial Importance 

A partial list of applications is as follows (see also Ch. 16). 

l Thermal spray powder for applications requiring high 

corrosion and wear resistance for tools and machine parts 

l Welding electrodes for hard facing (Cr,C,, Cr.&C eutectic) 

and weld-applied overlays on machine wear surfaces 

l Grain growth inhibitor in W-Co cemented carbides 

l Special tools for maximum chemical resistance 

l Chromium carbide by thermal spray or CVD is extremely 
resistant to corrosion and resists atmospheric oxygen up to 

900°C. It is used to coat steel and as an intermediate coating 
for combined corrosion and wear-resistance 

7.0 CHARACTERISTICS AND PROPERTIES OF 

MOLYBDENUM CARBIDE 

7.1 Summary of Properties 

The characteristics and properties of molybdenum carbide are sum- 

marized in Table 6.7. 

7.2 Phase Diagram 

The phase diagram of the C-MO system is shown in Fig. 6.4.[141[1s] 
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Table 6.7: Characteristics and Properties of Molybdenum Carbide. 

Notes: 1. When phase is not indicated, value reported is for MO&. 
2. Test temperature is 20°C unless otherwise stated. 

Phases: MO&, MO&, MoC,, 

Crystal Structure and Lattice Parameters (nm): 
P-MO&: hexagonal, a = 0.3007, c = 0.4729 (only stable 

phase at room temperature) 
~-MO&: orthorhombic, a = 0.4736, b = 0.6024, c = 0.5217 (stable 

only above 1475°C) 
MoCr,: hexagonal above 1655°C and cubic above 1960°C 

Space Group and Pearson Symbol: 
~-MO&: Pbcn, 0P 12 

Composition: narrow range of homogeneity (33-34 mol % C) 

Molecular Weight: MO& 203.91 g/mol 
MoC 107.96 g/m01 

Color: 

X-ray Density : 

gray 

P-Mo,C 9.06 g/cm3 
MoC 9.15 g/cm3 

Melting Point: 2520°C (melts without decomposing) 

Debye Temperature: P-Mo,C: 53 1 K 
~-MO&: 473 K 

Specific Heat (C,): 30.3 J/mole*K 

Heat of Formation (&&Jr) at 298 K (KJ/g-atom metal):J’] 23.0 

Thermal Conductivity: 2 1.5 W/m*“C 

Thermal Expansion: 7.9 x 10-6/oC (see Fig. 6.2) 

Electrical Resistivity: 7 1 @2cm at 20°C 

Superconductive Transition Temperature: 13 K 

Hall Constant: -0.85 x 10e4 cm3/As at 20°C 

Vickers Hardness: 15.5-24.5 GPa 

Young Modulus of Elasticity: 535 GPa 

Transverse Rupture Strength: 49 MPa 
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Table 6.7: (Cont ‘d) 

Oxidation Resistance: oxidizes above 500°C 

Chemical Resistance: MO,C is attacked by HNO, and by boiling H,SO,; 
insoluble in cold HCl; stable in hydrogen. 

Isomorphism: See Sec. 5.1 

2Klo 

2an 

1500 

1000 

500 s 
0 

0 lo 20 30 40 50 60 70 80 90100 
MO Atomic Percent Carbon C 

Figure 6.4: Carbon-molybdenum phase diagram. 

7.3 Summary of Production Processes 

The carburization of molybdenum oxide at 1500°C produces a car- 

bide powder but the carbon content is difficult to control. A preferred 

process is the direct heating of the metal and carbon in the form of powders 

in hydrogen at approximately 1500°C (see Chs. 14 and 15). 

7.4 Summary of Applications and Industrial Importance 

The only phase of industrial importance is the l3-Mo,C. Industrial 

applications are limited to special grades of cemented carbides. MO& is 
found in steel alloys &here it is formed during melting (see Ch. 16). 
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8.0 CHARACTERISTICS AND PROPERTIES OF TUNGSTEN 

CARBIDE 

8.1 Summary of Properties 

The characteristics and properties of tungsten carbide are summarized 

in Table 6.8. 

Table 6.8: Characteristics and Properties of Tungsten Carbide. 

Notes: 1. When phase is not indicated, value reported is for WC. 

2. Test temperature is 20°C unless otherwise stated. 

Phases: W,C (subcarbide) 

WC (also called a-WC) 

P-WC,, (unstable, forming only above 1530°C) 

Crystal Structure and Lattice Parameters (nm):11611171 

W,C: hexagonal, a 0.30008, c 0.47357 

WC: hexagonal, a 0.2907, c 0.2837 

Crystal structure shown in Fig. 3.9 

Space Group and Pearson Symbol: 
W,C: P3m1, hP3 

WC: P6m2, hP2 

Composition: Narrow range of homogeneity, a-WC,.9s-WC,.,, 

Molecular Weight: W,C: 379.71 g/m01 

WC: 195.86 g/mol 

Color: gray 

X-ray Density: W,C: 17.2 g/cm3 

WC: 15.8 g/cm3 

Melting Point: W,C: 2730°C 

WC: 2870°C 

WC decomposes by melting incongruently. 

WC has a large stability domain but reacts with W,C 

or W. W,C starts to decompose at 1300C (W + 

hexagonal WC). 
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Table 6.8: (Cont ‘d) 

Debye Temperature: 493 K 

Specific Heat (C,): 39.8 J/mole*K 

Heat of Formation (&I-&) at 298 K (KJ/g-atom metal?] 37.7 

Thermal Conductivity: 63 W/m% (see Fig. 6.2) 

Thermal Expansion: a 5.2, c 7.3 

Electrical Resistivity: 17-22 pL2cm 

Superconductive Transition Temperature: 10.0 K 

Hall Constant: -2 1.8 x 1 o-1 cm3/As at 20°C 

Magnetic Susceptibility: +lO x 10e6 emu/mol 

Vickers Hardness: 22 GPa 

Young’s Modulus of Elasticity: 620-720 GPa 

Shear Modulus: 262 GPa 

Poisson’s Ratio: 0.18 

Transverse Rupture Strength: 550 MPa 

Oxidation Resistance: Oxidation in air starts at 500-600°C. 

Chemical Resistance: Resistant to acids and not attacked at room tempera- 

ture by mixtures of HF and I-NO, but attacked by these acids at elevated 

temperature. Attacked by chlorine above 400°C. Attacked by fluorine at 

room temperature. Stable in dry hydrogen to melting point. W,C is less 
stable than WC; it reacts with Murakami’s reagent while WC does not. 

Isomorphism: See Sec. 5.1. The eutectic WC,-WC is prepared by fusion 

(known as fused or cast tungsten carbide). 

8.2 Phase Diagram 

The phase diagram of the C-W system is shown in Fig. 6.5.[1411151 
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Figure 6.5: Carbon-tungsten phase diagram. 

8.3 Summary of Production Processes 

Tungsten carbide is made by the direct carburization of tungsten 
metal with carbon such as lamp black or graphite at 1400-2000°C in 

hydrogen or vacuum. Grain size control is critical and is usually determined 

by the processing parameters. Other starter materials are tungsten oxide, 

tungstic acid, and ammonium paratungstate. 

Tungsten-carbide composites (and composites of the other interstitial 

carbides as well) are known in the industry as cemented carbides or hard 
metals, a term somewhat misleading since they are not metals. These 

cemented carbides are sintered with a metallic binder which is generally 

cobalt and less often nickel. Many combinations are possible. 
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Coatings of tungsten carbide are deposited by thermal and plasma 

CVD. Very fine submicron powder is now produced by CVD and sol-gel 

for potential use in high-quality cemented carbides (see Chs. 14 and 15). 

8.4 Summary of Applications and Industrial Importance 

Tungsten carbide is a major industrial material with a yearly world 

production estimated at 20,000 tons. Its largest use is in cemented carbides 

for cutting tools (see Ch. 16).1311171 A partial list of applications is as follows: 

l Cutting and drilling tools 

l Oil-field and mining drilling tools 

l Drawing and extrusion dies 

l Balls for ball mills and ball-point pens 

l Rolls, nozzles, sealing rings 
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Covalent Carbides: 
Structure and 
Composition 

1.0 GENERAL CHARACTERISTICS OF COVALENT 

CARBIDES 

As mentioned in Ch. 2, the refractory carbides include two structur- 

ally different types: (a) the interstitial carbides of the transition metals of 

Group IV, V, and VI (reviewed in Ch. 3,4,5, and 6) and (b) two covalent 
carbides: boron carbide and silicon carbide. The structural characteristics 

of these two carbides are reviewed in this chapter and their properties and 
general characteristics in the following chapter. 

The two covalent carbides have these general features: 

They fully meet the refractory criteria of high melting point 

and thermal and chemical stability 

They are nonmetallic compounds 

Their electronic bonding is essentially covalent 

They have low density 

Their elemental constituents have low atomic weight 

They have useful semiconductor properties 

They are extremely hard and strong materials which exhibit 

typical ceramic characteristics 

118 
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l They are both important industrial materials with many 

current and potential applications 

2.0 ATOMIC STRUCTURE OF CARBON, BORON, AND 
SILICON 

The atomic and crystalline structures of covalent carbides are less 

complex and generally better understood and characterized than those of 
interstitial carbides. Bonding is essentially covalent where the carbon atoms 

bond to the silicon or boron atoms by sharing a pair of electrons and, like all 

covalent bonds, these atoms form definite bond angles. The bonding is 

achieved by the hybridization of the valence electrons of the respective 

atoms. 

2.1. Electronic Configuration 

In the Periodic Table of the Elements, carbon (with an atomic number 

of six) follows boron (with an atomic number of five) and is just above 

silicon in the column of Group IVb (see Table 2.1 of Ch. 2). Table 7.1 shows 

the electronic configuration, the electronegativity, and the atomic radius of 
these three elements.~11~21 

Table 7.1: Electronic Configuration of Carbon, Boron, and Silicon 

Shell Atomic 
Electronic Electra- Radius 

Element z 1s 2s 2p 3s 3p Structure Negativity (mn)* 

Boron 5 2 2 1 [He]2s22p1 2.0 0.088 

Carbon 6 2 2 2 [He]2s22p2 2.5 0.077 

Silicon 14 2 2 6 2 2 [Ne]3s23p2 1.8 0.117 

* In the tetrahedral configuration (sp3) 
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As shown in this table, carbon, boron, and silicon have comparable 
electronic structure. They also have some of the smallest atoms. Silicon 
and boron are similar elements which can be considered borderline cases 
between metals and nonmetals. They also have lower electronegativity than 
carbon and, by convention, their compounds with carbon can be called 
carbides (see Sec. 2.0 of Ch. 2). The differences between the atomic 
structure, electronegativity, and atomic radius of these three elements are 
not as significant as those between carbon and the transition metals (see Ch. 
3, Table 3.8). 

2.2 Hybridized States 

Carbon Hybridization. The hybridization of the carbon atom from 
the ground state to the hybrid sp3 (or tetragonal) orbital state was described 
in Ch. 3, Sets. 2.2 and 2.3. It was shown that this hybridization accounts 
for the tetrahedral symmetry and the valence state of four with four 2sp3 
orbitals arranged in a regular tetrahedron with equal angles to each other of 
109” 28’. The diamond structure is formed when carbon atoms are bonded 
to each other in the sp3 configuration (see Fig. 2.1 of Ch. 2).r31 

Silicon Hybridization. Hybridization of the silicon atom occurs in a 
manner similar to the tetragonal hybridization of the carbon atom to form a 
configuration of four 3sp3 orbitals also arranged in a regular tetrahedron.nl 

Boron Hybridization. As shown in Table 7.1, the boron atom has 
only one valence electron in the ground state (2~‘). Yet boron is never 
monovalent but always trivalent as the atom is hybridized.[11[21 However, 
unlike the tetragonal hybridization of carbon and silicon, the boron hybrid- 
ization is trigonal (sp*). It occurs as follows: 

The 2s2 electrons are uncoupled and one is promoted to the 2p,, orbital 
to form three equivalent sp* hybrid orbitals with three axes located in the 
same plane, each directed to the corners of an equilateral triangle and 
separated by the same angle of 120”. The covalent radius is not well defined 
and is estimated to be 0.085-0.090 run. Since boron has four orbit& 
available for bonding and only three electrons, it is an electron-pair acceptor 
and it tends to form multi-center bonds. 
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STRUCTURE AND COMPOSITION OF SILICON
CARBIDE

3.0

The Carbon-Silicon Crystal Unit Cell3.1

Silicon carbide is a relatively simple substance in the sense that its
structure and properties are essentially isotropic. In the basic unit cell, each
atom of one element is surrounded by a tetrahedron of four atoms of the
other element. Each element shares pairs of electrons with the other (the
four 2sp orbitals of carbon with the four 3sp orbitals of silicon), A
schematic representation of the SiC crystal is shown in Fig. 7.1.

Carbon Atom
.

:!i~i~~~!!!~: SIlIcon Atom

Figure 7.1: Schematic representation of the J3-SiC structure.

Page 141 of 360



122 Handbook of Refractory Carbides and Nitrides 

Each SIC unit cell has eight atoms located as follows: l/8 x 8 (silicon) 
at the comers, l/2 x 6 (silicon) at the faces and 4 (carbon) inside the unit 
cube as illustrated in Fig. 7.2141(for the sake of clarity, only the silicon atoms 
are shown). In such a structure, each atom has a coordination number of 
four. 

Figure 7.2: Schematic representation of the silicon*arbide unit cell (for clarity only 
silicon atoms are shown). 

3.2 Covalent and Ionic Bonding 

The bonding in silicon carbide is essentially covalent. These covalent 
bonds are strong since both atoms are small, the bond length is short, and 
four of the six electrons of carbon and four of the fourteen electrons of 
silicon form bonds. The average bond energy is estimated at 300 kJ/mol.121 

The bonding in silicon carbide is also ionic. As mentioned in Ch. 2, an 
ionic bond results from the transfer of valence electrons between two 
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different atoms which causes the formation of a positive and a negative ion 

and consequently an electrostatic attraction between these ions of unlike 
charges. 

As shown by Kisly, ~1 the difference between (a) the atomic spacing 
of SIC and the sum of the covalent radii of carbon and silicon and (b) the 
atomic spacing and the sum of their ionic radii shows that the bonding is 

mainly covalent but that a certain degree of ionicity is retained. The 

calculated covalent bond energy E, is 9.42 eV and the ionic bond energy Ep 
is 1.41 eV.L61 

3.3 Beta Silicon Carbide 

Silicon carbide occurs in two slightly different crystal structures: the 

cubic PSiC, and a large number of hexagonal rhombohedral varieties known 
collectively as aSiC.t71[81 The single cubic form, PSiC, is obtained when the 

carbide is synthesized below 2100°C. It is a face-centered cubic (fee) 

structure of the zincblende type shown in Fig. 7.1. Zincblende is a mineral 
of zinc sulfide also known as sphalerite. In this illustration, the zincblende 

structure is represented with the cube diagonals vertical and appears as 

series of identical (although translated) puckered sheets of atoms with an 

AA layer sequence. [iI Another view ofthe PSiC crystal is shown in Fig. 7.2 

(the carbon atoms, all located in the 4fsites, are omitted for clarity] The 
PSiC structure has no polytype (see Table 7.3 for crystal structure data). 

The layer sequence of the { 11 l} plane is ABCABCABC which 

means that every third layer is identical (Fig. 7.3).r91 This gives a Ramsdell 

notation of 3C-Sic where the numeral 3 refers to the number of layers of 

carbon atoms and silicon atoms necessary to produce a unit cell and C 

indicates cubic symmetry. [loI It is analogous to the diamond structure and is 

also the structure of cubic boron nitride (see Ch. 12). 

3.4 Alpha Silicon Carbide and Polytypes 

Alpha SIC is the high temperature form of SIC. Unlike PSiC which 

is a single compound, aSiC has a large number of polytypes, approxi- 

mately 250 having been identified so far. t111[121 These polytypes have either 

a rhombohedral or a hexagonal structure. Polytypes, unlike polymorphs, 

are the same thermodynamic phase, are formed under the same conditions 

of temperature and pressure, and have similar properties and structure. 

Their close-packed layers ({ 000 1 } for hexagonal) are identical but have a 
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different stacking sequence. They have essentially the same lattice constant 
in two dimensions but a different one in the third.l131 

The major polytypes of aSiC are listed in Table 7.2. Of these, the 
most common is 6H-SiC whose stacking structure is shown in Fig. 7.4. 

Table 7.2: The Common Polytypes of aSiC 

Polytypes Structure 
Layer 

Unit Cell Sequence 

C #Sic) Cubic 1 ABCABCABC 

2H (oSiC) Hexagonal 2 ABABAB 

4H - Hexagonal 4 ABACABAC 

6H - 

15R - 

Hexagonal 6 ABCACBABCACBA 

Rhombohedral 15 ABDACBCABACABCBA 

The 2H polytype has the structure of wurtzite, a mineral of zinc 
sulfide, shown in Fig. 7.5.1i41 It is considered a metastable modification 
which undergoes solid-state transformation to the 3C and 6H polytypes 
above 1400°C. 

3.5 Summary of Structural Data 

The structural data for silicon carbide is summarized in Table 7.3.181 
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A

I

B

I

c

I

A
I

Sllcon atom

e Cabon atom

Note: Sllcon on (112) ~

Figure 7.3: Layer sequence ABCABC of the /3SiC structure along the (112) plane.

Figure 7.4: Layer sequence of the 6H aSiC structure along the (112) plane.

O Carbon atom

Note: SectIon on (112) plane
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.

~~ijt

Carbon Atom

SIlIcon Atom

Figure 7.5: Schematic representation of the a-SiC structure (2H).

Table 7.3: Silicon Carbide Structural Data at 298 K

Density

(g/cm3)

Lattice

Go (om)
Space

Group

Parameters

Co (om)Polytypes

C (J3SiC) 3.214 0.43596 f43m

2H (aSiC) 3.214 0.30763 0.50480 C6mc

4H - 3.235 0.3076 1.0046

6H - 3.211 0.3080 1.5117

15R - 3.274 0.3073 3.730 R3m
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It should be noted that the hexagonal cell parameter a, of a aSiC 
polytype remains essentially constant while its c, varies as c, = n x 0.25 18 
nm (with slight differences), where n is the number of double layers of SIC 
in the hexagonal cell.[131 

3.6 Structural Correlation 

As could be expected, the density, lattice parameters, and bond 
strength of PSiC are in between those of silicon and diamond (the sp3 form 
of carbon) as shown in Table 7.4.[21[51 

Table 7.4: Structural Correlation Between Sic, Si, and C 

Material 
Density 

Wcm3) 

Lattice 

a, (nm) 

Bond Energy 
kJ/mol 

PSiC 3.210 0.43596 300 
Si 2.329 0.543 1 226 
C (diamond) 3.515 0.3567 356 

3.7 Phase Diagram 

The phase diagram of carbon-silicon is shown in Fig. 7.6.[151[161 This 
diagram does not attempt to distinguish between aSiC and PSiC. j3SiC is 
thought to be more stable than aSiC at any temperature below a peritectic 
reaction temperature of 2545 f 40°C. 

Some studies have determined that a transformation of PSiC to aSiC 
apparently takes place above 2 100°C but the reverse transformation is also 
possible in nitrogen and at high pressure (30-40 atm).[131 The study of this 
transformation is still incomplete and -more investigation in this field is 
necessary. 
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Figure 7.6: Carbon-silicon phase diagram.

STRUCTURE AND COMPOSITION OF BORON CARBIDE4.0

The Boron Icosahedron4.1

The basic boron structural element is the icosahedron, i.e., a polyhe-

dron having twenty faces, twelve equivalent vertices and 12h symmetry,
forming a cage of twelve atoms shown in Fig. 7.7.[2] To form a boron

crystal, these icosahedra combine in a rhombohedral configuration, i.e., a

geometrical pattern with axes of equal length and equal axial angles (but not

900) (Fig. 7.8).
The centers of these icosahedra are located on each of the corners of

the rhombohedron as shown in Fig. 7.9 for boron carbide.
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Figure 7.7: Schematic representation of the icosahedron. 

Figure 7.8: Schematic of the rhombohedron. 
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Boron atom, 6h, site 

Carbon atom, Bh, site 

1 b site In center of chain 

Carbon atom In 2c sPte at end of chain 

Figure 7.9: Schematic representation of the boron carbide structure. 

4.2 The Structure of Boron Carbide 

Boron carbide has an unusual structure which has been the subject of 

much controversy and apparently is yet to be completely clarified.1171-1201 It 

can be described as a slightly distorted boron crystal structure as described 

above where the boron icosahedra are linked directly and also by a chain of 

three atoms located on the principal body diagonal of the rhombohedron, as 

shown in Fig. 7.9. ~1 The 12 atoms of the icosahedra and these three atoms 

form a H-atom unit cell. Another view of the structure is shown in Fig. 7. 10.lgl 
The carbon atoms can be positioned in the three-atoms chain and as 

part of the icosahedra. Because of their tetragonal (sp3) hybridization, they 

occupy both ends of the chain while the center atom is boron (CBC chain), 

although singly ionized carbon atoms have occasionally been detected in the 

center position. They can also be incorporated in the icosahedron, although 
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due to bonding constraints, only to a maximum number of two.[*ll The 
boron icosahedron is deficient in electrons and requires two additional 

electrons in order to acquire a thermodynamically favorable closed-shell 

structure. These electrons are provided by a substitutional carbon atom (see 
Fig. 7.1 l).[*Ol 

carbon atom 

0 boron atom 

Figure 7.10: Structure of boron carbide along the (112) elevation. 
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4.3 Composition 

Several structures are possible: 

l (B,,C)CBC with one carbon atom in the icosahedra (equivalent 

to B,C) 

l (BtJCBC with no carbon atom in the icosahedra (equivalent 

to B&J 

l Higher boron compositions by boron atom substitution within 

the chain or interstitially 

The combination of these various structures within a given boron 

carbide compound gives an overall composition from about 7.7 to 20.5 at % 

carbon. Each composition has slightly different lattice constants as 

determined by powder x-ray diffraction (see Table 7.6). Such a composi- 
tion dependence provides a fast and reliable method of determining the 
composition.t211 

Thus, boron carbide, unlike Sic, has a wide range of composition and 

the formula B,C usually found in the literature should not be construed to 

represent an exact composition. Also in many cases, the composition of a 

boron carbide material is not fixed as localized phases having different 

composition may be found.t191 

4.4 The Boron-Carbon Bond 

The bonds between the carbon atoms and boron atoms as well as 
between the boron atoms themselves in the icosahedra are essentially 

covalent. But like silicon carbide (Sec. 3.3), the bonding of boron carbide is 
also partially ionic. ~1 The difference between the atomic spacing of SIC and 
the sum of the covalent radii of carbon and silicon on one hand and the sum 

of the ionic radii on the other hand show that the bonding, although mainly 

covalent, includes a certain degree of ionic@. The calculated covalent bond 

energy E, is 9.42 eV and the ionic bond energy Ep is 1.4 1 eV. 

4.5 Summary of Structural Data for Boron Carbide 

The structural data for boron carbide is summarized in Table 7.5 .t201[211 
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Table 7.5: Boron Carbide Structural Data at 298 K 

Formula: (B”C)CBC 

Density (g/cm3): 2.52 

Lattice Parameters (nm) (referenced to the hexagonal structure): 

a0 = 0.55991 

Co = 1.20740 

Unit Cell Volume (nm3): 3.27809 

Space Group: R3m 

Variations in the lattice parameters and unit cell volume as a function 

of carbon concentration are given in Table 7.6.t211 Both lattice parameters 

decrease with decreasing carbon content. 

Table 7.6: Lattice Parameters and Unit Cell Volume of Boron Carbide as 
a Function of Carbon Content (referenced to the hexagonal structure) 

Carbon Lattice Parameters (nm) 
Content (at%) u c 

Unit Cell 
Volume (nm3) 

20.2 0.55991 1.20740 3.27809 
19.2 0.5995 1.20707 3.27763 
19.6 0.56030 1.20802 3.28440 
18.7 0.56032 1.20909 3.28745 
16.0 0.56152 1.21411 3.3 1525 
12.3 0.56286 1.21748 3.34039 

9.3 0.56438 1.21750 3.35851 

8.1 0.56440 1.21731 3.35818 
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4.6 Phase Diagram 

The boron-carbon phase diagram is shown in Fig. 7.11 .[151[161 

0 6 10 1620 26 90 9540 

Atomic Percent Carbon 

Figure 7.11: Boron-carbon phase diagram 
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Characteristics 
and Properties of 
Silicon Carbide 
and Boron Carbide 

1.0 INTRODUCTION 

In the previous chapter, the structure and composition of the two 
covalent carbides, i.e., silicon carbide and boron carbide, were reviewed. 

This chapter is an assessment of the properties and a summary of the 

fabrication processes and applications of these two compounds. 

Silicon carbide and boron carbide to a lesser degree are important 

industrial materials which are produced on a large scale in the form of 
powders, molded shapes, and thin films. 

2.0 CHARACTERISTICS AND PROPERTIES OF SILICON 
CARBIDE 

2.1 Historical Background and Present Status 

Silicon carbide was first synthesized in 1891 by Acheson by passing 

an electric current through a mixture of carbon powder and clay. The 

material was originally thought to be a mixture of carbon and corundum 
(aluminum oxide) and trademarked Carborundum (CARBOncoRUNDUM). 

137 
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Acheson soon determined that it was actually silicon carbide. The product 

was an immediate commercial success as an abrasive.t11t21 
The Acheson process is still the major production process. In the US, 

over 115,000 metric tons of silicon carbide were produced in 1994 with a 
value estimated at $40 million, much of which was for abrasives and 

metallurgical uses.t31 

2.2 Summary of Properties 

The characteristics and properties of silicon carbide are summarized 
in Table 8.1 t4j-t10j and reviewed in more detail in Sets. 4-8. Values quoted 

are for hot-pressed material and are an average of the values reported in the 

literature. 

Table 8.1: Summary of Characteristics and Properties of Silicon Carbide. 

Notes: (a) When structure is not indicated, values reported are for PSiC. 

(b) Test temperature is 20°C unless otherwise stated. 

Composition: SIC (very narrow range) 

Molecular Weight (g/mol): 40.097 

Color: colorless to yellow if pure, brown if doped with boron, nitrogen or 
aluminum 

X-ray Density (gkm3): aSiC(6H) 3.2 11 
PSiC 3.214 

Melting Point: 2545°C at 1 atm. (decomposes) 
2830°C at 35 atm. 
(decomposes to Si, Si,C, Si,, and Sic,) 
(see Sec. 4.2) 

Specific Heat (J/mol*K) (see Fig. 8.1): 
aSiC 27.69 
PSiC 28.63 

Heat of Formation (-AH) (kJ/mol*K at 298.15 K): 
aSiC - 25.73 f 0.63 
PSiC - 28.03 f 2 

Thermal Conductivity (W/m*“C) (see Fig. 8:2): 
aSiC 41.0 
PSiC 25.5 
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Table 8.1: (Cont ‘d) 

Thermal Expansion (x 10aW) (see Fig. 8.3): 
aSiC 5.12 
PSiC 3.8 

Dielectric Constant @ 300 K: 
aSiC (6H) 9.66-10.03 
PSiC 9.72 

Electrical Resistivity @cm): 
aSiC 0.0015 to 103 
PSiC 10-2 to 106 

Debye Temperature: aSiC 1200 K 
PSiC 1430 K 

Energy Gap (eV): aSiC (6H) 2.86 
PSiC 2.6 

Exiton Energy Gap (eV) @ 4.2 K: 
aSiC (4H) 3.265 
aSiC (6H) 3.023 
PSiC 2.39 

Superconductive Transition Temperature: 5 K 

Refractive Index PSiC, n, (Na) 2.48: 
2.7104 @ 467 pm 2.6916 @ 498 pm 
2.6823 @ 515 pm 2.6600 @ 568 pm 
2.6525 @ 589 pm 2.6446 @ 616 pm 
2.6264 @ 691 pm 

Vickers Hardness (GPa): 24.5-28.2 (varies with crystal face) 

Modulus of Elasticity (GPa): 475 @293K 
441 @ 1773K 

Shear Modulus (GPa): 192 

Bulk Modulus (GPa): 96.6 

Elastic Constants (dynes/cm2): 
aSiC Cl1 5.0, Cl2 0.92, C33 5.64, C44 1.68, C66 2.04 
PSiC Cl1 2.89, Cl2 2.34, C44 0.544 

Poisson Ratio: 0.142 

Flexural Strength (MPa): 350-600 (see Fig. 8.4) 

Oxidation Resistance: excellent due to the formation of a layer of SiO, 

Chemical Resistance: essentially inert at room temperature 
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Temperature, K 

Figure 8.1: Specific heats of the covalent carbides as a function of temperature. 

400 a00 1200 16m mm 2m 

Temperalure, K 

Figure 8.2: Linear thermal expansions of the covalent carbides as a function of temperature. 
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Figure 8.3: Linear thermal conductivities of the covalent carbides as a function of 
temperature .[lslwl 
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Figure 8.4: Flexural strength of silicon carbide as a function of temperature. 
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3.0 CHARACTERISTICS AND PROPERTIES OF BORON 
CARBIDE 

3.1 Historical Background and Present Status 

Boron carbide was first produced and identified at the end of the 

nineteenth century and for many years remained a laboratory curiosity. The 

structure and composition were tentatively determined in 1934.1”1 It was 

not until the end of World War II that the first major applications were 
developed particularly in the nuclear industry. Production was estimated to 
reach $40 million in 1994.1121 

3.2 Summary of Properties 

The characteristics and properties of boron carbide are summarized 
in Table 8.2 (for structural data, see Table 7.5 of Ch. 7). They are reviewed 
in more detail in Sets. 4-8. The material has outstanding hardness and 

excellent nuclear properties (see Sec. 7.0). 

Table 8.2: Summary of Characteristics and Properties of Boron Carbide. 

Note: Test temperature is 20°C unless otherwise stated. 

Composition: (B,,C)CBC 

Molecular Weight (g/mol): 55.26 

Color: black (pure crystal is transparent and colorless) 

X-ray Density (g/cm3): 2.52 

Melting Point: ~2400OC (does not decompose) 

Specific Heat (J/mole*K): 50.88 (see Fig. 8.1) 

Heat of Formation (-AH) (kJ/molK at 298.15 K): 57.8 f 11.3 

Thermal Conductivity (W/m*“(Z): 30 (see Fig. 8.2) 

Thermal Expansion (10-6/oC): 4.3 (see Fig. 8.3) 

Electrical Resistivity (0cm): 0.1-10 (Fig. 8.5) 

Seebeck Coefficient (pV/K): 200-300 @ 1250 (Fig. 8.6) 

Page 162 of 360



Silicon Carbide and Boron Carbide 143 

Vickers Hardness (GPa): 27.4-34.3 

Modulus of Elasticity (GPa): 290-450 

Shear Modulus (GPa): 165-200 

Bulk Modulus (GPa): 190-250 

Poisson’s Ratio: 0.18 

Flexural Strength (MPa): 323-430 

Compressive Strength (MPa): 2750 

Oxidation Resistance: in air up to 600°C. Formation of a film of B,O, 
retards oxidation. 

Chemical Resistance: generally excellent. Reacts with halogens at high 
temperature. 

Absorption Cross Sec. for Thermal Neutrons (barn): 755 (see Sec. 7.0) 

Figure 8.5: Electrical conductivity of boron carbide as a function of temperature.[23] 

Page 163 of 360



144 Handbook of Refractory Carbides and Nitrides 

60 
400 600 000 loo0 1200 1400 

Temperature, K 
Figure 8.6: Seebeck coefficient of boron carbide as a function of temperature. 

4.0 PHYSICAL AND THERMAL PROPERTIES OF THE 
COVALENT CARBIDES 

4.1 Discussion and Comparison 

In this section and the next three, the properties and characteristics of 
the covalent carbides are reviewed and compared whenever appropriate 
with those of the parent elements and of the refractory compounds of 
titanium. For comparison with other carbides, nitrides, or borides, see the 
appropriate tables in Chs. 4-6. Reported property values often vary 
considerably and the values given here are a general average. 
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4.2 Physical Properties 

Physical properties are shown in Table 8.3. 

Table 8.3: Density and Melting Point of Covalent Carbides and Other 
Refractory Compounds. 

Material 
Density 

Wcm3) 

Melting Point 
“C 

PSiC 3.214 
aSiC(6H) 3.211 

B,C 2.52 

C (graphite) 
C (diamond) 

TiC 4.91 3067 
TiN 5.40 2950 
TiB, 4.52 2980 

2.329 1414 
2.35 2050 
2.26 3730 (sublimes) 
3.51 - 1000 (graphitizes) 

2545 (decomposes) 

2450 

Both covalent carbides have high melting points which are slightly 
lower than the titanium compounds but higher than silicon and boron. 
Under most conditions, the thermal decomposition of SIC may occur well 
below its intrinsic melting point 1131 and decomposition can become signifi- 
cant at approximately 1700°C (see Sec. 3.7 and Fig. 7.8 of Ch. 7). The 
density of Sic is closer to that of diamond than it is to graphite, which can be 
expected since SIC has the structure of diamond. 

Boron carbide does not appear to decompose up to its melting point. 
It vaporizes by the preferential loss of gaseous boron.l141 
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4.3 Thermal Properties 

The thermal properties of the covalent carbides are shown in Table 
8 4 WWI . . 

Table 8.4: Thermal Properties of Covalent Carbides and Other Refractory 

Materials at 20°C 

Thermal Thermal 

Material 
Specific Heat Conductivity Expansion 

(J/mole*K) (J/g*K) (W/m,K) (x lo-VC) 

aSiC 

PSiC 

W 

Si 18.58 0.405 150 2.6 

B(P) 11.16 1.032 60 4.8 

C(diamond) 6.19 0.515 600-2 100 0.8 

TIC 

TiN 

TiB, 

27.69 0.691 41.0 5.12 

28.63 0.714 43-145 3.8 

5O.M O.!Zi 20-35 4.3 

33.8 0.563 21.0 7.4 

33.74 0.545 19.2? 29.1 9.3 9.4 

44.29 0.744 24.3 6.6 

Specific Heat. The specific heat (C,) of the covalent carbides as a 
tinction of temperature is shown in Fig. 8.1 .llOl On a weight basis (J/g-K), 

the specific heat of silicon carbide and particularly boron carbide is higher 

than that of the other refractory carbides and nitrides listed in Table 8.2 

Thermal Conductivity. The thermal conductivity or k (i.e., the time 

rate oftransfer of heat by conduction) of covalent carbides, unlike that of the 

interstitial carbides, decreases with increasing temperature as shown in Fig. 

8.2.11°1 It is highly dependent on the method of formation which is reflected 

by the large spread in values. The thermal conductivity of silicon carbide 
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(particularly aSiC) is high yet considerably lower than that of the best 

conductors such as Type II diamond (2000 W/m*K), silver (420 W/mK), 

copper (385 W/m-K), beryllium oxide (260 W/m-K), and aluminum nitride 

(220 W/m*K).[171 
Thermal Expansion. As shown in Fig. 8.3, thermal expansion ofthe 

covalent carbides is low and increases with increasing temperature but this 

increase is not entirely linear and is slightly more rapid at high tempera- 

ture.[‘Ol For discussion of thermal expansion, see Sec. 2.5 of Ch. 4. 

5.0 ELECTRICAL AND SEMICONDUCTOR PROPERTIES 

5.1 Electrical Properties 

For discussion of electrical conductivity, see Sec. 3.1 of Ch. 4. As 
opposed to the transition metal carbides, the covalent carbides are consid- 

ered electrical insulators since they have no metallic bonding and their 

electrons are strongly bonded to the nucleus and are not free to move. 
Silicon carbide has self-heating and beta-emitting glow characteris- 

tics and as such is a standard material for heating elements (see Ch. 15). 

The anisotropy of the electrical conductivity of boron carbide is low, 

between 70 and 700 K.[181 

5.2 Semiconductor Properties 

In a semiconductor material, the forbidden-energy gap is such that 

electrons in usable quantities are able to jump across it from the filled 

valence band to the empty conduction band.ugl The three elements that form 
the covalent carbides, i.e., boron, silicon, and carbon (in the form of doped 

diamond) are semiconductors and one would expect to find semiconductor 

properties in their compounds. 
This is indeed the case and the semiconductor properties of PSiC 

have long been recognized but it is only recently, with the development of 

high-quality thin film techniques, that it is possible to consider it as a 

practical semiconductor material. PSiC is an indirect bandgap semiconduc- 

tor with properties that promise significant improvements over existing 

materials in high power, high-frequency devices as shown in Table 8.5. 
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Table 8.5: Semiconductor Properties of BSiC and Other Materials 

Property and Unit Silicon GaAs PSiC Diamond 

Bandgap at 300K (ev) 1.12 1.43 2.35 5.45 

Thermal Conductivity at RT 
(W/cmK) 

Saturated Drift Velocity 
(emkec) 

Drift Mobility, Electrons 
(em/Vsec) 

Drift Mobility, Holes 
(em/Vsec) 

Breakdown Electric Field 

(v/cm) 

1.5 0.5 5 20 

1.0~ lo7 2.0~ lo7 2.5~ 1072.7x lo7 

1500 8500 1385 1800 

450 400 100 1200 

3x105 4x105 5x106 1x107 

Dielectric constant 11.8 12.8 9.7 5.5 

Max. Junction Temperature 

(“C) ~250 =300 =lOOO %lOOO 

The table shows that PSiC is potentially more effective than silicon or 
gallium arsenide particularly in microwave and millimeter-wave devices 
and in high-voltage power devices (see Ch. 16).1201 

Boron carbide is a p-type semiconductor with a bandgap varying 
from 2.5 eV at the center of the Brillouin zone to about 1 eV at the zone 
boundary in the direction of the (111) wave vector.t*ll It is considered a 
degenerate semiconductor with charge carriers (holes) of low mobility (< 1 
cm/V set) forming small polarons and moving through the material by 
phonon-assisted hopping.l**l 
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5.3 Boron Carbide as a Thermoelectric Material 

Boron carbide is characterized by a relatively wide gap in its forbid- 

den band, a low thermal conductivity, and a high thermoelectric power. 

These properties make it a potentially useful material for high-temperature 
thermoelectric energy conversion. t231 Electrical conductivity and Seebeck 

coefficient as a function of temperature and composition are shown in Figs. 8.5 

and 8.6. 

6.0 MECHANICAL PROPERTIES 

6.1 Property Variables 

For a discussion of mechanical properties and variables see Sec. 4.1 

of Ch. 4. The mechanical properties of the covalent carbides often show a 

large spread in the reported values mostly due to differences in the fabrica- 

tion processes. In addition, the following factors influence mechanical 
testing[61t241: 

l Density and porosity 

l Presence of impurities 

l Grain size and morphology 

l Grain orientation 

l Structural defects (vacancies, dislocations) 

l Testing methods (3 points vs. points, Weibull statistics etc.) 

6.2 Summary of Mechanical Properties 

The mechanical properties of the covalent carbides are summarized 

in Table 8.6. The values are average values reported in the recent 
~~~~~~~~~~~~~lt71t~711251 

6.3 Strength 

Covalent carbides are strong materials especially at high temperature. 

However, like the transition-metal carbides and most other ceramics, they 

are intrinsically brittle (for discussion, see Sec. 4.3 of Ch. 4). Silicon 
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carbide retains its strength at high temperature up to 12OOOC as shown in 

Fig. 8.6. This is also true for boron carbide but to a lesser degree.161 
The covalent carbides, like the transition-metal carbides, have the 

ability to deform plastically above the ductile-to-brittle transition tempera- 
ture. Below that temperature, the carbides fail in a brittle manner while 
above they show ductile behavior and undergo plastic deformation 

Table 8.6: Mechanical Properties of Covalent Carbides and Other Refrac- 

tory Compounds at 20°C 

Compound 

Vickers 
Hardness 

(GPa) 

Young’s 
Modulus of 
Elasticity 

(GPa) 

Shear Flexural 
Modulus Strength 

(GPa) (MPa) 

PSiC 24.5-28.2 475 192 350-600 

B& up to 48 290-450 165-200 323-430 

B 25.3 up to 480 
C (diamond) up to 100 910-1250 

TIC 28-35 410-510 186 240-3 90 

TiN 18-21 250 
TiB, 33 575 400 

Hot-isostatic pressing and high tiring temperature (2100°C) signifi- 

cantly increase the strength of boron carbide. Flexural strength as high as 

429 MPa and Young’s modulus as high as 433 GPa are observed.12611271 

6.4 Hardness 

It is significant that two of the hardest materials contain boron (cubic 

boron nitride and boron carbide), boron itself being a very hard material.126l 
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Boron carbide is the hardest material after diamond and cubic boron nitride, 
and it maintains its hardness to 1 800°C.~211 For discussion on hardness, see 
Sec. 4.4 of Ch. 4. 

7.0 NUCLEAR PROPERTIES 

Boron is an important material for nuclear applications due to its high 

neutron absorption cross section (760 barn at neutron velocity of 2200 m/ 
set). The cross section of the Bl” isotope is considerably higher (3840 
bam).[24l In addition, boron does not have decay products with long 

half-life and high-energy secondary radioactive materials. However, pure 
boron is extremely brittle and difficult to produce in shapes such as control 
rods. Boron carbide is usually the material of choice since it provides a high 

concentration of boron atoms in a strong and refractory form and is 

relatively easy to mold (see Ch. 16). 

8.0 SUMMARY OF FABRICATION PROCESSES 

The fabrication processes for silicon carbide and boron carbide are 
also reviewed in Chs. 14 and 15. 

8.1 Silicon Carbide 

The Acheson process mentioned above is a carbothermic reduction 

now produced by electrochemical reaction of high purity silica sand and 

carbon in an electric furnace. The general reaction is: 

SiO, + 3C --+ SIC + 2C0 (g) 

The addition of sawdust increases the porosity of the charge and 
facilitates gas circulation. Chlorine is added to reduce impurities.t41 Alpha 

SIC is produced above 2 100°C and PSiC at 1500-1600°C. Shapes are 

produced by standard ceramic forming technologies, pressureless sintering, 

and reaction bonding; coatings are produced by CVD.t61t2*l 
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8.2 Boron Carbide 

The major boron carbide production process consists of the reduction 
of boric oxide (B203) with carbon (usually in the form of coke) in an electric 
furnace by resistance heating or arc heating at high temperature (up to 
2300°C).12911301 Th e material is also produced by the same reduction 

reaction but in the presence of magnesium and by the direct synthesis of the 

elements.12il Monolithic shapes are produced by hot-isostatic pressing.12’jl 

Boron carbide coatings are usually produced by CVD.12811311 

9.0 SUMMARY OF APPLICATIONS AND INDUSTRIAL 
IMPORTANCE 

The following is a summary of applications of silicon carbide and 
boron carbide in production or development. More details are given in the 
Ch. 16. 

9.1 Silicon Carbide[‘l-131 

Powder 

l Deoxidizer in steel production and other metallurgical 

processes (largest tonnage use) 

l Powder abrasives, bonded abrasives, coated abrasives 

l Filler in refractory cements 

Shapes 

l Refractory products, bricks, kiln furniture, tubes and other 

shapes131 

l Electric heating elements and resistors 

l Igniters for gas appliances (recrystallized SIC) 

l Radiation sensors (amorphous SIC) 

l Low-weight, high-strength mirrors 

l High-power, high-frequency, and high-temperature 

semiconductor devices 

l Radiation-resistant semiconductors 
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l Fibers and whiskers 

l Matrix in ceramic composites 

l Thermocouple sheath 

l Lightweight armor 

Coatings 

l Coatings for susceptors and heating elements for epitaxial 

silicon deposition 

l Coatings for fusion reactor applications 

l Nuclear waste container coatings 

l Coatings for ceramic heat exchanger tubes 

l Oxidation resistant coatings for carbon-carbon composites 

l Heteroepitaxial deposit on silicon 

l Blue light-emitting diodes (LED) 

9.2 Boron Carbide[lll[281I321-~341 

l Shielding and control of nuclear reactors pellets, shapes, and 

coatings 

l Wear parts, sandblast nozzles, sealst251t26] 

l Mortar and pestle 

l High-grade abrasive and lapping powder 

l High-temperature thermocouple 

l Lightweight body and airborne armor 

l Matrix material for ceramic compositest241 

l Coating for nozzles, dressing sticks for grinding wheels 

l Lightweight body armor 
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1.0 INTRODUCTION 

The refractory nitrides are in many respects similar to the refractory 
carbides. They are hard and wear-resistant with high melting points and 
good chemical resistance. They are important industrial materials and have 
a significant number of major applications in cutting and grinding tools, 
wear surfaces, semiconductors, and others. 

This chapter is a review of the general characteristics of the refractory 
nitrides and their classification. Like the refractory carbides (see Ch. 2), the 
refractory nitrides can be divided into two major types: the interstitial 
nitrides reviewed in Chs. 10 and 11 and the covalent nitrides, reviewed in 
Chs. 12 and 13. 

2.0 GENERAL CHARACTERISTICS OF NITRIDES 

2.1 Definition and Classification 

The element nitrogen forms compounds with most other elements (i.e., 
N,O, NCl,) but, by convention, the term nitride is only applied to those 
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compounds that nitrogen forms with elements of lower or about equal 

electronegativity. 111 The nitrides can be classified in five genera1 categories, 

based on their electronic structure and bonding characteristics as shown in 

Table 9.1 .I*]-151 These categories are commonly identified as: 

1. Interstitial nitrides 

2. Covalent nitrides 

3. Intermediate nitrides 

4. Saltlike nitrides 

5. Volatile (molecule forming) nitrides 

Table 9.1:[*1 Classification of the Elements Forming Nitrides 

Note: Elements shown in bold type form refractory nitrides. 

BOX D BOX B BOX E 

BOX D 

BOX A: Interstitial nitrides 

BOX B: Covalent nitrides 

BOX C: Intermediate nitrides 

BOX D: Saltlike nitrides _ 

BOX E: Volatile (molecule forming) nitrides 
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2.2 Refractory Qualifications 

As stated in Ch. 1, the term refractory, in the context of this book, 
defines a material with a melting point above 1800°C and with a high degree 
of chemical stability. 

In the five categories listed above, only some of the interstitial and 
covalent nitrides qualify as refractory, i.e., the nitrides of the elements of 
Groups IV and V and the covalent nitrides of boron, aluminum, and silicon. 
These elements are shown in bold type in Table 9.1. Unlike the carbides of 
Group VI elements, the Group VI nitrides are not refractory and conse- 
quently are not considered in any depth in this book. 

Some of intermediate and saltlike nitrides have high melting points 
but are not chemically stable; yet they are important materials and are 
briefly reviewed in Sets. 5.4 and 5.3 below. 

3.6 FACTORS CONTROLLING NITRIDE FORMATION 

Three general and interrelated atomic characteristics play an essential 
part in the formation of nitrides: the difference in electronegativity between 
the element nitrogen and the other element forming the nitride, the size of the 
respective atoms, and the electronic bonding characteristics of these atoms. 

3.1 Nitride Formation and Electronegativity 

As shown in the partial Periodic Table of the Elements shown in 
Table 2.1 of Ch. 2, nitrogen has a higher electronegativity than any other of 
the elements with the exception of oxygen and fluorine.111161 As in the case 
of carbides, the difference in electronegativity of the respective elements 
plays an important part in the structure and bonding of refractory nitrides 
(see discussion of electronegativity in Sec. 3.1, Ch. 2). 

This difference is large with the interstitial nitrides (Ti-N: 1.5, V-N: 1.4, 
Zr-N:1.6, Nb-N: 1.4, Hf-N: 1.7, Ta-N: 1.5) but less pronounced with the 
covalent nitrides (B-N: 1 .O, Al-N: 1.5, Si-N: 1.2). Since nitrogen has a higher 
electronegativity than carbon, refractory nitrides show a greater electrone- 
gativity difference than the equivalent carbides. 
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3.2 Nitride Formation and Atom Size 

The second factor controlling the formation of nitrides is the atomic 
radius of the constituent elements. The radii of these elements are listed in 

Table 9.2 (see discussion on atomic radius in Sec. 4.1 of Ch. 2). One should 

note that nitrogen is one of the smallest atoms, and smaller than carbon. 

Table 9.2 also shows the type of nitride formed, i.e., interstitial (IS) or 

covalent (C), or intermediate (IM). 

Only the early transition metals (Groups IV, V, and VI) have a host 
lattice that is large enough for the nitrogen atom to fit readily and so form 

stable interstitial compounds, as shown in Table 9.1. As mentioned previ- 

ously, only the nitrides of Group IV and V are considered refractory. 

The importance of the atomic radius will become evident as the 
structure of interstitial and covalent nitrides is reviewed in Chs. 10 and 12. 

Generally speaking, when the difference in radii of the two elements is large, 

interstitial nitrides are formed (i.e., TIN); when it is small, covalent nitrides 

are formed (i.e., S&N,). 

3.3 The Electronic Bonding of Nitrides 

The third factor governing the structure of nitrides is the nature of the 

bond between the nitrogen atom and the other element forming the com- 
pound. As mentioned in Ch. 2, the bond is the force of attraction that holds 

together the atoms of a molecule. ~1 The bonds in refractory carbides can be 

ionic (saltlike nitrides), covalent (covalent nitrides), or a combination of 

metallic, covalent, and ionic (interstitial nitrides) (for a discussion of 
electronic bonding, see Ch. 2, Sec. 5.0). 

4.0 GENERAL CHARACTERISTICS OF NITRIDES 

The characteristics of the nitrides can be summarized as follows. 

4.1 Interstitial Nitrides 

The difference in electronegativity between nitrogen and the metal is 

large and so is the difference in atomic size so that the nitrogen atom nests 

readily in the interstices ofthe metal lattice. Like the carbide, the bonding is 
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mostly metallic with some covalent and ionic bond components, giving the 
interstitial nitrides metallic characteristics such as high electrical and 
thermal conductivities. In addition, these materials have high melting 
points and high hardness; they are chemically inert but only the nitrides of 
Groups IV and V fully meet the refractory criteria. They are reviewed in 
Chs. 10 and 11. 

Table 9.2: Approximate Atomic Radius of Nitrogen and Selected 
Elements171181 

Element 
Atomic Atomic Radius Type of 
Number nm Nitride 

Boron 5 0.088 
Carbon 6 0.078 
NITROGEN 7 0.074 

Oxygen 8 0.066 

Aluminum 13 0.126 
Silicon 14 0.117 
Titanium 22 0.1467 
Vanadium 23 0.1338 

Chromium 24 0.1267 
Manganese 25 0.1261 
Iron 26 0.1260 
Cobalt 27 0.1252 
Nickel 28 0.1244 
Zirconium 40 0.1597 
Niobium 41 0.1456 
Molybdenum 42 0.1386 

Hafhium 72 0.1585 

Tantalum 73 0.1457 
Tungsten 74 0.1394 

IS = Interstitial nitride 
C = Covalent nitride 
IM= Intermediate nitride 

C 

C 
C 
IS 
IS 
IM 
IM 
IM 
IM 
IM 
IS 
IS 
IS 
IS 
IS 
IS 
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4.2 Covalent Nitrides 

Unlike the interstitial nitrides, the covalent nitrides are not metallic 

compounds. The differences in electronegativity and atomic size between 
the nitrogen and the other element are small and their electronic bonding is 
essentially covalent. In this respect, they are similar to the covalent 

carbides. They include the nitrides of Group IIIb (B, Al, Ga, In, Tl) and 

those of silicon and phosphorus. Of these, only three are considered 
refractory: boron nitride, silicon nitride, and aluminum nitride. These are 
reviewed in Chs. 12 and 13. 

4.3 Intermediate Nitrides 

The late-transition metals (Group VII and VIII) either do not form 
nitrides at all, such as the precious metals, or else form nitrides with 

intermediate (distorted) interstitial structures. These materials decompose 
readily and are not chemically stable. Examples are manganese, iron, 

cobalt, and nickel nitrides. In this respect, they are similar to the intermedi- 

ate carbides (see Ch. 2, Sec. 6.3). 

4.4 Salt-Like Nitrides 

The sahlike (or salinic) nitrides are composed of nitrogen and the 

most electropositive elements, i.e., the alkali metals, alkaline-earth metals, 

and the metals of Group III of the Periodic Table, including the lanthanide 

and actinide series. The difference in electronegativity between these 

elements and nitrogen is large and the atomic bonding is essentially ionic. 

They have the characteristics of a salt with a fixed composition. 

Although some of these saltlike nitrides have high melting points (for 
instance, thorium nitride: 2820°C; uranium nitride: 2800°C; plutonium 

nitride: 2550°C; beryllium nitride: 2200°C; barium nitride: 2200°C) they 

are sensitive to hydrolysis and react readily with water or moisture to give 
ammonia and the corresponding metal oxide or hydroxide. Consequently, 

they do not meet the refractory requirements as interpreted here. Some of 

these nitrides are useful industrial materials particularly as sintering addi- 
tives for the production of silicon nitride, aluminum nitride, and cubic boron 

nitride (see Ch. 14). 
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Interstitial Nitrides: 
Structure and 
Composition 

1.0 DEFINITION AND GENERAL CHARACTERISTICS OF 

INTERSTITIAL NITRIDES 

As mentioned in Ch. 9, the refractory nitrides consist of two structur- 

ally different types generally known as interstitial and covalent nitrides. 

This chapter provides a general review of the structural characteristics and 

composition of the interstitial nitrides and follows the outline of Ch. 3, 

“Interstitial Carbides: Structure and Composition.” Some of these intersti- 
tial nitrides, titanium nitride in particular, are major industrial materials. 

1.1 Definition 

Interstitial nitrides are crystalline compounds of a host metal and 

nitrogen where the nitrogen atom occupies specific interstitial sites in the 

metal structure which is generally close packed (see Ch. 3, Sec. 1.1 for a 

similar definition of the interstitial carbides): This places a lower limit on 

the size of the metal atom in order for the nitrogen atom to fit in the available 

sites of the metal structure. 

163 
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The metals of the nine early-transition elements, i.e., titanium, zirco- 

nium, and hafnium of Group IV, vanadium, niobium, and tantalum of 

Group V, and chromium, molybdenum, and tungsten of Group VI, fit the 
criteria of size and site availability, and form interstitial nitrides.til 

1.2 General Characteristics 

Interstitial nitrides are similar to interstitial carbides in structure and 

composition, and the two groups of materials closely resemble each other. 
The nitrides however are not as refractory. In fact, only the nitrides of 
Group IV and V have melting points above 1800%. Those of Group VI, i.e., 

chromium, molybdenum, and tungsten nitrides, have lower melting (or 
decomposition) points and dissociate rapidly into N, and the pure element at 

high temperature (~lOOO°C). Their chemical stability is relatively poor and 

they do not therefore meet the refractory criteria. They are mentioned in this 

chapter for reference purposes. 

The interstitial nitrides have several important characteristics in 

common with the interstitial carbides.l’ll*l 

l They have a complex electronic bonding system which includes 

metallic, covalent, and ionic components 

l They are primarily non-stoichiometric phases 

l Like ceramics, they have high hardness and strength 

l Like metals, they have high thermal and electrical conductivity 

Much more so than the carbides, the interstitial nitrides are suscep- 

tible to the presence of even minute amounts of impurities particularly 
oxygen, which tend to distort the structure. Like the carbides, the interstitial 

nitrides allow nonmetal vacancies (i.e., nitrogen) in the lattice, but unlike the 
carbides, they also tolerate metal-atom vacancies. This means that, if the 

metal-atom vacancies are more numerous than the nitrogen-atom vacancies, 

the nitrogen-to-metal ratio will be > 1. As a result, the structure of intersti- 
tial nitrides is sometimes difficult to identify with certainty. 

Vacancy ordering has also been noted but no systematic study has 

been made of this phenomenon.t11121 
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2.0 ATOMIC STRUCTURE OF NITROGEN 

A knowledge of the electronic structure of the nitrides is necessary to 
understand their mechanism of formation and their general characteristics 

and properties. It is thus appropriate to first review the electronic structure 

of nitrogen.[31 

2.1 Nucleus and Electronic Configuration of the Nitrogen Atom 

Note: The concepts of quantum number, ground state, electron 

wave number, ground-state orbit&, and valence are briefly 

reviewed in Ch. 3, Sec. 2.1. 

The element nitrogen has the symbol N and an atomic number (or Z 

number) of 7, i.e., the neutral atom has seven protons and seven neutrons in 
the nucleus and correspondingly seven electrons. The ground-state elec- 

tronic configuration of these seven electrons is ls22s22p3, that is, two 

electrons are in the K shell (1s) and five in the L Shell: two in the 2s orbital 

and three in the 2p orbital distributed among the px, py, and p, orbital (the 

five valence electrons). The three 2p electrons are unpaired with spins 

parallel as shown in Fig. 10.1. 

Under normal conditions, nitrogen exists as a stable diatomic mol- 
ecule (N2) formed with all three bonds from each atom pointed toward the 
other atom.t41 Molecular nitrogen has an extremely high heat of dissocia- 

tion:[51 

N, + 2N -AH, 943.8 KJ/mol 

A photoelectron spectrum of the nitrogen molecule is shown in Fig. 
10.2 and the electronic structure is shown in Fig. 10.3.[31[6] The two 2s 

orbitals of the nitrogen atoms combine to form the two orbit& indicated as 1 

(bonding orbital) and 2 (antibonding orbital). The six 2p orbitals combine 

to form six orbitals. Of these six, three (marked 3, 4, and 5) are bonding 

orbitals. The electrons ejected from orbital 1 do not appear in the spectrum 
of Fig. 10.2 because the light energy used is smaller than the ionization 

potential of these electrons. 
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Figure 10.1: Schematic representation of the electronic configuration of the nitrogen atom. 

2.2 Bonding and Hybridization 

Nitrogen compounds have an electronic structure that can be visual- 

ized as a completed octet of electrons around each atom. Since nitrogen has 

five valence electrons, the octet is obtained by accepting or sharing three 

electrons from the atom bonded to nitrogen. Nitrogen accepts electrons 

only from the most electropositive elements (those on the left of Table 9.1 of 
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Ch. 9), to form the saltlike nitrides. Bonding with the transition metals 

occurs mostly by the sharing of electrons (covalent bonds) and by metallic 
bonding. Bonding with boron, aluminum, and silicon is essentially covalent 

(see Ch. 12). 

OrbItal 5 
I 

Orbttal2 Orbttals3,&4 
I I 

I 
I 

I 

I 

/v \ L/ if \ 

19 18 17 16 
Energy, eV 

Figure 10.2: Photoelectron spectrum of the nitrogen atom.[31[61 

The ground-state configuration of the nitrogen atom does not account 

for the various types of bonding found in many nitrogen compounds. These 

bonds occur through hybridization, a concept presented in Sec. 2.0 of Ch. 3. 

In the nitrogen atom, the s and pz orbitals can be hybridized since they 

belong to the same symmetry species. The hybridization results in two new 

levels: a, which is predominately an s orbital with some pz characteristic, 

and 0, which is predominately apz orbital with some s characteristics. The 
net result of hybridization is to increase the bonding effect of a2.131 The 

hybridized nitrogen atom has three unpaired orbitals, 2.5 2px, and 2pY, 
available for sp2 bonding. 
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Figure 10.3: Schematic representation of the nitrogen molecule.[3][61 

3.0 ATOMIC STRUCTURE OF INTERSTITIAL NITRIDES 

The electronic and crystal structures of the transition metals forming 
interstitial nitrides are reviewed in Ch. 3, Sections 3.0 and 4.0, and a 
definition of interstitial structures is given in Sec. 5.1 of the same chapter. 

3.1 Atomic Radii Ratio 

As mentioned in Ch. 9, Sec. 3.2, the nitrogen atom is smaller than the 
carbon atom and interstitial nitrides are formed more readily than the 
corresponding carbides (see Ch. 3). As shown in Table 10.1, the nine early 
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transition elements qualify as host structures for interstitial nitrides, since 

the ratio of the radius of the nitrogen atom to the radius of the atom of the 

host metal is less than 0.59. The radii ratio is smallest for the nitrides of 

Group IV and largest for those of Group VI.111141 

Table 10.1: Nitrogen/Metal Atomic Radii Ratio of Interstitial Nitrides 

Group IV Group V Group VI 

Ti-N 0.504 V-N 0.553 Cr-N 0.584 

Zr-N 0.463 Nb-N 0.508 MO-N 0.534 
Hf-N 0.467 Ta-N 0.508 W-N 0.53 1 

Limit for interstitial formation: 0.59 

3.2 Interstitial Sites 

There are two types of interstitial sites in the close-packed structure of 

early transition metals, i.e., the tetrahedral sites and the octahedral sites. 

The nitrogen atoms occupy only the octahedral sites since the tetrahedral 

sites are too small to accommodate them. There is one octahedral site per 

atom ofthe host metal (see Ch. 3, Sec. 5.0 and Figs. 3.14, 3.15, and 3.16). 

4.0 COMPOSITION AND CRYSTALLINE STRUCTURE OF 
INTERSTITIAL NITRIDES 

4.1 Composition and Structure 

The composition and structure of interstitial nitrides are listed in 
Table ~0~2~[11[41[71I81 
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Table 10.2: Known Phases and Structures of Interstitial Nitrides 

Group IV Group V Group VI 

Titanium nitride 
O-T&N (hex) 

vTi3N2-, (r) 

C;-Ti4N3-, (r) 
6’-TiN,,, (hex) 

&TiN,_, (fee) 

Vanadium nitride 

P-V,N (hcp) 
6-VN,_, (fee) 
6’-VN,,, (hex) 

Chromium nitride 

Cr2N (hcp) 
6-CrN (fee) 

CrN (orth) 

Zirconium nitride 
Zr,N, (fee) 

b-ZrN,_, (fee) 

Niobium nitride 

P-Nb,N (hcp) 
y-Nb,N,_, (hex) 
q-NbN (hcp) 

6’-NbN (hcp) 

&NbN,_, (fee) 

Nb,N, (hcp) 
Nb,N, (hex) 

Molybdenum nitride 

y-MoN,_, (fee) 
P-Mo,N (hex) 
6-MoN (hcp) 

Hafnium nitride 
8-Hf,N,, (hex) 

6-Hf4N3-X (r) 
&HtN,_, (fee) 

Tantalum nitride 

P-Ta2N (hcp) 
8-TaN (hcp) 

r-l-TaN (hex) 
&TaN,_, (fee) 

Ta5N6 (hcp) 
Ta4N5 (hex) 
Ta,N, (orth) 

Tungsten nitride 
W,N (fee) 

WN (hexa) 

fee = face-centered cubic (close packed) 

hcp = hexagonal close packed 

hex = simple hexagonal 
r = rhombohedral 

orth = orthorhombic 
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4.2 Composition 

As can be seen in Table 10.2, many different compositions are known 

and of these, the most common and important is the mononitride, usually 

expressed as MN,, (M = metal). This notation shows that the nitrogen 
content is variable and is the result of incomplete tilling of the available 

sites. The mononitrides (with the exception of WN) have a face-centered 

cubic close-packed structure (fee) where the successive layers follow the 
sequence ABCABC; the coordination number of the metal atom is 12 (see 
Sec. 4.0 of Ch. 3). A typical fee structure, that of TIN, is shown in Fig. 
10.4.[91 

. 62 Tltaniun Atom 

0 Nitrogen Atom 

a-OA24Onm 

Figure 10.4: Schematic representation ofthe structure of the titanium-nitride crystal. 
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Next in importance is the M,N composition which usually has a 

hexagonal close-packed structure (hcp) where the atoms of the first layer are 

directly over those of the third layer. It is expressed as ABAB with 

hexagonal symmetry and a coordination number of the metal atom of 12 (see 
Fig. 3.9 of Ch. 3). The hcp structure is found in the nitrides of Group V and 

VI but not in those of Group IV. 
Another structure is the simple hexagonal structure (hex) such as that 

of tungsten mononitride (6WN) where the metal atom layers form a se- 
quence of layers AA or BB. Such structures are not close-packed and do not 

form octahedral sites; the available interstitial sites are trigonal prisms (see 
Fig. 3.13 of Ch. 3). This structure cannot form if the ratio of the nitrogen/ 

metal atomic radii is small, as is the case in the Zr-N and Hf-N systems. 
Finally several compositions have rhombohedral orthorhombic struc- 

tures, some of which may contain more nitrogen atoms than metal atoms.14] 

4.3 Summary of Characteristics 

The characteristics of each group are summarized in Table 10.3. 

4.4 Metal-to-Nitride Structural Switching 

Table 10.3 indicates that the structure of a transition-metal nitride is 

generally different from that of the host metal. As shown in Table 3.2 of Ch. 

3, most early transition metals have a bee structure which cannot geometri- 

cally accommodate the nitrogen atoms in its interstices and, to form a 

nitride, the metal must switch to a close-packed structure (fee or hcp) where 
the octahedral sites are large enough. The same switching situation is 

observed with transition-metal carbides (see Sec. 6.3 of Ch. 3). 

This switch is accompanied by an increase of a few percent in the 

distance between the metal atoms, as shown in Table 10.4. In this table, the 
metal-to-metal (M-M) atomic spacings of the pure metals of Group IV and 

V are compared with their M-M spacings within their mononitride struc- 

tures. The increase is generally more pronounced for the nitrides of Group 

V than for those of Group IV. This factor influences the metallic bonding as 

reviewed in the following section. However this increase is not as large as 

that of carbides (see Table 3.5 of Ch. 3). 

Lattice parameters and other structural information are reported in 

Ch. 11. 
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Table 10.3: Compositional and Structural Characteristics of 

Transition-Metal Nitrides 

Group 

. 

. 

IV Nitrides (Ti, Zr, Hf) 

Lowest nitrogen/metal atomic radii ratio 

Several compositions with mononitride being the major one 

and with nitrogen atoms in all octahedral sites (at 
stoichiometry) 

. fee structure (NaCl) of mononitrides 

. The pure host metal has two structures: hcp and bee* 

. Range of melting or decomposition point: 2950-3387°C 

Group 

. 

. 

. 

. 

. 

. 

V Nitrides (V, Nb, Ta) 

Intermediate nitrogen/metal atomic radii ratio 

M,N and MN major compositions 

Nitrogen atoms occupying half the octahedral sites in M,N 

hcp (M,N) and fee (MN) structures 

The pure host metal has only one structure: bee* 

Range of melting or decomposition point: 2 177-3093°C 

Group VI Nitrides (Cr, MO, W) 

l Highest nitrogen/metal atomic radii ratio 

l Several compositions 

l fee, hcp, and hexagonal structures 

l The pure host metal has only one structure: bee* 

l Not considered refractory 

* The crystalline structure of early transition metals is reviewed in Sec. 4.0 and Table 
3.2 of Ch. 3. 
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Table 10.4: Atomic Spacing of Pure Metal and Nitride Host Metal 

Nitride 

M-M Spacing M-M Spacing 

Pure Metal* Host Metal 

(nm) (nm) 

Change 

(%)** 

TiN 0.2934 0.3016 + 2.795 

ZrN 0.3 194 0.322 + 0.845 

HI-N 0.3 170 0.3195 + 0.789 

VN 0.2676 0.3118 + 16.52 
NbN 0.2912 0.2936 + 0.824 

TaN 0.29 14 0.3084 + 5.83 

* For coordination number = 12 
** Change going from the pure metal to the host metal in the nitride 

4.5 Density Considerations 

Table 10.5 shows the density of the interstitial mononitrides (for 

materials closest to stoichiometry), the density of the host metals and the 

difference between the two in percent.111141151 
The nitrides of Group IV have higher density than their host metals 

while the opposite occurs with the nitrides of Group V. This is related to the 

larger increase in M-M spacing occurring during formation of the nitride as 

noted in Table 10.4. The same trend is noted with the interstitial carbides 
(see Table 3.6 of Ch. 3). 

5.0 ATOMIC BONDING OF INTERSTITIAL NITRIDES 

5.1 Overall Bonding Scheme 

Like the bonding of the interstitial carbides, the bonding of the 
interstitial nitrides is still not completely understood. Their characteristics 
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and properties indicate that they are more than a simple solution of nitrogen 
atoms within the lattice of a transition metal. Indeed the differences between 

nitrides and host metals are significant and indicate the presence of 

metal-to-nitrogen (M-N) bonds with essentially no nitrogen-to-nitrogen 

bonds. The overall bonding scheme is similar to that of the interstitial 

carbides (see Sec. 6.1 of Ch. 3) and is a combination of the three types of 
bonding:liOl 

4 

b) 

4 

Ionic bonding resulting from a transfer of electrons from 

the metal to the nitrogen atom 

Metallic bonding with a finite density of states at the 

Fermi-energy level Ef 

Covalent bonding, the major type, between metal d-state 

and the nitrogen p-state with some metal-to-metal 

interaction 

The electronic configuration of the interstitial mononitrides, includ- 

ing the band structure, the density of states, and other bonding consider- 
ations, have been the object of much research and is now relatively well 
defined.110J-1131 A schematic representation of the bonding orbitals of TiN 

on the (100) crystallographic plane, typical of interstitial mononitrides, is 

shown in Fig. 10.5.191 The nitrogen p orbitals and the titanium d orbitals 
form both a and x covalent bonds. The a-bonded overlapping titanium d 
orbitals indicate a certain degree of Ti-Ti interaction. The other nitride 

compositions however are less well-known. 

Table 10.5: Density of Mononitrides and Host Metals 

Carbide 

Nitride Metal 
Density Density 

Wcm3) Wcm3) 

Change 
(%)* 

Group IV TIN 5.39 4.54 + 18.7 
ZrN 7.32 6.51 + 12.4 
HfN 13.83 13.36 + 3.5 

Group V VN 6.05 6.11 - 0.98 
NbN 8.24 8.56 - 1.6 
TaN 15.9 16.6 - 4.2 

* Change in density going from the host metal to the nitride 
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Il-NBOMS-(pd#h3 n-N Bonds-(pd)a 

mmonds-(dd)a 

Figure 10.5: Planar view of the bonding orbitals of titanium nitride.r91 

5.2 Thermal Properties Considerations 

Bond Energy and Melting Points. The comparison between the 

melting points of interstitial mononitrides and their host metals and the 

differences in the bond energy of these nitrides is shown in Table 10.6. This 
provides a qualitative view of the M-M and M-N bonds.[141-[161 The 
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mononitrides of Groups IV and V have a higher melting point than their host 
metals, with the exception of VN. The differences are smaller for those of 
Group V. In all cases the bond energy is high and reflects the high melting 

point of these compounds. 

Table 10.6: Bond Energy and Melting Point of Interstitial Carbides and 

Nitrides 

Group IV TIN 13.24 2950 1660 

TIC 14.66 3067 

ZrN 14.96 2980 1850 

ZrC 15.75 3420 

HfN 15.98 3387 2230 

HtC 17.01 3928 

Group V VN 
vc 
NbN 

NbC 

TaN 

TaC 

* decomposes 

Bond Energy Melting Point (“C) 

E,, eV Compound Metal 

12.79 2177* 1x90 
13.75 2830 
14.81 near 2400* 2468 

16.32 3600 

15.33 3093* 2996 

16.98 3950 

As shown in the above table, the interstitial carbides have a greater 

bond energy and are somewhat more refractory than the nitrides with a 
greater difference between their melting point and that of the host metals. 

These melting point considerations can be used as a qualitative gauge of 
the bond strength and indicate that the Group IV nitrides have a stronger 

M-N bond but a weaker M-M bond than the Group V nitrides (see Ch. 3, 

Sec. 6.3). 
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Heat of Formation. Figure 10.6 shows the heats of formation of the 

transition metal nitrides for near-stoichiometric compositions. The absolute 

values within each group are relatively close but those of Group V are much 

lower than those of Group IV.[ll 
As with the interstitial carbides, it can be inferred from these consid- 

erations of the melting point and heat of formation that the nitrides of Group 
IV are the most stable. The nitrides of Group V (and especially those of 

Group VI) are less stable, a characteristic which may be related to the 
gradual filling of the antibonding portion of the bond which corresponds to 

an increase in density-of-electron states.[ll[gl 

Group Number of TranstHon Metal 

Figure 10.6: Heats of formation of the interstitial nitrides.[‘l 
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5.3 Ionic Bonding and Electronegativity 

The differences in electronegativity between nitrogen and the early 

transition metals are shown in Table 10.7 (see Sec. 6.4 of Ch. 3). 

Table 10.7: Difference in Electronegativity Between Nitrogen and Host Metal 

Group IV Group V Group VI 

N-Ti 1.5 N-V 1.4 N-Cr 1.4 

N-Zr 1.6 N-Nb 1.3 N-MO 1.2 

N-Hf 1.7 N-Ta 1.5 N-W 1.3 

The qualitative relationship between the difference in electronegativ- 

ity and the ionicity of the bond was briefly reviewed in Ch. 3, Sec. 6.4. 

The ionic bonding contribution in TiN indicates a charge transfer 

from the titanium atom to the nitrogen atom, resulting in the formation of 
Ti+ and N- ions and, correspondingly, an electrostatic interaction. This 

ionic bonding should be similar for the other nitrides of Group IV and lower 

for those of Group V and still lower for those of Group VI as the 

electronegativity difference decreases. Generally, in the ionic bonding 
contribution it is likely that the M-N bond is predominant due to the 
octahedral grouping of the metal atoms centered on the nitrogen atom. This 

grouping has six bonds to the six comers of the octahedron and, in forming 

the mononitrides, the valence electrons of the nitrogen atom hybridize with 

the p-state metal atom, with a likely d?sp3 hybridization (a common feature 

of the Group IV metals). 
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Interstitial Nitrides: 

Properties and General 

Characteristics 

1.0 GENERAL PROPERTIES OF INTERSTITIAL NITRIDES 

This chapter is a review of the properties and general characteristics 
of the interstitial nitrides formed by the metals of Group IV (titanium, 
zirconium, and hafnium) and Group V (vanadium, niobium, and tantalum). 
As mentioned in Ch. 10, these six nitrides are the only refractory 
transition-metal nitrides. They have similar properties and characteristics 
and, of the six, titanium nitride has the greatest importance from an 
application standpoint. 

These nitrides are produced mostly in the form of coatings or pow- 
ders. The fabrication processes and the applications for each nitride are 
summarked in Sets. 6-l 1 and reviewed in more detail in Chs. 14,15, and 16. 

2.0 PHYSICAL AND THERMAL PROPERTIES OF 
INTERSTITIAL NITRIDES 

In this section and the next three, the properties of the interstitial 
nitrides of Group IV and V are examined and compared with those of the 

181 
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parent metals and the corresponding carbides. The values given are those 
for composition as close to stoichiometry as possible.[ll-[l ll Like the intersti- 
tial carbides, interstitial nitrides are essentially non-stoichiometric com- 

pounds which accounts in part for the variations in the property values 
reported in the literature. The values given here should be considered 
typical. 

The properties of interstitial nitrides have not been studied as exten- 
sively as those of the interstitial carbides and many gaps remain, particu- 
larly in determining the effects of composition and impurities, the thermody- 
namic functions, and the mechanical properties. 

2.1 Composition and Stoichiometry 

Unlike the interstitial monocarbides, MC,, where C is never >l, the 
interstitial mononitrides, MN,, can have a composition where x >l. In 

substoichiometric compositions (x < I), the sublattice of nitrogen is pre- 
dominantly deficient while at hyperstoichiometric compositions (x > l), the 
metal lattice is predominantly deficient. The lattice parameter is at a 
maximum at stoichiometry. Even at stoichiometry, a substantial fraction of 
both nitrogen and metal sites are usually vacant. 

2.2 Density and Melting Point 

The density and melting point of interstitial nitrides are show-n in 
Table Il. 1 and compared with the values for corresponding carbides and 
host metals. 

As could be expected, the density increases considerably with the 
increasing atomic number of the metal. The melting point of the nitrides is 
lower in every case than that of the corresponding carbides but, with the 
exception of NbN, higher than the parent metals. At a nitrogen pressure of 
1 MPa, the nitrides of Group IV melt without decomposition but those of 
Group V decompose (see Table 10.6, Ch. 10 for a comparison of bond 
energies). 
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Table 11.1: Density and Melting Point of Interstitial Nitrides and Other 
Refractory Compounds 

Material 

TiN 

ZrN 

VN 
NbN 
TaN 

Density Melting Point 

Wm3) “C 

5.40 2950 

7.32 2980 
13.8 3387 
6.0 2177* 
7.3 near 2400* 

14.3 3093* 

TIC 4.91 3067 
ZrC 6.59 3420 
HfC 12.67 3928 
vc 5.65 2830 
NbC 7.79 3600 
TaC 14.5 3950 

Ti 4.54 1660 
Zr 6.51 1850 
Hf 13.36 2230 
V 6.11 1890 
Nb 8.56 2468 
Ta 16.6 2996 

* decomposes 

2.3 Thermal Properties 

Thermal properties are summarized in Table 11.2. 
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Table 11.2: Thermal Properties of Interstitial Nitrides and Other Refractory 

Compounds 

Specific Thermal 
Heat Conductivity 

at 298K at 20°C 
Compound (J/mole-K) (W1m.K) 

Thermal 
Expansion 

at 20°C 
( x 1 o-YOC) 

TiN 
ZrN 

NbN 
TaN 

TIC 

ZrC 

vc 
NbC 
TaC 

Ti 25.05 21.9 
Zr 26.05 22.7 
Hf 26.27 23.0 
V 24.75 30.7 
Nb 24.43 53.7 

Ta 25.33 57.5 

33.74 19.2 9.35 
40.39 20.5 7.24 
38.01 21.7 6.9 
38.00 11.29 8.7 
39.01 3.76 10.1 
40.60 8.78 8.0 

33.8 21 7.4 
37.8 20.5 6.7 
33.4 20.0 6.6 
32.3 24.7 7.3 
36.8 14.22 6.6 
36.4 22.17 6.3 

8.5 

6.0 
8.0 
7.3 
6.5 

2.4 Thermal Conductivity 

A discussion on the thermal conductivity of refractory carbides and 
nitrides is given in Ch. 4, Sec. 2.4. As can be seen in Table 11.2, the 
nitrides of Groups IV and V, like the corresponding carbides, can be 
considered good thermal conductors, reflecting the metallic character of 
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these materials.t121 However, their thermal conductivity is still consider- 
ably lower than the best conductors such as aluminum nitride (220 W/m-K) 
(see Ch. 13, Sec. 3.0). Their thermal conductivity generally increases 
slightly with increasing temperature as shown in Fig. 11.1 (reliable data not 
available for NbN and TaN).t51 

B 10 

0 

Figure 1 1 ..l: Thermal conductivities of the interstitial nitrides vs. temperature. 

4cKl800 1200 1600 2ooo 2400 

Temperature, K 

2.5 Thermal Expansion 

The observations on thermal expansion of refractory carbides in Sec. 
2.0 of Ch. 4 are applicable to the refractory nitrides. Table 11.3 shows that 
generally the higher the bond energy of the compound, the lower the 
expansion. 
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Table 11.3: Bond energy and Thermal Expansion of Refractory Nitrides 

Nitride 

Bond Thermal 
Energy Expansion at 

E,, eV 20°C (x lO+C) 

Group IV TiN 12.34 9.35 
ZrN 14.96 7.24 

15.98 6.9 

Group V VN 12.79 8.7 
NbN 14.81 10.1 

Ta;N 15.33 8.8 

As shown in Fig. 11.2, thermal expansion is essentially linear 
increasing temperature (data available for Group IV nitrides only).15] 

with 

+ 1.8 

s 1.6 
$ . 1A 

s 12 z 
H 1.0 

400 Ku 1220 1600 2om 24lo 

Tempercrture, K 

Figure 11.2: Linear thermal expansions of the interstitial nitrides vs. temperature. 
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3.0 ELECTRICAL PROPERTIES OF INTERSTITIAL 
NITRIDES 

A discussion on the electrical properties of interstitial carbides and 
nitrides is given in Ch. 4, Sec. 3.0. The electrical properties of these 
materials are shown in Table 11 .4.[41[101[11~t131 

Table 11.4: Electrical Properties of Group IV and V Interstitial Nitrides 
and Carbides at 20°C. 

Compound 

Electrical Hall 
Resistivity Constant 

at 20°C at 20°C 
(@cm) 1 OS4 cm3/As 

Magnetic 
Susceptibility* 

1Oa emu/m01 

TiN 
2x-N 

VN 
NbN 
TaN 

TiC 
ZrC 

vc 
NbC 
TaC 

2ozt 10 
7-21 
33 
85 
58 

135 

68 -15.0 -7.5 
43 -9.41 -30 
37 -12.4 -37 
60 -0.48 +35 
35 -1.3 +20 
25 -1.1 +12 

-0.7 f 0.2 +38 
-1.3 +22 

-0.52 +31 

As shown in the above table, the interstitial nitrides are relatively 
good electrical conductors although with a resistivity slightly higher than 
that of the corresponding carbides and the parent metals, but still reflecting 
the essentially metallic character of these compounds. The electrical 
resistivity of TiN (and presumably of the other interstitial nitrides) increases 
almost linearly with temperature as shown in Fig. 11.3 .tlOl 
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Superconductivity. The interstitial nitrides are all good supercon- 
ductors but their transition temperatures may be considerably affected by 
the presence of vacancies and impurities such as oxygen (see Sets. 6-l 1 for 
values).n31 

25 

20 

0 
0 100 2al 300 

Temperdure, K 

Figure 11.3: Resistivity of a single-crystal titanium nitride. 

4.0 MECHANICAL PROPERTIES OF INTERSTITIAL 
NITRIDES 

A discussion on the mechanical properties of both interstitial carbides 
and nitrides is given in Ch. 4, Sec. 4.0. Large spreads in the reported values 
are common and are related to differences in stoichiometry, impurity levels, 
and fabrication processes. 

Page 208 of 360



Interstitial Nitrides 189 

4.1 Summary of Mechanical Properties 

The observations on failure mechanism, ductile-brittle transition, and 
hardness ofthe interstitial carbides (Ch. 4, Sets. 4.3 and 4.4) are applicable 
to the interstitial nitrides. These materials have a ductile-brittle transition 
temperature of approximately 800%. 

Little information is available on the mechanical properties of the 
interstitial nitrides and what has been published is summarized in Table 
11.5 and compared with properties of the equivalent interstitial carbides. 
The values are averages reported in the recent literature.~11[4~-~7~~14~~151 

4.2 Hardness 

As shown in Table 11.5, the hardness of the interstitial nitrides is 
somewhat lower than that of the corresponding carbides. The Group IV 
nitrides generally have higher hardnesses than those of Groups V. This 
reflects the greater contribution of M-N bonding found in these compounds. 

Table 11.5: Mechanical Properties of Group IV and V Interstitial Nitrides 
and Carbides at 20°C 

Compound 
Vickers Hardness 

(GPa) 

Young’s Modulus of 
Elasticity 

(GPa) 

TiN 
ZrN 

VN 
NbN 
TaN 

TIC 
ZrC 

vc 
NbC 
TaC 

18-21 
15.8 
16.3 
14.2 
13.3 
11.0 

251 
397 

357 
493 

28-35 410-510 
25.9 350-440 
26.1 350-5 10 
27.2 430 
19.6 338-580 
16.7 285-560 
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Hardness vs. Composition. Hardness varies with composition as 
shown in Fig. 11 .4.[11[111 The hardness of the interstitial nitrides of Group 
IV (TiN, ZrN, and presumably HfN) reaches a maximum at stoichiometry 
while the maximum hardness of the nitrides of Group V (NbN, TaN, and 
presumably VN) occurs before stoichiometry is reached. A similar behav- 
ior is observed for the corresponding carbides (see Fig. 4.5 of Ch. 4). 

26 

22 

B 
a 

d 18 

E 
e 

P 
14 

10 

NbN,,. 

0.7 0.8 0.9 1.0 

NHrogen to Metal Atomic Ratio 

Figure 11.4: Hardnesses of the interstitial nitrides vs. nitrogen-t-metal atomic ratio. 

Hardness vs. Crystal Orientation. The hardness varies depending 
on crystal orientation, the (111) orientation being the hardest as shown in 
Fig. 11 .5.[l”l Extremely high hardness up to 50 GPa has been reported for 
epitaxial superlattices of interstitial nitrides such as NbN/TiN and VN/TiN.t161 

Page 210 of 360



Interstitial Nitrides 191 

30 

25 

20 

Q 

8 

0 
15 

6 
S 
I 

10 

5 

0 

1 (111) sl gle-cry!h 

\ 

7- 

II 

\ 

,’ 

,’ 

1 

Bulk tered 
!za I8 m$cI 

0.6 0.8 1.0 

N/n- 

Figure 11.5: Hardnesses of single-crystal ({ 111) orientation) TiN and bulk-sintered 
TiN as a function of N/Ti ratio. 

5.0 CHEMICAL PROPERTIES OF INTERSTITIAL NITRIDES 

5.1 Mutual Solubilities 

The existence of ternary carbides and nitrides was discussed in Ch. 4, 
Sec. 5.0. As shown in Fig. 11.6, TIN has complete mutual solubility with 
the other nitrides of Groups IV and V while mutual solubility with the 
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other nitrides is not as complete. With the partial exception of VN, they are 
also mutually soluble with the carbides of Groups IV and V (see Fig. 4.8 of 
Ch. 4)Yl 

5.2 Chemical Properties 

The interstitial nitrides are chemically stable and have a chemical 
resistance similar to that of the Group IV and V carbides. 

Figure 11.6: Mutual solubilities of interstitial nitrides. 
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6.0 TITANIUM NITRIDE: SUMMARY OF PROPERTIES 

6.1 Summary of Properties 

The properties of titanium nitride are summarized in Table 11.6. 

Table 11.6: Characteristics and Properties of Titanium Nitride. 

Note: Test temperature is 20°C unless otherwise stated. 

Phase: TiN (major) (see Table 10.2 of Ch. 10) 
Structure and Lattice Parameter: fee Bl (NaCl), a = 0.424 nm 
Space Group: Fm3m 
Pearson Symbol: cF8 
Composition: TiN,,, to TiN,,, 
Molecular Weight: 64.95 
Color: gold 
X-ray Density : 5.40 g/cm3 
Melting Point: 2950°C 

Debye Temperature: 63613 

Specific Heat (C,): 33.74 J/mol.K 
Heat of Formation (&-Jr) at 298K: 338 M/g-atom metal 
Thermal Conductivity (K): 19.2 W/m*% (see Fig. 11.1) 
Thermal Expansion: 9.35 x 10d/“C (see Fig. 11.2) 

Electrical Resistivity: 20 f 10 pS2cm 
Superconductive Transition Temperature: 5.6 K 
Hall Constant: -0.7 f 0.2 x 10%m3/As 
Magnetic Susceptibility: +38 x low6 emu/m01 

Vickers Hardness: 18-2 1 GPa 
Modulus of Elasticity: 25 1 GPa 

Oxidation Resistance: Begins to oxidizes in air at approximately 800°C 

Chemical Resistance: Chemically stable at room temperature. Slowly 
attacked by concentrated acid solution with rising temperature. 
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Isomorphism 

Titanium nitride is completely and mutually soluble with nitrides of 
Groups IV and V see Fig. 11.6). It is isomorphous with TIC as carbon can 
substitute for nitrogen to form a binary solid solution, titanium carbon&ride, 
Ti(CN), over a wide range of composition. The properties of TiCN are 
comparable to those of TIC and TiN (see Ch. 4, Sec. 6.0 and Fig. 4.8). 

6.3 Phase Diagram 

The Ti-N phase diagram is shown in Fig. 1 1.7.[171t181 
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Figure 11.7: Nitrogen-titanium phase diagram. 
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6.4 Summary of Fabrication Processes 

TiN coatings are deposited by CVD, reactive evaporation, reactive 
sputtering, and ion-beam-assisted deposition. They can also be obtained by 
thermal spray. TiN powder is produced by the nitridation of Ti metal with 
nitrogen or ammonia at 1200°C (see Chs. 14 and 15). 

6.5 Summary of Applications and Industrial Importance 

Titanium nitride offers excellent protection against abrasive wear and 
has good lubricating characteristics. It is chemically resistant, thermally 
stable and, unlike titanium carbide, is an excellent difkion barrier. It is a 
major industrial material. The following is a summary of its applications in 
production or development. More details are given in Ch. 16. 

l Wear and erosion resistant coatings on cemented carbides, 
either singly or in combination with TIC, TiCN and Al,O, 

l Coatings on tool steel for twist drills 

l Difision barriers in semiconductor devices, between Si and 
Al, Ti and Pt, and between Ag and Si 

7.0 ZIRCONIUM NITRIDE: SUMMARY OF PROPERTIES 

7.1 Summary of Properties 

The properties of zirconium nitride are summarized in Table 11.7 

7.2 Isomorphism 

Zirconium nitride is completely and mutually soluble with the nitrides 
and carbides of Groups IV and V with the exception of VN and VC (see Fig. 
11.6 and Fig. 4.8 of Ch. 4). 

7.3 Phase Diagram 

The Zr-N phase diagram is shown in Fig. I1 .8.11711181 
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Table 11.7: Characteristics and Properties of Zirconium Nitride. 

Note: Test temperature is 20°C unless otherwise stated. 

Phase: ZrN (major) (see Table 10.2 of Ch. 10) 
Structure: fee Bl (NaCl) 
Lattice Parameter: a = 0.4567 nm 
Space Group: Fm3m 
Pearson Symbol: cF8 
Composition: ZrN,.,, to ZrN,,, 
Molecular Weight: 105.23 
Color: pale yellow 
X-ray Density : 7.32 g/cm3 
Melting Point: 2980°C 
Debye Temperature: 5 15 K 

Specific Heat (C,): 40.39 J/mol*K 
Heat of Formation (&Jr) at 298K: 365.4 kJ/g-atom metal 
Thermal Conductivity (K): 20.5 W/m%I (see Fig. 11.1) 
Thermal Expansion: 7.4 x 10-6/0C (see Fig. 11.2) 

Electrical Resistivity: 7-2 1 @cm 
Superconductive Transition Temperature: 10.7 K 
Hall Constant: -1.3 x 10-4cm3/As 
Magnetic Susceptibility: +22 x 10e6 emu/m01 

Vickers Hardness: 15.0 GPa 
Modulus of Elasticity: 397 GPa 

Oxidation Resistance: Begins to oxidizes in air at approximately 800°C 
Chemical Resistance: Chemically stable at room temperature. Slowly 
attacked by concentrated acid solution with rising temperature. 
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Atomic Percent Nllqjen 

Figure 11.8: Nitrogen-zirconium phase diagram 

7.4 Summary of Fabrication Processes 

Zirconium nitride is produced mostly on an experimental basis. 
Coatings are deposited by CVD, reactive evaporation, and reactive sputter- 
ing. They can also be obtained by thermal spray. ZrN powder is produced 
by the nitridation of Zr metal with nitrogen or ammonia at 1200°C (see Chs. 
14 and 15). 

7.5 Summary of Applications and Industrial Importance 

Applications are presently limited to experimental studies. 
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HAFNIUM NITRIDE. SUMMARY OF PROPERTIES 

Summary of Properties 

The properties of hafnium nitride are summarized in Table 11.8. 

Table 11.8: Characteristics and Properties of Hafnium Nitride. 

Note: Test temperature is 20°C unless otherwise stated. 

Phase: HfN (major) (see Table 10.2 of Ch. 10) 
Structure: fee Bl (NaCl), 
Lattice Parameter: a = 0.452 nm 
Space Group: Fm3m 
Pearson Symbol: cF8 
Composition: HfN,,, to HFN,,r2 
Molecular Weight: 192.497 
Color: greenish yellow 
X-ray Density: 13.8 g/cm3 
Melting Point: 3387°C 
Debye Temperature: 42 1 K 

Specific Heat (C,): 38 J/mol*K 
Heat of Formation (-AH3 at 298K: 369.4 kJ/g-atom metal 
Thermal Conductivity (K): 2 1.7 W/m% (see Fig. 11.1) 
Thermal Expansion: 6.9 x 10-6/oC (see Fig. 11.2) 

Electrical Resistivity: 33 pQcm 
Superconductive Transition Temperature: 2-8.7 K (varies with composition) 

Vickers Hardness: 16.3 GPa 

Oxidation Resistance: Begin to oxidizes in air at approximately 800°C 
Chemical Resistance: Chemically stable at room temperature. Slowly 
attacked by concentrated acid solution with rising temperature. 
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8.2 Isomorphism

Hafnium nitride is completely and mutually soluble with the nitrides
and carbides orGroups IV and V with the exception orVN and vc (see Fig.
11.6 and Fig. 4.8 orch. 4).

8.3 Phase Diagram

The Hf-N phase diagram is shown in Fig. 11.9.[17][18]
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Figure 11.9: Nitrogen-hafnium phase diagram
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8.4 Summary of Fabrication Processes 

HfN coatings are deposited by CVD, reactive evaporation, and reac- 
tive sputtering (see Chs. 14 and 15). HfN powder is produced by the 
nitridation of Hf metal with nitrogen or ammonia at 1200°C. 

8.5 Summary of Applications and Industrial Importance 

l Coatings for cutting tools 

l Tribological and corrosion resistant coatings 

l Diffusion barriers for microelectronic devices (experimental) 

l Whiskers[lgl 

l Coatings on tungsten wires[201 

9.0 VANADIUM NITRIDE: SUMMARY OF PROPERTIES 

9.1 Summary of Properties 

The properties of vanadium nitride are summarized in Table 11.9. 

9.2 Isomorphism 

VN, VC, and VO have isotypical structures and form solid solutions 
where nitrogen or oxygen can substitute for carbon over a wide range of 
composition. These solutions may be considered as V(C,N,O) mixed 
crystals. VN forms solid solutions with TiN and NbN, and with TIC, NbC, 

and TaC (see Fig. 11.6 and Fig. 4.8 of Ch. 4). 

9.3 Phase Diagram 

The V-N phase diagram is shown in Fig. 11. 10.[171[181 

9.4 Summary of Fabrication Processes 

Vanadium nitride is produced mostly on an experimental basis. 
Coatings are deposited by CVD, reactive evaporation, reactive sputtering, 
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and ion-beam-assisted deposition. VN powder is produced by the nitrida- 
tion of V metal with nitrogen or ammonia at 1200°C (see Chs. 14 and 15). 

Table 11.9: Characteristics and Properties of Vanadium Nitride. 

Note: Unless otherwise stated, test temperature is 20°C and 
quoted properties are those of the mononitride 

Phases: V,N, VN (see Table 10.2 of Ch. 10) 
Structure and Lattice Parameters: 

VzN hex: a = 0.2835 run, c = 0.4541 run 
VN fee Bl (NaCl), a= 0.4126 run 

Space Group: 
VzN C6,2 
VN Fm3m 

Pearson Symbol: 
V,N hP9 
VN cF8 

Composition (IN): IN,,,, to VN,., 
Molecular Weight (VN): 64.95 
Color: brown 
X-ray Density: 6.8 g/cm3 
Melting Point: 2 177°C (decomposes) 
Debye Temperature: 420 K 

Specific Heat (C,): 38.0 J/mol*K 
Thermal Conductivity (K): 11.29 W/m*“C 
Thermal Expansion: 8.7 x 10-6/oC 

Electrical Resistivity: 85 @cm 
Superconductive Transition Temperature: 8.2 K 

Vickers Hardness: 14.2 GPa 
Modulus of Elasticity: 357 GPa 

Oxidation Resistance: Oxidation begins in air at approximately 800°C 
Chemical Resistance: Resistant to cold acids, except HCl. Dissolved by hot 
oxidizing acids. 
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Figure 11.10: Nitrogen-vanadium phase diagram. 

9.5 Summary of Applications and Industrial Importance 

Applications are presently limited to experimental studies. 

10.0 NIOBIUM NITRIDE: SUMMARY OF PROPERTIES 

10.1 Summary of Properties 

The properties of niobium nitride are summarized in Table 11.10. 
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Table 11.10: Characteristics and Properties of Niobium Nitride. 

Note: Unless otherwise stated, test temperature is 20°C and 
quoted properties are those of the mononitride. 

Phases: Nb,N, Nb,N,, NbN (see Table 10.2 of Ch. 10) 
Structure and Lattice Parameters: 

NbzNhex: a = 0.3054 nm, c = 0.5005 nm 
NbN hcp: a = 0.4395 nm, c = 0.4338 nm 

Space Group: 
Nb,N P3 lm 
NbN P6,/mmc 

Pearson Symbol: 
NbzN hP9 
NbN hP8 

Composition (NbN): NbN,,, to NbNr,,, 
Molecular Weight (NbN): 106.91 
Color: dark gray 
X-ray Density: 7.3 g/cm3 
Melting Point: near 2400°C 
Debye Temperature: 307 K 

Specific Heat (C,): 39.01 J/mol.K 
Heat of Formation (-AHr) at 298K: 236 kJ/g-atom metal 
Thermal Conductivity (K): 3.76 W/m*“C 
Thermal Expansion: 10.01 x IO”/% 

Electrical Resistivity: 58 pS2cm 
Superconductive Transition Temperature: 16 K 
Hall Constant: -0.52 x 10-4cm3/As 

Magnetic Susceptibility: +3 1 x 10m6 emu/m01 

Vickers Hardness: 13.3 GPa 
Modulus of Elasticity: 493 GPa 

Oxidation Resistance: Begins to oxidizes in air at approximately 800°C 
Chemical Resistance: Chemically stable at room temperature. Slowly 
attacked by concentrated acid solution with rising temperature. 
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10.2 Isomorphism 

Niobium nitride is completely and mutually soluble with the nitrides 
and carbides of Groups IV and V (see Fig. 11.6 and Fig. 4.8 of Ch. 4). 

10.3 Phase Diagram 

The Nb-N phase diagram is shown in Fig. Il. 11 .[171[181 
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Figure 11.11: Nitrogen-niobium phase diagram. 

10.4 Summary of Fabrication Processes 

Niobium nitride is produced mostly on an experimental basis. Coat- 
ings are deposited by CVD, reactive evaporation, reactive sputtering, and 
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ion-beam-assisted deposition. NbN powder is produced by the nitridation 
of Nb metal with nitrogen or ammonia at 1200°C (see Chs. 14 and 15). 

10.5 Summary of Applications and Industrial Importance 

Applications are presently limited. A potential area is as a supercon- 
ducting coating. 

11.0 TANTALUM NITRIDE. SUMMARY OF PROPERTIES 

11.1 Summary of Properties 

The properties of tantalum nitride are summarized in Table 11.11. 

11.2 Isomorphism 

Tantalum nitride is completely and mutually soluble with the nitrides 
and carbides of Groups IV and V with the exception of VN and VC (see Fig. 
11.6 and Fig. 4.8 of Ch. 4). 

11.3 Phase Diagram 

The Ta-N phase diagram is shown in Fig. 11. 12.[171[181 

11.4 Summary of Fabrication Processes 

TaN is produced mostly on an experimental basis. Coatings are 
deposited by CVD, reactive evaporation, reactive sputtering, and 
ion-beam-assisted deposition. TaN powder is produced by the nitridation of 
Ta metal with nitrogen or ammonia at 12OOOC (see Chs. 14 and 15). 

11.5 Summary of Applications and Industrial Importance 

TaN is used as a decorative coating for jewelry and similar items to 
impart a pleasing metallic shine. 
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Table 11.11: Characteristics and Properties of Tantalum Nitride. 
Note: Unless otherwise stated, test temperature is 20°C and 
quoted properties are those of the mononitride. 

Phases: T+N, TaN (see Table 10.2 of Ch. 10) 
Structure and Lattice Parameters: 

TkN hcp: a = 0.5 191 nm, c = 0.2906 run 
ATaN fee (NaCl) a = 0.4336 nm 

Space Group: 
TazN P6,/mmc TaN Fm3m 

Pearson Symbol: 
T+N hP3 
TaN cF8 

Molecular Weight (TaN): 194.95 
Color: yellowish gray 
X-ray Density: 14.3 g/cm3 
Melting Point: 3093°C (only melts under high N, pressure) 

Specific Heat (C,): 40.60 J/mol*K 
Heat of Formation (-AH& at 298 K: 25 1 kJ/g-atom metal 
Thermal Conductivity (K): 8.78 W/m% (see Fig. 11.1) 
Thermal Expansion: 8.0 x 10-6/oC (see Fig. 11.2) 

Electrical Resistivity: 135 @cm 
Superconductive Transition Temperature (T+N): 1.2 K 

Vickers Hardness: 11 GPa 

Oxidation Resistance: Begins to oxidizes in air at approximately 800°C 
Chemical Resistance: Chemically stable at room temperature. Slowly 
attacked by concentrated acid solution with rising temperature. 
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Figure 11.12: Nitrogen-tantalum phase diagram. 
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Covalent Nitrides: 
Composition and 
Structure 

1.0 GENERAL CHARACTERISTICS OF COVALENT 
NITRIDES 

As stated in Ch. 9, the refractory nitrides consist of two structurally 
different types: (a) the interstitial nitrides of the early transition metals 
(reviewed in Chs. 10 and 1 1), and (b) the covalent nitrides of which three are 
refractory: boron nitride, aluminum nitride, and silicon nitride. The compo- 
sition and structure of these three nitrides are reviewed in this chapter and 
their properties and general characteristics in Ch. 13. 

The three covalent nitrides have the following common features and 
are in many ways similar to the covalent carbides reviewed in Chs. 7 and 8: 

l They fully meet the refractory criteria of high melting point 
and thermal and chemical stability 

l All three have similar cubic structures (although boron nitride 
also has a graphite-like structure) 

l Their electronic bonding is mainly covalent 

l They have low density 

l Their elemental constituents have low atomic weight 
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l They are good electrical insulators 

l They are hard and strong materials and exhibit typical ceramic 
characteristics 

l All three are produced industrially with important applications 

2.0 ATOMIC STRUCTURE OF NITROGEN, BORON, 
ALUMINUM, AND SILICON 

Like the covalent carbides, the covalent nitrides have a relatively 
simple crystal structure and an atomic bonding which is less complex than 
the interstitial nitrides. The bonding is mostly covalent by the sharing of 
electrons and is achieved by the hybridization of the respective electron 
orbitals. 

2.1 Electronic Configuration 

The location in the Periodic Table and the atomic number of the four 
elements forming the refractory covalent nitrides is as follows: 

B C N 

f 

0 F 
5 6 7 8 9 

Al Si P S Cl 
13 15 16 16 17 

These elements are close together and have low atomic numbers (see 
Table 2.1 of Ch. 2). Table 12.1 shows their electronic configuration, 
electronegativity, and atomic radius.111121 

The table shows that these four elements have comparable electronic 
structure. Boron, silicon, and aluminum have lower electronegativity than 
nitrogen and, by convention, their compounds with nitrogen are called 
nitrides. Nitrogen has the smallest atomic radius. 
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Table 12.1: Electronic Configuration of Boron, Nitrogen, Silicon, and 
Aluminum 

Element 

Shell Atomic 
Electronic Electro- RdiUS 

Z 1s 2s 2p 3s 3p Structure negativity (nm) 

Boron 5221 [He]2s22p1 2.0 0.088 
Nitrogen 7 2 2 3 [He]2s22p3 3.0 0.074 
Aluminum 13 2 2 6 2 1 [Ne]3s23p1 1.5 0.126 
Silicon 14 2 2 6 2 2 [Ne]3s23p2 1.8 0.117 

2.2 Characteristics of the Elements Forming Covalent Nitrides 

The three elements forming covalent nitrides: boron, silicon, and 
aluminum, have the following characteristics:l*l 

l Silicon is essentially nonmetallic 

l Boron can be placed between metals and nonmetals. It is a 
semiconductor and not a metallic conductor and, from the 
chemical standpoint, it is essentially a nonmetal. Its chemistry 
is closer to that of silicon than it is to aluminum 

l Aluminum has a larger atom and is clearly more metallic than 
boron yet, in its compounds, it has borderline ionic and 
covalent characteristicsl*l 

Hybridizaton. The hybridization of the silicon and boron atoms is 
reviewed in Ch. 7, Sec. 2.2, and that of nitrogen in Ch. 10, Sec. 2.0. In the 
case of aluminum, promotion from its ground state 3s23p1 to the hybrid 
3s3p2 allows the use of all three valence electrons in bonding.131 

3.0 COMPOSITION AND STRUCTURE OF BORON NITRIDE 

3.1 Composition 

Boron nitride (BN) is the only major compound known in the 
boron-nitrogen system although a nitrogen rich composition has recently 
been reported (see Sec. 3.5 below). 
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3.2 The Two Major Structures of Boron Nitride 

Boron nitride has two major allotropes which are comparable to those 
of carbon: one has an hexagonal structure which is similar to graphite and 
the other a cubic structure which is similar to diamond (and to aluminum 
nitride and silicon nitride as will be reviewed below).141 These allotropes (or 
polymorphs) have the same building blocks, i.e., the boron and nitrogen 
atoms, but their physical form, i.e., the way the building blocks are put 
together, is different. In other words, they have distinct crystalline forms. 
The similarity between boron nitride and graphite is not unexpected since 
they are isoelectronic, having an average of four valence electrons per atom. 

The structural analogy with the carbon allotropes can be extended to 
the properties of the two boron-nitride allotropes. For instance, hexagonal 
boron nitride (h-BN) is soft and lubricious like graphite, and cubic boron 
nitride (c-BN), like diamond, is extremely hard. 

No boron-nitrogen phase diagram is presently available but a tenta- 
tive pressure-temperature diagram is shown in Fig. 12.1.151 This diagram 
suggests that c-BN (with the zincblende structure) is stable below 225°C 
while h-BN is stable above 225°C and melts at approximately 3000°C. A 
second cubic structure (with the wurtzite structure) is stable only at pres- 
sures >l 1 GPa. 
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Figure 12.1: Pressure-temperature diagram of boron nitride. 
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3.3 Structure of Hexagonal Boron Nitride 

Crystal Structure. Hexagonal boron nitride is composed of series of 
stacked parallel layer planes shown schematically in Fig. 12.2. In this 
figure, the circles showing the position of the nitrogen and boron atoms do 
not represent the actual size of these atoms. In fact, each atom contacts its 
neighbors. 

Boron atom 
l Nitrogen atom 

Figure 12.2: Schematic repesentation of the cystal StNcture of hexagonal boron nitride (h-BN) 

Stacking. The stacking of these layer planes occurs with the hexagon 
immediately above each other. The boron and nitrogen atoms alternate from 
one layer to the other; in other words, each nitrogen atom has a boron atom 
directly above and below and vice versa. The stacking is thus different from 
graphite which has the same planar arrangement but offset planes so that 
only half the carbon atoms have neighbors directly above and directly 
below.r41 

Within the layer plane, each nitrogen atom is bonded to three boron 
atoms (and vice versa) with a short bond length (0.1446 nm), forming a 
series of continuous hexagons in what can be considered as an essentially 
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infinite two-dimensional array. The spacing between layer planes is rela- 
tively large (0.3615 run) or more than twice the spacing between atoms 
within the layer plane. This means that hexagonal boron nitride, like 
graphite, should be able to accommodate intercalation elements or com- 
p0unds.1~1 As a result of the large anisotropy in its crystal, hexagonal boron 
nitride has very anisotropic properties (see Ch. 13). 

Bonding. The distribution of the three bonds of each boron and 
nitrogen atom within the layer plane derives from the sp* hybridization of 
the respective atoms. This bonding is thus similar to the sp* bonding within 
the planes of graphite. It is a strong covalent (sigma) bond with a short bond 
length as mentioned above and a high bond dissociation energy (4.0 f 0.5 
eV, 385 k.I/mol). 

In contrast, the bond between the planes of h-BN is very weak and 
even weaker than that of graphite. It is readily broken and layers can be 
cleaved with a knife like an onion skin. However this bond is electronically 
different from that in graphite. In graphite, it stems from the hybridized 
fourth valence electron which is paired with another delocalized elec- 
tron of the adjacent plane by a weak van der Wuals bond (pi bond). The 
high electrical conductivity of graphite is attributed to these delocalized 
electrons. 

In h-BN, no free electrons are available since the corresponding pZ 
orbitals in the boron atom are vacant and those of the nitrogen atom are 
occupied by two electrons. Overlap to form pi bonds is not possible. In 
addition, the relatively large difference in electronegativity between nitrogen 
(3.0) and boron (2.0) imparts greater localization of pi electrons than in 
graphite. As a result, boron nitride is an electrical insulator.111131 

3.4 Structure of Cubic Boron Nitride 

The structure of cubic boron nitride is of the zincblende (or sphalerite) 
type which is similar to that of diamond and P-Sic and is characterized by 
extreme hardness and excellent chemical resistance. It is shown in Fig. 12.3. 
Note the similarity with Fig. 7.1 of Ch. 7. This structure is relatively simple 
in the sense that it is essentially isotropic, in contrast with the pronounced 
anisotropy of hexagonal boron nitride. It can be visualized as a stacking of 
puckered infinite { Ill} layers or as two face-centered interpenetrating 
cubic sublattices, one consisting entirely of boron atoms and the other 
entirely of nitrogen atoms.171 
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0 NH~ogen Atom 

BoronAtom 

Figure 12.3: Schematic representation of the clystal sbuctue of cubic boron nitride (c-BN). 

Bonding. Each boron atom is bonded to four nitrogen atoms in a 
fourfold coordinated tetrahedral (sp3) arrangement with a short bond length 
(0.158 nm). The bonding is essentially covalent although some degree of 
ionic bonding has been reported (see Ch. 2, Sec. 5.0). As derived by 
Kisly,t*l the difference between (a) the atomic spacing of c-BN and the sum 
of the covalent radii of nitrogen and boron and (b) that atomic spacing and 
the sum of their ionic radii, shows that the bonding is mainly covalent but 
that a sizeable degree of ioniciiy is retained. The calculated covalent bond 
energy, E,, is 13.33 eV and the ionic bond energy, Ep, is 3.12 eV (see Ch. 7, 
Sec. 3.2 for analogy with covalent carbides). 
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Density of Cubic Boron Nitride. The c-BN structure, with its 
tetrahedral bonding, is isotropic and, except on the (111) plane, is more 
compact than that of h-BN (with its sp2 anisotropic structure and wide 
interlayer spacing). Consequently c-BN has higher theoretical density than 
h-BN (3.43 g/cm3 vs. 2.34 g/cm3). It should be pointed out that the 
diamond-like structure of cubic boron nitride is similar to those of the other 
two refractory covalent nitrides, i.e., aluminum nitride and silicon nitride, as 
well as silicon carbide (see Ch. 7, Sec. 3.0). 

3.5 Other Boron Nitride Structures 

Polycrystalhne boron nitride films with a structure similar to rhombo- 
hedral boron carbide and a ratio of boron to nitrogen of 3: 1 were produced 
by hot-filament CVD. This work indicates the possible existence of other 
boron nitride structures.lgl 

3.6 Summary of Structural Data of Boron Nitride 

The structural data of boron nitride is summarized in Table 12.2. 

Table 12.2: Boron Nitride Structural Data at 298 K 

h-BN c-BN 

Theoretical 
Density (g/cm3) 

Unit Cell Dimensions 

&J (nm) 
c, (nm) 

B-N Bond Length (run) 

Space Group 

Pearson Symbol 

2.34 

0.2504 
0.3615 

0.1446 

F43m 

h** 

3.43 

0.661 

0.158 

cF8 
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4.0 COMPOSITION AND STRUCTURE OF ALUMINUM 
NITRIDE 

4.1 Composition 

Aluminum nitride (AlN) is the only major compound known in the 
aluminum-nitrogen system (a nitrogen rich phase, AIN, is also reported). It 
is formed by the reaction of NH, and AlI+ and may be a stable phase of the 
condensed Al-N system.15J 

4.2 Structure 

The structure of aluminum nitride is normally hexagonal close-packed 
(hcp) of the wurtzite (2H) type (hP4) and is shown in Fig. 12.4. The 
difference between this structure and the zincblende structure of cubic boron 
nitride shown in Fig. 12.3 should be noted (the so-called chairform vs the 
boat form). 

Figure 12.4: Schematic representation of the crystal structure of aluminum nitride. 
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The lattice parameters of AlN are: u0 = 0.3 114 run and c, = 0.4986 
run. This structure is similar to that of a-Sic (2H) described in Sec. 3.4 and 
shown in Fig. 7.5 of Ch. 7. It is essentially isotropic and, like that of c-BN, 
it can be visualized as a stacking of puckered infinite { 1 1 1 } layers or as two 
face-centered interpenetrating cubic sublattices, one consisting entirely of 
aluminum atoms and the other entirely of nitrogen atoms. 

The less frequent and closely related zincblende cubic structure (cF8) 
has also been reported (similar to the structure of c-BN shown in Fig. 12.3). 
The common wurtzite structure is transformed into the zincblende structure 
at elevated pressure. 151 Also recently reported is a cubic (NaCl) phase with 
a calculated lattice constant of 0.3982 run which is formed at high pressure 
(16 GPa).llll 

4.3 Bonding 

Each aluminum atom is bonded to four nitrogen atoms in a fourfold 
coordinated tetrahedral (sp3) arrangement. As discussed in Sec. 3.3 above, 
the bonding is mainly covalent but a large degree of ionicity is retained. The 
calculated covalent bond energy E, is 9.42 eV and the ionic bond energy Ep 
is 4.09 eV.l*l 

4.4 Summary of Structural Data of Aluminum Nitride 

The structural data for aluminum nitride is summarized in Table 
12.3. 

Table 12.3: Aluminum Nitride Structural Data at 298K 

Theoretical Density (g/cm3) 3.16 

Unit Cell Dimensions (nm) 

a* 
=0 

0.3114 
0.3896 

Space Group F43m 
Pearson Symbol hP4 
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5.0 COMPOSITION AND STRUCTURE OF SILICON 
NITRIDE 

5.1 Composition 

The major composition of silicon nitride is Si,N,. Other compo- 
sitions such as S&N,, SIN, and S&N have been reported but remain 
unconfirmed.151 

5.2 Structure 

Silicon (S&N,) nitride has two crystallographic forms, both hexago- 
nal: a-S&N, with a 28-atom unit cell, and /3-S&N4 with a 14-atom unit cell. 
These two forms differ in the stacking order of the SiN, tetrahedral layers. 
The p form has an ABAB stacking order with a phenacite-type structure 
(BqSiO$. In the a form, the AB stacking is followed by its mirror image 
with an ABCD,ABCD pattern. This explains why its elementary cell is 
twice as large as the a cell. Other structural data are suMmarized in Table 12.4. 

The basal plane common to both forms is illustrated in Fig. 12.5.t131 It 
can be described as comprising six puckered rings, each containing four 
silicon and four nitrogen atoms, joined as shown in the figure to form a 
puckered layer. These layers form the AI3 stacking of P-Si,N, and the 
ABCD stacking of a-Si3N4.11211131 

The exact relationship between the two crystallographic forms is still 
a subject of debate. The a form may be a metastable modification of the p 
form or a high-temperature stable phase with a slightly different stoichiom- 
etry and chemical composition. 151 Oxygen may stabilize the a form but it 
does not appear to be necessary for its formation. The transformation from 
a-Si,N, to P-Si,N, has never been observed experimentally, putting in 
doubt the polymorph nature of the forms. 

Both forms can exchange silicon and nitrogen atoms for foreign 
atoms without significant structural changes. Notably, silicon can be 
replaced by aluminum and nitrogen by oxygen to form stable and hard 
quaternary compounds known as siuZ0ns.1~~1 The addition of oxygen 
forms silicon oxynitride. Thus, an essentially amorphous silicon oxynitride 
with the formula Si,N,O has been obtained by the nitridation of high-purity 
silica in ammonia at 1 120°C.l*41 
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Nitrogen Atom 

Figure 12.5: Basal plane common to a- and j3-silicon nitride. 

5.3 Bonding 

The bonding in silicon nitride is mostly covalent. These covalent 
bonds are strong since both atoms are small and the bond length is short 
(0.179 run). As discussed in Sec. 3.3 above, the bonding also maintains a 
large degree of ionicity . The calculated covalent bond energy E, is 10.87 eV 
and the ionic bond energy Ep is 3.04 eV.[*l Silicon does not form pn: multiple 
bonds and there is considerable evidence of a double Si-N bond characteris- 
tic involving an orbital overlap, i.e., dx-px bonding.[*l 
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5.4 Summary of Structural Data of Silicon Nitride 

The structural data for silicon nitride is summarized in Table 12.4.[121 

Table 12.4: Silicon Nitride Structural Data at 298K 

a-S&N, p-S&N, 

Theoretical Density (g/cm3) 3.184 3.187 

Unit Cell Dimensions (run) 

a0 
c0 
c/a 

0.7748 0.7608 
0.5617 0.29107 
0.7250 0.3826 

Unit Cell Content 

B-N Bond Length (run) 

Space Group 

Pearson Symbol 

si12N16 S&N, 

0.179 0.179 

p31c P6,/m 

hP28 hP14 
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Covalent Nitrides: 
Properties and General 
Characteristics 

1.0 INTRODUCTION 

The previous chapter was a review of the structure and composition 
of the three refractory covalent nitrides: boron nitride, aluminum nitride, 
and silicon nitride. This chapter is an assessment of the properties and a 
summary of the fabrication processes and applications of these three 
materials. 

The refractory covalent nitrides have remarkable properties and are 
industrial materials of major importance, produced on a large scale in the 
form of powders, monolithic shapes, and coatings. 

2.0 PHYSICAL PROPERTIES OF THE COVALENT 
NITRIDES 

2.1 Discussion and Comparison 

In this section and the next three, the properties and characteristics of 
the covalent nitrides are reviewed and compared whenever appropriate with 
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those of the parent elements, the covalent carbides, and with the refractory 
compounds of titanium (for comparison with other carbides, nitrides, or 
borides, see the appropriate tables in Chs. 4, 5, and 6).[1-51 

2.2 Physical Properties 

Physical properties are shown in Table 13.1. 

Table 13.1: Density and Melting Point of Covalent Nitrides and Other 
Refractory Compounds 

Density Melting Point 
Material (g/cm3) “C 

BN* 2.25 
AlN 3.26 
Si,N, 3.18 

2.52 2450 
3.214 2545** 

B 2.35 
Al 2.70 
Si 2.329 

TiC 4.91 3067 
TiN 5.40 2950 
TiB, 4.52 2980 

3000** 
2200** 
1900 

2050 
660 
1414 

* hexagonal boron nitride 
** decomposes 

The three covalent nitrides are low-density materials with melting 
points which are higher than those of their parent elements: boron, ahuni- 
num, and silicon. Of the three, boron nitride has the highest melting point 

Page 244 of 360



Covalent Nitrides 225 

and is more refractory than boron carbide. On the other hand, silicon nitride 
is not as refractory as silicon carbide. 

3.0 THERMAL AND ELECTRICAL PROPERTIES OF 
COVALENT NITRIDES 

3.1 Thermal Properties 

The thermal properties of the covalent nitrides are shown in Table 13.2. 

Table 13.2: Thermal Properties of Covalent Nitrides and Other Refractory 
Materials at 20°C 

Material 
Specific Heat 

(J/moleK) (JkW 

Thermal Thermal 
Conductivity Expansion 

(W1m.K) (x lO+C) 

h-BN* 21.96 0.885 28-33 o.o** 
AlN 36.89 0.9 180-220 2.7 
S&N, 98.2 0.7 25-36 2.8-3.2 

PSiC 28.63 0.714 43-145 3.8 
w 50.88 0.921 20-35 4.3 

Si 18.58 0.405 150 2.6 
B(P) 11.16 1.032 60 4.8 
Al 24.28 0.90 237 23 

TiC 33.8 0.563 21.0 
TiN 33.74 0.545 19.2-29.1 
TiB, 44.29 0.744 24.3 

7.4 
9.4 
6.6 

* Hot-pressed boron nitride (grade HP of Ref. 5) 
l * Negative thermal expansion has been reported 
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em 1200 1600 moo 

TempercMeX 

Figure 13.1: Specific heat of the covalent nitrides vs. temperature. 

Specific Heat. The specific heat (C,) of the covalent nitrides as a 
function of temperature is shown in Fig. 13.1 .I41 

Thermal Conductivity. The thermal conductivity (K) of the cova- 
lent nitrides, like that of the covalent carbides but unlike that of the 
interstitial nitrides and carbides, decreases with increasing temperature as 
shown in Fig. 13.2.141 The thermal conductivity of the single crystals of 
c-BN and AlN are extremely high (1300 and 320 W/m*K respectively) and 
comparable to that of the best conductors such as Type II diamond (2000 
W/mK), silver (420 W/mK), copper (385 W/m-K), and beryllium oxide 
(260 W/mK).t61 
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Thermal Expansion. As shown in Fig. 13.3, thermal expansion of 
the covalent nitrides is low and, like that of the covalent carbides, increases 
with increasing temperature. This increase is not entirely linear and is 
slightly more rapid at high temperature. t41 For discussion of thermal expan- 
sion, see Sec. 2.5 of Ch. 4. 

40 800 1100 1600 

TemperatureK 

Figure 13.2: Thermal conductivities of the covalent nitrides vs. temperature. 

3.2 Electrical Properties 

Unlike the transition-metal nitrides and unlike boron carbide and 
silicon carbide, the covalent nitrides are excellent electrical insulators. 
Their electrons are strongly and covalently bonded to the nucleus and are not 
available for metallic bonding (see Sec. 3.1 of Ch. 4). 
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800 1200 ldQ0 

Temperature,K 

Figure 13.3: Linear thermal expansions of the covalent nitrides vs. temperature. 

4.0 MECHANICAL PROPERTIES OF COVALENT NITRIDES 

4.1 Property Variables 

Relatively little has been reported on the mechanical properties of the 
covalent nitrides. The reported values often show a large spread due to 
differences in the fabrication processes and other factors. The values shown 
here are an average of the data reported in the recent literature (see Sec. 4.1 
of Ch. 4 and Sec. 6.1 of Ch. 8). 
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4.2 Summary of Mechanical Properties 

The mechanical properties of the covalent nitrides and other ref?ac- 
tory materials are summarized in Table 13.3. 

Table 13.3: Mechanical Properties of Covalent Nitrides and Other Refiac- 
tory Compounds at 20%. 

Compound 

Vickers 
Hardness 

@Pa) 

Young 
Modulus of 
Elasticity 
@Pa) 

Flexural 
Strength 
(MPa) 

h-BN* 0.08-0.09 46.9-73.5 103 
c-BN 29.9-43.1 650 
AlN 12 315 590-970 
S&N, 16-18 260-30 600-1200 

BSiC 24.5-28.2 475 350-600 
B4C up to 48 290-450 323-430 

TIC 28-35 410-510 240-390 
TiN 18-21 250 
TiB2 33 575 400 

* Hot-pressed boron nitride (grade HP of Ref. 5) 

4.3 Strength and Modulus 

Unlike h-BN which is a relatively low-strength material, aluminum 
nitride and especially silicon nitride have high strength and modulus and, in 
this respect, compare favorably with tbe other refractory carbides and 
nitrides. The strength and modulus of silicon nitride drop rapidly above 
1100°C (see Figs. 13.4 and 13.5), and creep rate becomes high.141 It is not 
as good a high-temperature material as silicon carbide which retains its 
strength up to 12OOOC (see Fig. 8.6 of Ch. 8). 
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400 000 

mm&x 

1640 2Om 

Figure 13.4: Young’s modulus of silicon nitride vs. temperature. 

400 am 1200 ldoo zloo 

Temperature, K 

Figure 13.5: Flexural strength of silicon nitride vs. temperature. 
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Ahuninum nitride and silicon nitride, like other refractory carbides 
and nitrides, have the ability to deform plastically to some degree above the 
ductile-to-brittle transition temperature. Below that temperature, they are 
intrinsically brittle (for discussion, see Sec. 4.3 of Ch. 4). 

Hexagonal boron nitride, formed by CVD, is highly anisotropic and 
the basal planes (ub directions) can slip over one another as temperature 
increases. Thus brittle fracture can be avoided. As a result, the strength 
increases with temperature as shown in Fig. 13.6, while the modulus 
generally decreases. 

- 

- 

- 

- 

- 

0 
- 

- 

- 

400 Ml0 1200 1600 2ooo 2ooo 2800 

Temperuture, K 

Figure 13.6: Ultimate tensile strength ofboron nitride vs. temperature. 
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4.4 Hardness 

Boron nitride is an unusual material since its properties vary 
considerably depending on its structure (hexagonal or cubic). For 
instance, h-BN is a sofi and lubricious material while c-BN is next to 
diamond in hardness. Cubic boron nitride maintains its hardness to 
1800°C17~18~ (see Sec. 4.4 of Ch. 4). 

5.0 CHEMICAL PROPERTIES OF COVALENT NITRIDES 

As a rule, the covalent nitrides have excellent chemical resistance and 
are not wet by most molten metals, salts, or glasses; consequently they are 
able to withstand corrosive attack for long periods of time. 

6.0 CHARACTERISTICS AND PROPERTIES OF BORON 
NITRIDE 

6.1 Historical Background and Present Status 

As stated in Ch. 12, boron nitride exists in two crystalline forms: 
hexagonal and cubic with much different properties.191-1131 It was first 
synthesized as a powder in 1842 but for many years remained a laboratory 
curiosity since the powder was thought too difficult to mold into useful 
shapes. In the 1950’s, the Carborundum Co. found a way to hot-press the 
material and the Raytheon Co. developed a chemical vapor deposition 
process.191 Boron nitride is now used extensively as a solid lubricant, as a 
chemically resistant container, and as a dielectric in electronic applications. 
It should be stressed that the reported property values often vary consider- 
ably and the values given here are a general average. 

6.2 Hexagonal Boron Nitride 

The hexagonal form (h-BN) has considerable crystalline anisotropy 
resulting in anisotropic properties. It is produced by hot pressing the 
powder or by chemical vapor deposition (CVD). The processes impart 
different properties as shown in Tables 13.4 (hot-pressed hBN) and 13.5 
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(CVD hBN). The properties of the hot-pressed boron nitride show less 
anisotropy than the single crystal since the powder grains are randomly 
oriented. The anisotropy is rather the result of the pressing conditions. 

Table 13.4: Summary of Characteristics and Properties of Hexagonal 
Boron Nitride (Hot-Pressed). Notes: (a) = tested parallel to pressing 
direction, I tested perpendicular to pressing direction; (b) test temperature 
is 20°C unless otherwise stated. 

Composition: BN 
Molecular Weight (g/mol): 24.8 16 
Pearson Symbol: cF8 
Color: white to transparent 
X-ray Density (g/cm3): 2.25 
Density (g/cm3): 19.2-29.1 
Melting Point: 3000°C (sublimes) 

Specific Heat (J/g*K): 0.885 (see Fig. 13.1) 
(J.mo1.K): 2 1.96 

Thermal Conductivity (W/m%Z): 28-33 (see Fig. 13.2) 
Thermal Expansion (x lo”/%) in the range of 20-250°C: 

= 7.20; I 0.45 (Grade A of Ref. 5) (see Fig. 13.3) 
= 0.0; _t 0.0 (Grade HP of Ref. 5) 

Electrical Resistivity (n’cm): = 1 x 10r4. _I_ 1 x 1015 
Loss Tangent @ 8.8 GHz: = 0.0017; I b.0005 
Dielectric Constant: = 4.58; I 4.15 
Dielectric Strength (V/mm): 88000 (sample thickness 250 pm) 
Loss Factor at 1 MHz: = 0.0012; I 0.0034 

Vickers Hardness (MPa): = 93.7; _L 82 
Compressive Strength (MPa): = 143; I 186 
Shear Strength (MPa): = 77; _L 103 
Young’s Modulus (GPa): = 46.9; I 73.5 
Modulus of Rupture (GPa): = 75.7; I 113 

Oxidation Resistance: no reaction up to 750°C. Above, oxidizes slowly by 
the formation of a layer of BZ03 (see Fig. 13.7) 

Chemical Resistance: essentially inert to all reagents at room temperature 
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Figure 13.7: Oxidation rate of pyrolytic boron nitride and pyrolytic carbon 

6.3 Phase Diagram 

No boron-nitrogen phase diagram is presently available but a tenta- 
tive pressure-temperature diagram is shown in Fig. 12.1 of Ch. 12.11411151 

6.4 CVD Boron Nitride 

CVD boron nitride (also known as pyrolytic boron nitride) has a 
structure closely resembling that of the single crystal and shows a consider- 
able degree of anisotropy in many of its properties as shown in Table 13.5 
(properties that are similar to the hot-pressed material are not listed). In this 
respect it is similar to pyrolytic graphite.161 
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Table 13.5: Summary of Characteristics and Properties of Pyrolytic 
(CVD) Boron Nitride. 

Notes: (a) ab: tested in ab direction (parallel to surface), 
c: tested in c direction (perpendicular to the surface); 

(b) test temperature is 20°C unless otherwise stated. 

Composition: BN 
Molecular Weight: 24.8 16 g/mol 
Color: white to transparent 
Density: 2.1 g/cm3 
Porosity (helium admittance): 2 x 10-l l cmsec 
Space Group: F43m 

Thermal Conductivity (W/mX): ab 62.8; c 1.66 (at 100°C) 
Thermal Expansion (x 109C): ub 0; c 24 in the range of 20-250°C (see 
Fig. 13.3) 

Electrical Resistivity @cm): ub 107, c 1015 (at 1000°C) 
Loss Tangent (100 Hz to 1000 GHz): ub 1.5 x 10m4; c <l x 10m4 
Dielectric Constant: ub 5.12; c 3.4 
Dielectric Strength: c 2 x lo5 dcV/mm 

Hardness: soft and lubricious 
Compressive Strength (MPa): c 234 
Tensile Strength (MPa): ub 4 1; ub 103 (at 2200°C) (see Fig. 13.6) 
Torsional Shear Strength (Mpa): 10 (15 at 1500°C) 
Young’s Modulus (GPa): ub 22 
Poisson Ratio: ub 0.25 

Oxidation Resistance: no appreciable weight loss up to 1300°C. Above, 
oxidizes slowly by the formation of a layer of B,O, (see Fig. 13.8). 

Chemical Resistance: essentially inert to all reagents at room temperature 

6.5 Cubic Boron Nitride 

Cubic boron nitride (c-BN) is a different material altogether with a 
structure similar to that of diamond characterized by its extremely high 
hardness (second to diamond) and thermal conductivity as shown in Table 
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13.6.[71[131[161 It is a relatively new material (discovered in 1957 and avail- 
able commercially since the 1970’s). Little has been published regarding its 
properties. 

Table 13.6: Summary of Characteristics and Properties of Cubic Boron Nitride. 

Note: Test temperature is 20°C unless otherwise stated. 

Composition: BN 
Molecular Weight: 24.8 16 g/mol 
Color: white 
X-ray Density: 3.48 g/cm3 

Melting Point: 3000°C (sublimes) 
Specific Heat: 12.65 J/molK 
Thermal Conductivity: 300-600 W/m% (theoretical value: 1300) 
Thermal Expansion: 4.9 x lO?C 

Electrical Resistivity: insulator 

Hardness: 29.89-43.12 GPa (depending on crystal orientation) 
Compressive Strength: 2730 MPa 
Young’s Modulus: 650 GPa 
Fracture Toughness: 6.4 MPam”.5 

Chemical Resistance: essentially inert to all reagents at room temperature 

6.6 Chemical Resistance of Boron Nitride 

Hexagonal boron nitride is one of the most outstanding 
corrosion-resistant materials. It is inert to gasoline, benzene, alcohol, 
acetone, chlorinated hydrocarbons, and other organic solvents. It is not wet 
by molten aluminum, copper, cadmium, iron, antimony, bismuth, silicon, 
germanium nor by many molten salts and glasses. It has good resistance to 
oxidation and, in this respect, is far superior to graphite 
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Cubic boron nitride does not react with carbide formers such as Fe, 
Co, Ni, Al, Ta, and B at approximately 1000°C (while diamond does); this 
is a useful characteristic in machining and grinding applications. However, 
it reacts with aluminum at 1050°C and with Fe and Ni alloys containing Al 
above 1250°C.1171 

7.0 CHARACTERISTICS AND PROPERTIES OF ALUMINUM 
NITRIDE 

7.1 Historical Background and Present Status 

Aluminum nitride was first produced and identified in 1907 but it is 
only since the 1980’s that its cost has been sufficiently reduced to permit the 
development of industrial applications. Japan is the major supplier.13111*l 
Several American companies have recently entered in the competition to 
supply heat sinks for the electronic industry. 

7.2 Summary of Properties 

Aluminum nitride is a highly stable material with the unusual combi- 
nation of high thermal conductivity comparable to that of metals and high 
electrical insulation comparable to the best insulators. Its characteristics 
and properties are summarized in Table 13.7 (see Ch. 12 for structural 
data). The reported property values often vary considerably and the values 
given here are a general average.l3ll4ll1gl 

7.3 Phase Diagram 

The phase diagram of Al-N is shown in Fig. 13.8.11411151 

7.4 Chemical Resistance of Aluminum Nitride 

Fine AlN powder is susceptible to hydrolysis by atmospheric humid- 
ity. This is no longer the case once the material is sintered. Densified AlN 
begins to oxidize in air above 1100°C and is stable in inert atmosphere to 
1800°C. It is highly resistant to molten copper, silver, tin, lead, bismuth, 
and nickel. It is wet by but does not react with aluminum.t31 
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Table 13.7: Summary of Characteristics and Properties of Ahuninum Nitride. 

Note: Test temperature is 20°C unless otherwise stated. 

Composition: AlN 
Molecular Weight: 40.99 g/mol 
Color: White when pure, tan or gray with impurities 
X-ray Density: 3.16 g/cm3 
Space Group: F43m 
Pearson Symbol: hP4 
Direct band gap (2H polytype): 6,28 eV 
Melting Point: 2200°C at 4 atm. N, (sublimes at atm. pressure) 
Specific Heat: 0.7-0.9 J/g-K (see Fig. 13.1) 

28.7-36.9 J/mol+K 
Thermal Conductivity (W/m*‘C): up to 320 for pure single crystal 

1 SO-220 hot pressed material 
Thermal Expansion ( 10-6/oC): 2.7 at 25OC (matches that of silicon) (see Fig. 
13.3) 

Electrical Resistivity: 1 013 Rem 
Direct Bandgap: 6.28 eV 
Dielectric Constant: 8.9 at 1 MHz, 8.2 at 7 GI-Iz 
Dielectric Strength: 10 kV/mm 
Surface Acoustic Velocity, Raleigh I$,: 6-6.2 km/s, FL = 11-12 km/st201 
Electromechanical Coupling Coefficient: to l%tzol 
Optical: transparent in the visible and near IR range. 
Piezoelectric characteristics 

Vickers Hardness: 12 GPa 
Young’s Modulus: 3 15 GPa 
Poisson’s Ratio: 0.25 
Flexural Strength: 590-970 MPa 
Compressive Strength: 2070 MPa 

Oxidation Resistance: resistant to 1350°Ct211 

Chemical Resistance: decomposes slowly in boiling water; essentially inert 
to most other reagents at room temperature 
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Figure 13.8: Nitrogen-aluminum phase diagram 

8.0 CHARACTERISTICS AND PROPERTIES OF SILICON 
NITRIDE 

8.1 Historical Background and Present Status 

Silicon nitride was first produced in 1857 but remained in the labora- 
tory until after World War II when it was developed as a crucible for molten 
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metals. In 1971, a program was started to develop silicon-nitride compo- 
nents for gas turbines and since then considerable progress has been 
achieved in the processing of the material.tl*l Japan remains the major 
supplier of silicon-nitride powder. 

8.2 Summary of Properties 

Silicon nitride can be obtained as an amorphous material or in two 
hexagonal crystalline forms, a and fl, the latter being the high-temperature 
form. An irreversible transformation from a to poccurs at 1600°C. The 
material has excellent overall properties such as: 

l Light weight 

l High strength and toughness (for a ceramic material) 

l High chemical resistance to acids, bases, salts and molten 
metals 

l Good resistance to oxidation to 1500°C 

l High electrical resistivity 

Its characteristics and properties are summarized in Table 13.8 (see 
Ch. 12 for structural data).1221-1251 As stated above, the reported property 
values often vary considerably especially as a function of processing 
characteristics, and the values given here are a general average. 

8.3 Phase Diagram 

The phase diagram of Si-N is shown in Fig. 13.9.1141115] 

8.4 Chemical Resistance of Silicon Nitride 

Silicon nitride has good corrosion resistance and is not attacked by 
most molten metals as shown in Table 13.9.1261 
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Table 13.8: Summary of Characteristics and Properties of Silicon Nitride. 

Note: Test temperature is 20°C unless otherwise stated; material 
is bSi,N, unless specified.. 

Composition: Si,N, 
Molecular Weight: 140.28 g/mol 
Color: colorless if pure 
Theoretical Density (g/cm3): 3.187 (p), 3.184 (a) 
Melting Point: 1900°C 
Specific Heat (J/g*K): 0.54-0.7 (see Fig. 13.1) 

(J/mole-K): 75.7-98.2 
Thermal Conductivity: 25-36 W/m% (see Fig. 13.2) 
Thermal Expansion ( 10”/°C): 2.8-3.2 over the range of 0- 100°C (see Fig. 
13.3) 

Electrical Resistivity: 1014 R’cm 
Dielectric Constant @ 35 GHz: 7.9-8.14 
Loss Tangent @ 35 GHz: 0.0017-0.0006 

Vickers Hardness: 16- 18 GPa 
Weibull Modulus: 15-30 MPa 
Fracture Toughness 5-7.5 MPa 
Young’s Modulus: 260-330 GPa (see Fig. 13.4) 
Poisson’s Ratio: 0.23-0.27 
Flexural Strength: 600-1200 MPa (see Fig. 13.5) 

Oxidation Resistance: to 1350°C 
Chemical Resistance: Resistant to most reagents at room temperature[241 
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Figure 13.9: Nitrogen-silicon phase diagram. 

Table 13.9: Resistance of Silicon Nitride to Molten Metals. 

Metal 
Temperature 

(“C) 

Time 

(hr) 

Degree of 
Attack 

Al 800 
Al 1000 
Pb 400 
Sn 300 
Zn 550 
Mg 750 
cu 1160 

950 none 
100 none 
144 none 
144 none 
500 none 

20 slight 
7 severe 
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8.5 Sialons 

The term sialon was adopted in the seventies to describe solid-solution 
compositions containing the elements Si-Al-O-N. The crystal lattice of 
P-S&N, can readily accommodate other atoms such as Al and 0, and the 
Sialons are formed by the addition of alumina (Al,O,) or aluminum nitride 
(AlN) to P-S&N,. An empirical formula for this family of materials is 
Si6,Al,0XNs,. The sialons show promise as high-temperature engineering 
materials.t41tz51 

9.0 SUMMARY OF FABRICATION PROCESSES 

The fabrication processes for the three covalent nitrides are also 
reviewed in Chs. 14 and 15. 

9.1 Boron Nitride 

Boron nitride powder is produced directly from the elements or from 
the reaction of boron and ammonia or boric oxide and ammonia. The 
powder is difficult to process and expensive and requires a sintering agent 
such as boric oxide.tl’l 

Coatings and monolithic components of boron nitride are usually 
produced by CVD by the reaction of a boron halide with ammonia. MOCVD 
and plasma-CVD are also u~ed.t~~) 

Cubic boron nitride is obtained by high pressure processing from 
h-BN powder with lithium nitride as a catalyst.t21 

9.2 Aluminum Nitride 

Aluminum nitride powder is obtained by the carbothermal reduction 
of alumina, the decomposition of aluminum chloride and ammonia, and the 
reaction of aluminum powder with ammonia or nitrogen. 

Coatings of AlN are produced by atmospheric and low-pressure CVD 
by the reaction of ammonia and an aluminum halide. They are also 
produced by MOCVD by the reaction of an aluminum alkyl with ammonia.[271 
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9.3 Silicon Nitride 

Silicon nitride powder is produced by the reaction of silicon chloride 
and ammonia, by the nitridation of silicon, and by the thermal decomposi- 
tion of silicon diimide. It is also produced by laser CVD from halogenated 
silanes and ammonia. Shapes are produced by sintering, reaction bonding, 
and hot pressing. Thin films are deposited by reactive sputtering, and by 
CVD by using ammonia or nitrogen reacting with silane. 

10.0 SUMMARY OF APPLICATIONS AND INDUSTRIAL 
IMPORTANCE 

The following is a summary of applications the three covalent nitrides 
presently in production or development. More details are given in Ch. 16. 

10.1 Boron Nitride 

The applications of boron nitride form a growing market esti- 
mated at over $20 million in 1994, most of it as powder for lubricants and 
additives PW91 

l Solid lubricants, tillers and mold releases (powder form) 

l Break rings in steel casting 

l Insulators for high-frequency electrical equipment 

l Masks for x-ray lithography 

l High-temperature furnace hardware and boats for molten 
metals, glasses and ceramic processing 

l Radar windows and antennas 

l Crucibles for aluminum evaporation and for molecular beam 

epitaxy 

l Vessels for Czochralski crystal growth of III-V and II-VI 
compounds (i.e., gallium arsenide) 

l Insulating substrate in ribbon heaters in combination with a 

pyrolytic graphite resistance heating element 

l Powder and bonded abrasive, and cutting material for high 
hardness steel and alloys (cBN) 
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l Release agent 

l Filler for plastics 

10.2 Aluminum Nitride 

The major application of aluminum nitride is for electronic compo- 
nents. The market for powder was estimated at 147 metric tons with a value 
of $8.8 million, most of it produced and used by the Japanese industry.[30j 

l Heat-sink substrates and packaging materials for electronic 
devices (major application) 

l Passivation and dielectric layers 

l High-frequency acoustic wave devices (piezoelectric) 

l Traveling-wave tubes 

l Microwave-absorbing components 

l Experimental high-power and high-temperature material for 
electronic and optoelectronic devices especially in the UV 
region of the spectrum 

10.3 Silicon Nitride 

The market for silicon nitride is fast growing particularly in structural 
and chemical resistance applications and as a thin film in semiconductor 
devices.t311 

l Crucibles for silicon single-crystal processing 

l Crucibles and vessels for handling corrosive chemicals and 
molten metals 

l High-temperature gas-turbine components 

l Diesel-engine components 

l Rotors for turbocharger 

l Cutting tools (Si,N, and Sialons) 

l Components for welding, tube drawing, and extruders 

l Ball and roller bearings 

l Bearing seals and check valves 

l Blast nozzles 
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l Thermocouple tubes 

l Heat exchangers, pumps, seal faces 

l Passivation layers, multilayer resist stacks, diffusion barriers, 
interlevel dielectrics, side-wall spacers, trench masks, 
oxidation masks, etc., in semiconductor devices 

l Whiskers for high strength reinforcement 
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14 

Processing of Refractory 
Carbides and Nitrides 
(Powder, Bulk, and 
Fibers) 

1.0 INTRODUCTION 

1.1 Synthesis &aracteristics 

Unlike many ceramic materials such as oxides which can be produced 
from raw materials found in nature, the refractory carbides and nitrides 
generally do not exist in the natural state. A few minor exceptions include a 
form of silicon carbide found in the meteorite field of Canyon Diablo in 
Ariz~na[~l and titanium nitride detected in some silicate meteorites as the 
mineral osbomite.121 These exceptions can be considered as curiosities and 
the refractory carbides and nitrides must be synthesized for scientific or 
commercial use. 

This synthesis is costly and exacting since, as shown in previous 
chapters, these materials are highly refractory and chemically inert, with 
strong covalent bonds and a general tendency to decompose upon melting. 
As a result, they cannot be readily processed by common metallurgical 
techniques such as casting or forging nor can they normally be sintered 
without sintering aids. Even under the best conditions, it is diffkult to 
obtain a material free of porosity and with uniform and controlled grain 

248 

1.0     INTRODUCTION

1.1      Synthesis Characteristics
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structure. The properties are often degraded and may vary considerably 
from batch to batch due to processing differences, small as they may be. 

These factors have long hindered the development and commercial 
applications of these materials. It is only with the recent advances in 
processing techniques such as chemical-powder production, cold and hot 
isostatic pressing, chemical- and physical-vapor deposition, and thermal 
spray that industry is now able to take better advantage of their remarkable 
properties. 

1.2 Forms and Processing of Refractory Carbides and Nitrides 

The refractory carbides and nitrides are available in the form of 
powders, monolithic (or bulk) shapes, coatings, fibers, and whiskers. Each 
of these categories is produced by one or more specific processes as 
summarized in Table 14.1. 

Table 14.1: Fabrication Processes of Refractory Carbides and Nitrides 

Form Process 

Powder Chemical preparation 
Vapor-phase chemical reaction 
RF-plasma torch 
Sol-gel 
Self-propagating high-temperature synthesis 

Bulk/monolithic Powder forming 
Reaction bonding 
Sintered reaction bonding 
Hot pressing 
Hot-isostatic pressing 

Fiber/whisker Chemical-vapor deposition 
Sol-gel 

Coatings Chemical-vapor deposition (CVD) 
Physical-vapor deposition (PVD) 
Thermal spray 
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The processes listed in Table 14.1 are complex and each is the subject 
of much investigation and numerous reports and books. Their complete 
description is outside the scope of this book and they can only be summa- 
rized here. More information can be obtained from the references. 

2.0 PRODUCTION OF REFRACTORY CARBIDE AND 
NITRIDE POWDERS 

2.1 General Considerations 

The bulk/monolithic and thermal spray processes for refractory car- 
bides and nitrides are two-step operations which first require the preparation 
of powders. Powders are also used as such in grinding and polishing 
applications (mostly silicon carbide and boron carbide). 

These powders are produced by a variety of experimental or produc- 
tion processes which can offer controlled composition, small particle size, 
and high purity. These processes are outlined in Table 14.1 and sumrna- 
rized below. 

2.2 Chemical Preparation 

Refractory carbide and nitride powders are usually produced by 
chemical reaction between the elements or compounds of the elements. 
These processes are moderate in cost but do not generally produce materials 
of the highest purity and consistency. 

Refractory Carbides. The various chemical preparation reactions 
for refractory carbide powders are summarized in Table 14.2.t5j 

As shown in the table, a common method of preparing transition-metal 
carbide powders is to react the metal oxide (i.e., TiO,, ZrO,, etc.) with 
carbon in the form of powders in the presence of hydrogen and in the 
temperature range of 1500°C to 2400°C, depending on the metal.t5j 

Beta-Sic powder can be produced in a microwave oven (2540 MHz) 
by simple solid-state reaction between silicon and charcoal powder at 
temperature lower than 1000°C.[llj 
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Table 14.2: Chemical Preparation of Refractory Carbide Powders 

Carbide 

TiC 

ZrC 

vc 

NbC 

TaC 

Cr,C, 

MO& 

WC 

SIC 

B,C 

Process 

Reaction of TiO, with carbon at 2000°C or above in hydrogen 
Carburization of titanium sponge 

Reaction of ZrO, with carbon at 1800-2400°C in hydrogen 
Carburization of zirconium sponge 

Reaction of I-HO, with carbon at 1800-2200°C in hydrogen 
Carburization of hafnium sponge 
Carburization of hafnium hydride at 1600-1700°C 

Reaction of vanadium oxide or ammonium vanadate with carbon at 
1500-1700% in hydrogen followed by a vacuum heat-treatment 
Reaction of vanadium metal with carbon under vacuum 

Reaction of niobium oxide with carbon at 1700°C in hydrogen 
Reaction of niobium metal or niobium hydride with carbon under 
vacuum 

Reaction of Ta,O, with carbon at 17OO’C in hydrogen usually in two 
steps 
Direct carburization of tantalum 
Reaction of tantalum hydride with carbon 

Reaction of Cr,O, with carbon up to 1600°C hydrogen (below 
1300%, Cr,C, is obtained) 
Carburization of the chromium metal 

Direct heating of Mo and carbon powders in hydrogen at 1500°C 

Direct carburization of W with carbon such as lamp black or 
graphite at 1400-2000°C in hydrogen or vacuum 
Other precursors: tungsten oxide, tungstic acid, ammonium 
paratungstate 

Electrochemical reaction of high-purity silica sand and carbon in 
electric furnace with addition of saw dust and chlorine (see Ch. 8, 
Sec. 8)t6] 
CrSiC produced above 2 100°C 
PSiC produced at 1500-1600°C[71 

Reduction of B,O, with carbon in electric furnace at high tempera- 
ture (to 2300°C)[*l 
Same reduction reaction with magnesium 
Direct synthesis of the elements[91[‘01 
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Refractory Nitrides. The various chemical preparation reactions for 
refractory nitride powders are summarized in Table 14.3.[21[51[121-[161 

Table 14.3: Chemical Preparation of Refractory Nitride Powders 

TIN 

ZrN 

VN 

NbN 

TaN 

AlN 

Si,N, 

BN 

Nitridation of Ti metal with nitrogen or ammonia at 1200°C 

Nitridation of Zr metal with nitrogen or ammonia at 1200°C 

Nitridation of Hf metal with nitrogen or ammonia at 1200°C 

Nitridation of V metal with nitrogen or ammonia at 1200°C 

Nitridation of Nb metal with nitrogen or ammonia at 1200°C 

Nitridation of Ta metal with nitrogen or ammonia at 1200°C 

Carbothermal reduction of alumina in nitrogen 

Thermal decomposition of aluminum chloride and ammonia 
followed by calcination to remove chlorine, and high temperature 
crystallization 

Reaction of aluminum powder with ammonia or nitrogen at 
soo-1000°C 

Thermal decomposition of silicon chloride and ammonia fol- 
lowed by calcination to remove chlorine and crystallization at 
1500°C (c&N,) 

Nitridation of silicon at 1200-1400°C (aSi,N,) 

Thermal decomposition of Si(NH), (aSi,N,) 

Synthesis from elemental boron and ammonia 

Reaction between boric oxide and ammoniaIr71 

As shown in the table, most refractory nitride powders may be 
produced by the reaction of the metal halide with ammonia. Another 
common production method is the reaction of an oxyhalide (i.e., CrO,CI,), 
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an oxide (i.e., B,O,, V,O,), or an ammonium-oxo complex (i.e., NH,VO,) 
with ammonia. 

Conventional Comminution (Grinding). The materials prepared 
by chemical means may require comminution (grinding) to obtain smaller 
and more uniform particles. This is usually accomplished by jaw crushers 
or crushing rollers and ball and attrition mills. The mill and ball 
material is often the same as that to be ground in order to minimize 
contamination. The resulting powder is a mixture of coarse and fine 
particles. The advantages of comminution are a relatively inexpensive 
process, the production of unaggregated powder, and wide applicability. 
Disadvantages are limited purity, the inability to grind much below one 
micrometer, and limited homogeneity.[31[41 

2.3 Vapor-Phase Chemical Reactions 

High-quality powders of refractory carbides and nitrides can be 
obtained by the more recent processing techniques of chemical-vapor depo- 
sition (CVD), RF-plasma torch, combustion synthesis, and sol-ge1.[41[181 

The CVD process is reviewed in more detail in Ch. 15. In a CVD 
reaction, if the temperature and supersaturation are sufficiently high, the 
product is primarily powder precipitated from the gas phase.[191 Such 
powders have few impurities, small diameter, and great uniformity. In 
addition, the temperatures required to sinter CVD powders are generally 
lower than those for conventional powders. 

The following powders are made experimentally or on a production 
basis. 

l Beta-Sic powder from the decomposition of 
methyl-trichlorosilane (MTS) in the presence of hydrogen in 
an argon plasma. Also from the gaseous thermal 
decomposition of tetramethylsilane, Si(CH,),, in a 
flow-through reactor between 850 and 1500°C[201 and by the 
reaction of acetylene and silane 

l Submicron j3SiC powder by reacting silane and acetylene in a 
lo-50 W continuous-wave CO, laser beam[*ll 

l Amorphous Si,N, powder from silicon halides and ammonia 
at high temperature. [151[221 The powder can also be produced 
by using the same reaction at 1000°C in an RF plasma with a 
mean particle size of 0.05-o. 1 um[231 
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l Si,N, powder by laser CVD from halogenated silanes and 
ammonia with an inert sensitizer such as SF,[24l 

l Aluminum nitride submicron powder from aluminum alky1[251 
and from the reaction of aluminum powder, lithium salt and 
nitrogen at 1 000°C[261 

How much of an impact CVD carbide and nitride powders will have is 
not clear at this time since applications have yet to reach the commercial 
stage in any significant manner. Still, the success of a number of develop- 
ment programs strongly suggests that CVD may soon become a major 
powder-production technology. This is already evident in Japan which is a 
recognized leader, particularly in refractory nitrides. 

2.4 RF Plasma Torch 

Ultrafine refractory carbide and nitride powders can be produced in 
an inductively coupled radio-frequency (rf) plasma torch.[41(271 A schematic 
drawing of a plasma torch for the production of silicon carbide powder is 
shown in Fig. 14.1. 

2.5 Self-Propagating High-Temperature Synthesis (SHS) 

With the proper conditions, highly exothermic reactions, once initi- 
ated, will spread as a combustion wave throughout the reactants mix- 
ture.[41[8j These reactions, originally developed in Russia, are used to 
produce powders of almost all the refractory carbides and nitrides. 

The adiabatic temperature (Tad) ofthe compound, i.e., the processing 
temperature at which no heat enters or leaves the system, can be used as an 
indication of the temperature at the combustion front. As shown in Table 
14.4, this temperature can be very high, particularly with the refractory 
nitrides. 

It has been empirically determined that Tad should be greater than 
1800 K for the reaction to be self-sustaining. However weakly exothermic 
reactions such as those forming SIC or B,C can be initiated by preheating 
the reactant mixture. For nitride powders to be formed, the nitrogen 
pressure must be higher than the dissociation pressure of the nitride at the 
adiabatic temperature. For instance, a nitrogen pressure greater than 10 
GPa is necessary to form S&N,, and greater than 0.1 MPa to form AlN. 
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Table 14.4: Adiabatic Temperature of Refractory Carbides and Nitrides 

Compound T,, W) Compound Tad(K) 

TIC 3210 
HfC 3900 
TaC 2700 
WC 1000 
SIC 1800 
B‘& 1000 

TiN 4900 
ZrN 4900 
HfN 5100 
NbN 3500 
TaN 3360 
Si,N, 4300 
BN 3700 
AlN 2900 

Figure 14.1: Schematic drawing of a RF-plasma torch.14] 
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2.6 Sol-Gel 

The sol-gel process uses a liquid reactive precursor material that is 
converted to the final product by chemical and thermal means. This 
precursor is prepared to form a colloidal suspension or solution (sol) which 
goes through a gelling stage (gel) followed by drying and consolidation. The 
process requires only moderate temperatures, in many cases less than half 
the conventional refractory-ceramic processing temperatures. It also per- 
mits close control of the composition and structure on the molecular 
level. [291 

At the present time, most of the work is centered on the development 
of silicon carbide and silicon-nitride powders. Polysilanes are the basic 
precursor for the synthesis of silicon carbide from sol-gel. This was first 
achieved by the conversion of polydimethyl silane through a carbosilane 
intermediate. However this silane has poor solubility and low char yield and 
considerable shrinkage occurs during conversion to the final product. Pre- 
cursors are being developed with a much larger SIC yield notably those 
based on trifunctional alkoxides and chlorosilanes. These materials are 
being evaluated for the production of powders.l30ll31l 

Silicon nitride powder can be produced by sol-gel by using volatile 
silazanes as precursors. These materials are converted to silicon nitride and 
carbide. By the introduction of oxygen during the conversion process, the 
silicon carbide is reduced and the nitride is left. Other precursors of interest 
are as follows: 

l Tungsten carbonyl and dimethyl acetylene dicarboxylate react 
to produce tungsten carbide 

l Boron-nitride powder produced from substituted borazene 

with silyl amine cross linking groups 

3.0 PRODUCTION OF BULK/MONOLITHIC SHAPES OF 
REFRACTORY CARBIDES AND NITRIDES 

The fabrication of refractory carbides and nitrides (and ceramics in 
general) entails two major steps: (a) pressing the powder to the required 
shape and (6) sintering (or firing) it at high temperature.l4ll32l 
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3.1 Powder Pressing 

Many techniques are used to consolidate a ceramic powder to the 
desired shape (green shape). The most commonly used can be summarized 
as follows. 

l Isostatic pressing to 150-300 MPa (i.e., carbide tools) 

l Slip casting (mostly for thin-wall hollow parts) 

l Tape casting (mostly for flat thin plates) 

l Extrusion (for constant cross-section shapes) 

l Injection molding (for complicated shapes such as turbine 
rotor blades) 

3.2 Sintering 

Sintering is a complex physical and chemical phenomenon and can 
only be summarized here. [331 It causes the loose powder particles to bond 
together and usually results in shrinkage, densification, and grain growth. 
The characteristics of the powder govern to a great degree the physical and 
chemical properties of the final ceramic product. To optimize these proper- 
ties, a powder should have the following characteristics: 

l Small particle size (~10 nm) 

l Equiaxed particle shape 

l Narrow size distribution 

l Freedom from agglomeration 

l High purity 

The various sintering processes presently used with refractory car- 
bides and nitrides are outlined below.[341[351 

Liquid-Phase Sintering. Liquid-phase sintering is an important 

industrial process used in the production of items such as silicon-carbide 
glow plugs and aluminum-nitride structural parts. A liquid, able to wet the 
solid (i.e., molten aluminum), must be present at sintering temperature. The 
solid must have substantial solubility in the liquid. Further densification 
may be accomplished by pressure-assisted sintering methods. An example 

of liquid-phase sintering is the sintering of aluminum nitride using an 
additive such as CaO, Y,O,, CeO,, or Zr0,.f21 
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Reaction Sintering (Reaction Bonding). In reaction sintering, 
consolidation occurs by a chemical reaction between the constituents. 
Large and complex shapes can be fabricated to near-net shape, thus reduc- 
ing or eliminating the need for machining. A sintering additive is often 
required to promote the reaction. For instance the addition of Mg,N, and 
Ca,N, facilitates the sintering of aluminum nitride. Undesirable amorphous 
grain boundary phases can be almost entirely prevented in silicon nitride 
ceramics by the use of Be,N, or BeSiN,. These compounds however are 
toxic.12ll12l Some typical examples of reaction sintering are: 

l Beta-Sic from boron and carbon-doped SIC powder 

l aSiC and PSiC from aluminum or aluminum compounds and 
carbon or rare-earth elements17J 

l SI,N, from silicon powder under high nitrogen pressure (see 
below) 

l B,C from submicron B,C powder and amorphous carbon 
powderllOl 

Pressure Sintering. Densification of refractory carbides and nitrides 
can be achieved by external pressure with techniques such as uniaxial hot 
pressing, hot-isostatic pressing (hipping), and gas-pressure sintering. 

In the case of hot-isostatic-pressing (hipping), the part must be 
encapsulated in a vacuum-tight envelope (usually a foil of a refractory metal 
such as tungsten, tantalum, or molybdenum, or a high-viscosity glass) if any 
open porosity is present. 136l Typical hipping processing conditions are 
shown in Table 14.5 .121132113411371 

Table 14.5: Typical Pressure Hipping Sintering Conditions, 

Material 

TIN 
TIC/WC 
SIC presintered 
Si,N,/Be,N, 
Si,N, 
B,C presintered 

Pressure Temperature 

(MPa) (“C) 

100-200 1000-1600 
70- 100 1500-1760 

138 1850-2100 
2.7-200 1950-2050 

0.1-2 1730-1950 
-100 1950-2100 

Page 278 of 360



Powder, Bulk and Fibers 259 

Sintering of Silicon Nitride. Silicon nitride (S&N,) is a major 
industrial material with great potential. Its processing is typical of refrac- 
tory carbides and nitrides and it is outlined here in more detail. The strongly 
bonded covalent structure of the material is such that the self-diffusion of 
nitrogen is extremely slow. To accelerate the diffusion, gas-pressure 
sintering at high temperature and high nitrogen pressure is necessary.121 A 
common process is to pre-sinter a preform made of silicon powder in 
nitrogen until all the silicon is converted to silicon nitride. This conversion 
begins above 1000°C but the temperature must not rise above 14 10°C (the 
melting point of silicon). The reaction is accompanied by a 22% volume 
decrease and, as a result, the preform is partially densified. The part is then 
sintered under high nitrogen pressure. This increased partial pressure of 
nitrogen raises the thermal-decomposition temperature of Si,N, and, conse- 
quently, less decomposition gases are produced and the porosity is reduced. 
Sintering temperature up to 2000°C are possible, thereby reducing the need 
for sintering aids. A typical cycle is 3 hours at PN = 2 MPa followed by 2 hr. 
at PN = 6 MPa at 2000°C.1381 A typical flow-sheet of the sintering process 
in shown in Fig. 14.2.11211391 

If sintering agents such as oxides (MgO, Y,O,, CeO,, ZrO,, A&O,) 
or nitrides (AlN, TIN, ZrN, CrN, Mg,N,) are added to the starting powder, 
it is possible to further densify the material by additional sintering at 1880°C 

to 2130T and at pressures up to 2 MPa with reported resulting density 
>99.3% of theoretical. 

With these processes, silicon nitride can be produced to near-net 
shape, often within f 1%. If closer dimensional tolerances are required, the 
material can be diamond ground. Ifthe silicon nitride is alloyed with a small 
amount of titanium nitride, it acquires sufficient electrical conductivity to 
allow electrical discharge machining (EDM). 

The properties of a material may vary considerably depending on the 
sintering process. This is illustrated in the case of silicon nitride in Table 
14 6 1401 . . This table shows that both the sintered-reaction-bonded and the 
hot-pressed materials have excellent properties. The sintered reaction-bonded 
appears to be the superior process since it is generally cheaper and more 
versatile than hot-pressing. The microstructure of the sintered-reaction- 
bonded material is shown in Fig. 14-3 .1401 The interlocking needle structure 
is noticeable and likely to be the reason for the excellent fracture toughness 
of the material. 
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Table 14.6: Properties of Silicon Nitride (S&N,) 

Reaction 
Bonded 

Sintered 
Reaction 
Bonded 

Hot 
Pressed 

Density (X theoretical) 75 >99.3 >98.5 

Rupture Modulus (MPa) 
at 25°C 
at 1400°C 

Weibull Modulus (MPa) 
at 25°C 

Poisson’s Ratio 

Hardness (R45N) 

Fracture Toughness (MPadm) 2.5 6-7.5 5-6 

Thermal Expansion (x 1 O-VC) 3.2 3.5 3.5 

Thermal Conductivity (W/mK) 
at 25°C 
at 1000°C 

Electrical Resistivity 
(Qcm) 

Dielectric Constant @ 35 GHz 

Loss Tangent @ 35 GHz 

240 800 931 
240 366 498 

10 15-20 15-20 

0.22 

54 

0.28 0.28 

89-91 90-92 

14 
11 

>10’4 

35 
17 

>10’4 

7.9 

0.0017 

35 
17 

>10’4 

8.14 

0.0006 
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Figure 14.2: Schematic flow-sheet of the production of self-bonded, reaction-sintered 
silicon nitride (121 
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Figure 14.3: Microstructure ofsintered reaction-bonded silicon nitride.[40]

4.0 FIBER PRODUCTION

State of the Art

Until recently, the great majority of ceramic fibers were made from
oxides such as alumina or mullite. But in the last few years, much work has
been done to develop practical processes for the production of other fiber
materials, especially the refractory carbides and nitrides. This work is
beginning to bear results especially with silicon-carbide fibers which have
now reached full-scale production. Other materials such as silicon nitride,
boron nitride, aluminum nitride, titanium carbide, hafnium carbide, and
hafnium nitride are at the development stage or in pre-production.[41]

Competing Inorganic Fibers. The competitors to carbide and
nitride fibers are glass, ceramic oxides, carbon, and boron. Table 14.7
summarizes their processing, characteristics, and typical applications.[42]

262
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Table 14.7: Characteristics and Applications of Inorganic Fibers 

263 

Material Processing 

Main 
Characteristics 

Typical 
Applications 

Glass Melt blowing 
and spinning 

Oxides Melt spinning 
Sol-gel 

Boron CVD 

Carbon Pyrolysis 

Silicon 
carbide 

CVD 
Sol-gel 

High strength 
Low modulus 
Low temperature 
Low cost 

Medium stremrgth 
Good oxidation 
resistance 
High cost 

High strength 
High modulus 
High cost 

High strength 
High modulus 
Low density 
Low oxidation 
resistance 
Medium cost 

High strength 
High modulus 
High cost 

Insulation 
Reinforced plastics 

Ceramic camposites 
High-temp. insulation 
Filtration 

Plastic and metal 
composites 

Reinforced plastics 
Carbon-carbon 
High-temp. insulation 

High-temp. composites 

The tensile properties and densities of typical inorganic fibers are 

shown in Table 14.8 (data supplied by the manufacturers). 
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Table 14.8: Tensile Strength, Modulus and Density of Selected Inorganic 
Fibers 

Major 
Constituent 

Tensile Tensile 
Strength Modulus Density 

(MPa) (GPa) (g/cm31 

Glass (a) 4580 86 2.5 

Alumina (b) 1750 154 2.7 

Alumina (c) 2275 224 3.0 

Boron (d) 3600 400 2.5 

Carbon (e) 5500 330 1.7 

Silicon carbide (f) 3920 406 3.0 

(a) S-Glass, Coming Glass, Coming NY 
(b) Nextel 3 12, 3M, Minneapolis MN 
(c) Nextel400 
(d) Avco Boron 
(e) MS-40, Grafil, Sacramento CA 
(f) Avco SCS 6, Textron Inc., Lowell MA 

(carbon-fiber substrate) 

These two tables show that the major competitor to silicon-carbide 
fiber is carbon as both fibers have similar properties and are in the same cost 
bracket. Another competitor is boron but it is very expensive and may 
eventually be replaced by silicon carbide. 

Production Processes. Because of the very refractory nature of 
these materials, the standard production processes of melt blowing and 
spinning are not practical. In these processes, the precursor material is 
melted, usually in an arc furnace, drawn through spinnerets and spun in a 
high-pressure air stream. Instead, the fibers (and whiskers) are produced 
by sol-gel or by chemical-vapor deposition (CVD). 
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4.2 Refractory-Carbide and Nitride Fibers by Sol-Gel

The principle ofsol-gel processing is summarized in Sec. 2.6. Sol-gel
is used on a large scale in the production of alumina-based fibers (Nextel by
the 3M Co.) and more recently of silicon-carbide and silicon-nitride fibers.

The chemistry is similar to that of powder production. The basic
precursor is usually polycarbosilane which is a pale-yellow solid with a
melting point of225°C. A typical process flowchart is shown.in Fig. 14.4.
The chemical solution is partially thickened by polymerization or by addi-
tives and spun directly into fibers. The resulting green fibers are dried and
pyrolized.[43][44] These fibers are produced commercially by Nippon Car-
bon Co. and distributed in the US under the trade name of Nicalon by Dow
Corning Corp., Midland MI. Theyare also produced by another Japanese
firm, UBE Industries under the tradename of Tyranno .

::::. . . :... ..I..: :: ..:::p:,: 

Figure 14.4: Melt-spinning process for the production of Nicalon tibers.[43] 
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The Nicalon fibers have variable composition which includes a sub- 
stantial amount of oxygen and free carbon and consist of microcrystalline 
SIC in Si-C-O glassy matrix together with thin plates ofturbostratic carbon. 
Their properties vary with the composition.t451 They generally have high 
electrical conductivity, 

The precursor for the Tyranno fibers is also polycarbosilane but it is 
cross-linked with a titanium alkoxide which provides a more thermochemically 
stable fiber. Final composition is (by weight): 5 1% Si, 28% C, 18% 0, and 
3% Ti [451[461 

Another group of fibers in the development stage is the type HPZ 
produced by Dow Corning Corporation. t47l These fibers are prepared from 
a hydridopolysilazane polymer. With an elemental composition of 58% 
silicon, 28% nitrogen, 10% carbon, and 4% oxygen, they should be 
regarded as carbonitride. They have high volume resistivity and excellent 
strength and modulus retention at temperature up to 1400°C in inert 
atmosphere. 

The properties of Nicalon, HPZ, and CVD-SIC fibers (in Sec. 4.3) 
are summarized in Table 14.9. 

Table 14.9: Properties of Monofilament Fibers Derived from the Carbide 
and Nitride of Silicon 

Fiber Diameter 

Type (pm) 

Tensile 
Strength 

(MPa) 

Tensile 
Modulus 

@Pa) 

Density 
(g/cm3) 

Nicalon 15 2960 193 2.55 

Tyranno 8 3000 200 2.40 
HPZ 10-12 2410-3100 150-193 2.3-2.5 

CVD Sic* 140 3920 406 3.0 

* Carbon-fiber substrate 
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A major advantage of these fibers is good strength retention at high 
temperature is shown in Fig. 14.5.[471 

3500 

3ooo 

2500 

00 
&lXiO 
$ 
b 1500 

E c 
moo 

500 

0 

HPZ Nlcalon Tyranno 

t .:. .:: .j 
Measured tit room temperature 

.:.::::::y,::.::: LzI-.l ;$$@@ Measured a3 room temperature after aglng In mokt air for ,c#) hours & ,ooo”c 

Measured at room temperature after aglng In argon 
for 2 hours at 1400°C 

Figure 14.5: Tensile strength of silicon-carbide and silicon-nitride fibers before and after 
exposure to high temperature.[47] 
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4.3 Silicon-Carbide Fibers by Chemical-Vapor Deposition (CVD) 

A competitor to sol-gel in the production of SIC fibers is chemical 
vapor deposition (CVD). Each process has its own advantages and draw- 
backs and, at this stage of development, it is difficult to forecast which one 
will prevail. The CVD process is reviewed in Ch. 15. Cost reduction in 
both cases is an important factor. 

Processing. The process requires a monofilament carbon-fiber core 
which is heated resistively in a tubular glass reactor shown schematically in 
Figure 14.6.i411 The carbon monofilament is pre-coated with a 1 pm layer of 
pyrolytic graphite to insure a smooth deposition surface and a constant 
resistivity.[481 SIC is then deposited by the reaction of silane and a 
hydrocarbon. Other precursors such as SiCl,, CH,SiCl, are also being 
investigated.[4gl 

Spool 

MeUXW 
Electrode 

Vartable 
DC Power 
supply 

Mercury 
Electrode 

Coated . ...,.. 
Filament 

. . 

Tungsten or 
_ Graphite 

Monofllament 
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I- Reactant 
-Gases 

Quartz 
Recaction 
Chamber 

L 
?I- 

-Exhaust 

Figure 14.6: Deposition apparatus for the deposition of silicon carbide fibers.[41] 
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Fiber Diameter. Since a core is required, it is impractical to produce

small-diameter fibers (150 JUO vs 8-15 JUO for sol-gel derived fibers). Being
stiff with a high modulus and large diameter, CVD-SiC fibers cannot

readily be bent to a small radius or along compound shapes. They are

difficult to weave into fabrics. Their use is limited to parts having a simple

geometry such as plates, rods or tubes. A fiber cross-section is shown in

Fig.14.7.[50]

Figure 14.7: Cross section of a CVD silicon-carbide fiber, courtesy of Textron

Specialty Materials.[5°]

Properties. As shown in Table 14.9, the properties of CVD-SiC
fibers are slightly superior to those of Nicalon or Tyranno fibers. The
CVD-SiC fibers retain much of their mechanical properties when exposed to
high temperature in air up to 800°C for as long as one hour as shown in

Figure 14.8.[50]

SUBSTRATE

LOW COST

MONOFILAMENT
CARBON
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0 400 800 1200 1600 

Figure 14.8: Tensile strength of a CVD silicon+xubide fiber as a function oftemperahue.[48] 

4.4 Other Refractory-Fiber Materials 

Other materials besides boron and SIC with potential for CVD fiber 
production are being investigated. They include B,C, TIC and TiB, 
deposited on a heated core filament, generally by the hydrogen reduction of 
the chlorides.[4911511 Typical properties of the resulting experimental fibers 
are shown in Table 14.10. Fiber diameter varies from 20-200 pm. 
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Table 14.10: Selected Properties of CVD Fibers[491 

B4C TIC 

Melting Point (“C) 2450 3180 

Deposition Temperature (“C) 1300 1400 

Thermal Expansion ( 1 O-6/oC) 5.0 7.6 

Tensile Strength (GPa) 2.07-2.76 1.38-2.07 

Tensile Modulus (GPa) 172-241 172-24 1 

5.0 WHISKER PRODUCTION 

Whiskers are short fibers, usually single crystals, with an aspect ratio 
of 10/l or greater. They have high strength and are used as a random 
reinforcement for ceramics or metals, especially SIC whiskers in alumina 
cutting tools 

5.1 Silicon Carbide Whiskers 

Silicon-carbide whiskers are produced by a variety of methods in- 
cluding the following: 

l By plasma-arc based on the reaction of SiO(g) and CO[5zl 

l By carbothermal reduction of silica with the addition of a 
halide as an auxiliary bath, forming p-SiCts31 

l By the vapor-liquid-solid process using an iron catalyst[541 

l By the thermal decomposition of rice hulls, a waste product 
of rice milling[541 
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A typical SIC whisker has a diameter of 0.7-1.2 pm, an aspect ratio 
of lo-25 and a density of 3.26 g/cm 3. Its surface is smooth and metallic 
impurities are <lo00 ppm. 

5.2 Other Whisker Materials 

Silicon-carbide whiskers comprise the bulk of all ceramic whiskers. 
Other whisker materials are produced on an experimental basis and include: 

l Titanium carbide whiskers from TiCl, CH, and Hz in the 
presence of a nickel catalyst at 1220-1~50°C[551 

l Hafhium carbide and hafhium nitride whiskers from I-K&, 
CH, or N,, and H, in the presence of a nickel catalyst at 
1ooo-1450°c~56~ 

l Silicon nitride whiskers in both the a-phase (mostly as 
reinforcement for ceramics) and the P-phase (mostly as 
reinforcement for metals) produced by Japan’s Ube Industries 
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15 

Processing of Refractory 
Carbides and Nitrides 
(Coatings) 

1.0 COATING PROCESSES 

In the previous chapter, the processing of refractory carbides and 
nitrides in the form of powders, bulk/monolithic shapes, fibers, and whis- 
kers was reviewed. These materials have one other major form, i.e., 
coatings, and the review of coating processes is the objective of this chapter. 

Coatings of refractory carbides and nitrides have great industrial 
importance with a wide range of applications in semiconductors and other 
electronic components, in cutting tools, gas-turbine vanes and blades, 
precision bearings, punch sets, extruders, prostheses, and many other 
products. 

1.1 Composite Nature of Coatings 

The surface of a material may be exposed to wear, corrosion, radia- 
tion, electrical or magnetic fields and other phenomena and must have the 
ability to withstand these environments. In addition, the surface may be 
required to provide certain desirable properties such as reflectivity or high 
thermal conductivity. This can be accomplished by coating the base 
material to obtain a composite in which the surface properties may be 
considerably different from those of the substrate.1’1 
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An example of such composite material is a cutting tool such as a 
twist drill coated with titanium nitride. The drill must be made of a tough 

and strong material such as high-speed tool steel which is able to withstand 

the stresses associated with drilling, yet its surface must be very hard and 
chemically resistant to withstand wear, abrasion, and corrosion. However 
hardness and toughness are inverse properties and no single material can 
have both to any appreciable degree. A solution is to coat the drill with 

titanium nitride which protects the steel substrate from high-temperature 
oxidation and reaction with the material to be cut and provides the necessary 
hardness, wear resistance, and low coefficient of friction which reduces the 
required cutting forces. 

Table 15.1 summarizes the surface properties that can be obtained or 
modified by the use of refractory carbide and nitride coatings. 

Table 15.1: Properties A&&d by Refractory Carbide and Nitride Coatings 

Electrical Resistivity 

Optical Refraction and reflectivity 
Emissivity 

Mechanical Wear and friction 
Toughness and ductility 
Strength and hardness 
Adhesion 

Chemical Diffusion 
Oxidation and corrosion 
Electrochemical reactivity 
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1.2 Major Coating Processes 

The major coating processes for refractory carbides and nitrides are 
listed in Table 15.2.121-141 

Table 15.2: Major Coating Processes for Refractory Carbides and Nitrides 

Chemical-Vapor 
Deposition (CVD) 

Thermal CVD 
Plasma CVD 
MOCVD 
Photo and Laser CVD 

Physical-Vapor 
Deposition (PVD) 

Sputtering 
Evaporation 
Ion plating 

Thermal Spray Plasma spray 
D-gun spray 
Flame spray 

CVD and PVD belong to the class of vapor-transfer processes which 
are atomistic in nature, that is the deposition species are atoms or molecules 
or a combination of these. The coatings are also commonly known as 
thin-Jilms when their thickness is less than 10 pm. This is an arbitrary 
limitation and perhaps a better definition would be a coating that adds 
essentially nothing to the mass of the substrate. CVD and PVD coatings 
of TIC, TIN, S&N,, and Al,O,, have major industrial applications (see 
Ch. 16). 

Thermal-spray coatings consist mostly of WC, Cr,C,, and to a lesser 
degree TIC and AlN. They are relatively inexpensive and widely used in 
corrosion and wear applications particularly in the gas-turbine industry. 
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These processes, CVD, PVD, and thermal spray have reached the 
stage of large industrial production with a constant R&D effort, particularly 
in the development of new source materials with greater purity, the refine- 
ment of processing parameters, and the improvement of the equipment. In the 
next sections, the processes are reviewed as they pertained to the refractory 
carbides and nitrides. This review can only touch on the major aspects of 
these extended and complex technologies and the references should be 
consulted for further information. 

2.0 GENERAL CHARACTERISTICS OF CHEMICAL VAPOR 
DEPOSITION (CVD) 

2.1 The CVD Process 

CVD is a versatile process, well adapted to the production of all the 
refractory carbides and nitrides not only as coatings but also as powders, 
bulk/monolithic components, and fibers.121131 It may be defined as the 
deposition of a solid on a heated surface from a chemical reaction in the 
vapor phase. Its advantages are: 

l It is not restricted to a line-of-sight deposition. Deep recesses, 
holes and other difficult three-dimensional configurations 
can be coated readily 

l The deposition rate is high and thick coatings are possible (in 
some cases centimeters thick) 

l The CVD equipment is relatively simple, does not require 
ultrahigh vacuum and generally can be adapted to many 
process variations. Changes in composition during deposition 
and codeposition of two or more materials are possible 

The drawbacks of CVD are: 

l It is most efficient at temperatures > 600°C and generally not 
recommended for the coating of substrates with low melting 
point (i.e., plastics) 

l It requires chemical precursors (the starter materials) with 
high vapor pressure which are often hazardous and toxic. 
The by-products can also be toxic and corrosive and must be 
neutralized, which may be a costly operation 
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2.2 General Characteristics 

Thermodynamic and Kinetic Considerations. As with all chemical 

reactions, the constraints of thermodynamics and kinetics apply to chemical 
vapor deposition, i.e., the reaction must have a negative heat of formation 
(-A@). An analysis of these constraints is necessary before any CVD 
reaction is considered. 

Contamination. A general problem in the CVD of refractory car- 
bides and nitrides is oxygen contamination during deposition. These mate- 
rials can dissolve considerable quantities of oxygen by lattice substitution 
for carbon or nitrogen. ~1 To avoid this, it is essential to maintain a 
deposition system that is free of oxygen. Likewise, hydrogen can dissolve 
readily in the lattice defects and, since many CVD reactions are carried out 
in hydrogen, this may easily occur. It may be necessary to vacuum anneal 
the coating to remove the hydrogen. Finally, composition uniformity is not 
easily obtained and careful control of coating stoichiometry is necessary. 

Thermal Expansion Matching. The coefficients of thermal expan- 
sion (CTE) of coating and substrate should match as closely as possible. 
The CTE of the coating is usually lower than that of a metallic substrate 
and, upon cooling from the deposition temperature, thermal stresses are 
produced which may cause cracks and delamination. Such considerations 
have led to the development of low-temperature deposition processes such 
plasma-CVD or metallo-organic CVD (MOCVD) which minimizes these 

stresses and reduces the chance of coating failure (see Sec. 3. 1).121 
Low Deposition Pressure. In any CVD reaction, when the partial 

pressure of the reactants and carrier gases is low, the boundary layer 
becomes thinner and, as a result, the diffusion of the reactants through this 
layer is increased.121 The mass transfer variables become less critical and a 
more uniform coating is obtained. This is an important factor especially if 
many components are to be coated in one operation. Such low pressure 
CVD is the most common CVD process for the deposition of refractory 
carbides and nitrides. 

3.0 THE CVD OF REFRACTORY CARBIDES 

3.1 Titanium Carbide 

Titanium carbide is one of the most important coating materials and 
its deposition reactions are similar to those of other interstitial carbidesI A 
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common deposition system is the reaction of the metal chloride with a 
hydrocarbon such as methane as follows: 

Reaction (1) Tic&(g) + CH,,,, + Tic(s) + 4HCl(g) 

This reaction is usually carried out in the temperature range of 
850-1050°C in a hydrogen atmosphere with pressure varying from less than 
100 Pa to 1 atm. A common pressure is 4 kPa.1’1 

Equipment. A typical CVD apparatus for the coating of cutting tools 
with TIC, TiN, or Ti(CN) is shown schematically in Fig. 15.1. Resistance 
heating maintains a uniform temperature throughout the furnace. The parts 
to be coated are loaded on trays or racks; a vacuum is applied and the 
temperature is raised to the desired level; the reaction gases are then 
introduced. The coating materials can be deposited alternatively when 
gradedcomposition coatings are required, under precise, computer-controlled 
conditions. Such CVD reactors can be large and the coating of thousands of 
parts in one operation is common. 

Movable 
Furnace Heater 

\ / 

Flowmeter 

TICI 
Vaporizer 

Hydrogen 
Vacuum’ 
Pump 

Figure 15.1: CVD apparatus for the coating of cutting tools.@] 
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To deposit TIC, titanium tetrachloride (which is a liquid at room 
temperature) is vaporized and transported by flowing hydrogen into the 
reaction vessel where it reacts with a gaseous carbon source such as 
methane (CH,), toluene (C,H,CH,), or propane (C3H,).181 

The high-temperature requirement places restrictions on the type of 
substrate that can be used. For instance some steels will lose their mechani- 
cal properties at these temperature and will require a heat treatment after 
coating. They may also change dimensions sufficiently to require 
post-deposition machining. 

Metallo-Organic CVD (MOCVD)f91 It is possible to lower the 
deposition temperature of titanium carbide (i.e., 700°C) by using 
metallo-organic precursors such as: 

l Tris-(2.2’-bipyridine) titanium (decomposes at 370-520°C) 

l Tetraneopentyl titanium (decomposes at 150-3 00°C) 

l Dichlorotitanocene, (C,H,),TiCl, (substrate temperature is 
700°C) 

Plasma CVD. In plasma CVD, the chemical reaction takes place in a 
plasma produced by a high-frequency electric field. The gases are ionized, 
causing the atoms to lose or gain one or more electrons. The reaction of 

these ionized gases requires much less energy, and reaction temperatures 
consequently are lower than those for standard CVD, usually by 300- 
350%. TIC has been deposited successfully by plasma CVD in the 
temperature range of 500°C to 900°C and a pressure of 100 Pa.11ol111l This 

broadens the range of suitable substrates and the number of potential 
applications. The schematic of a typical plasma CVD reactor for the 
deposition of TiN on silicon wafers is shown in Fig. 15.2. 

Substrates. Suitable substrates for TIC deposition are the cemented 
carbides, such as tungsten carbide (WC) bonded with cobalt (Co), which 
are widely used as cutting-tool materials (see Ch. 16). Other substrates 
coated by TIC are molybdenum and graphite.161 In the case of molydenum, 
it is essential to maintain the deposition temperature below 950°C 
otherwise recrystallization of the metal and reduction in mechanical strength 
will occur. 

Deposition of Titanium Carbonitride. Titanium carbonitride 
(TiC,N,,) combines the wear properties of TIC with the low friction and 
oxidation and chemical resistance of TIN. It can be obtained by the 
following simplified reaction: 
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Reaction (2) TiCI, + xCH, + %( I-x)N, + 2( I-x)H, + TiC,N,_, + 4HC1 

This reaction is carried out in a hydrogen atmosphere and at a 

temperature of approximately 1000°C. 
If acetonitrile (CH,CN) is used as a carbon and nitrogen source, the 

deposition temperature is greatly reduced and the process can be used to 
coat tool stee1.[121[131 The reaction is carried out at low pressure and in a 
temperature range of 700-9OOOC. A simplified reaction is described as 
follows: 

Reaction (3) TiCI, + CH,CN + 2.5H2 + TiCN + CH, + 4HCl 

Input from 
Shielded 
RF Power 

Electrode 

Silicon 
/Wafers 

To Vacuum To Vacuum 

Gases 

Figure 15.2: RF-plasma CVLI reactor for the deposition of TiN on semiconductor 
devices. 
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3.2 The CVD of Other Interstitial-Metal Carbides 

The CVD of other refractory metal carbides is essentially similar to 
that of TIC. The metal halide is reacted with a hydrocarbon, usually 
methane, although propane, propene and toluene have been used also. 
Pressure varies from 1 kPa to 1 atm. (composition closest to stoichiometry 
are usually obtained at the lower pressures). 

Metal Chlorination. With the exception of titanium and vanadium 
chlorides (TiCI, and VCI,), the chlorides of the refractory metals are solids 
at room temperature and it is often expedient to chlorinate the metal in situ 
with chlorine or HCI as shown schematically in Fig. 15.3. A typical 
reaction is the formation of hafhium chloride as follows: 

Reaction (4) Hf + 2C1, + HfCl, 

The reaction occurs between 500°C and 600°C and is exothermic. It 
is only necessary to heat the metal (in the form of sponge or chips) to the 
starting temperature, after which it becomes self-sustaining. 

Deposition Reactions. The most common deposition reactions are 
similar to reaction 1: 

l Zirconium carbide from the reaction of ZrBr, with methane 
at 1350- 1550°C in an atmosphere of hydrogen and argon[141 
or from the reaction of ZrCl, with methane or cyclopropane 
as the carbon source[151 

l Hafnium carbide from the reaction of HfCl, with a 
hydrocarbon which can be propane (C,H,), propene (C,H,), 
toluene (C,H,) or methane (CH,) at 900- 1 500°C)[161-[18~ 

l Hafhiurn carbide from the reaction of methyl chloride (CH,Cl) 
with HfCl, in hydrogen at 1200°C and l-3 kPa 

l Niobium carbide from the reaction of carbon tetrachloride 
(Ccl,) with NbCl, at 1500-1900°C~191 

l Tantalum carbide from the reaction of methyl chloride (CH,Cl) 
with TaCl, in hydrogen at 1150-1200°C and l-3 kPa 

l Chromium carbide from the reaction of CrCl, with butane at 
1000°C[201 or from the decomposition of chromium dicumene 

Cr[(C,H&H,], at 300-550°C and at low pressure[21] 
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l Molybdenum carbide (MO&) by the decomposition of 
molybdenum carbonyl (Mo(CO)&[~~I 

l Tungsten carbide from the reaction of WCI, with methane in 
hydrogen at 670-720°C and low pressure or from the reaction 
of WF, with methanol (CH,OI-Q in hydrogen[231[241 

l Tungsten carbide from the decomposition of tungsten carbonyl 
(W(CO), at 350-400°C although carbon tends to remain 
incorporated in the structure 

CL H, 

HfCI, Vapor 

Figure 15.3: In-situ chlorinator for the generation of hafnium chloride. 
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3.3 The CVD of Silicon Carbide 

Silicon carbide (SIC) is a major industrial material with many appli- 
cations. CVD plays a major role in its development and production. 

A common CVD reaction is the decomposition of methyl trichlorosilane 
(MTS) at 900-1400°C (optimum 1100°C) and l-6 kPa in a hydrogen 
atmosphere:t251-t271 

Reaction (5) CHsSiCl, -+ SIC + 3HCl 

The deposition rate and the crystallite size increase with increasing 
partial pressure of MTS. 

Another common deposition system is the reaction of silane with a 
hydrocarbon such as propane or benzene at =800°C and ~1 kPa in the 
following simplified forms:t251~28jt2gj 

Reaction (6) 3SiH, + C,H, + SIC + lOH, 

Reaction (7) 6SiH, + C,H, + 6SiC + 15H, 

Plasma CVD has been used with reactions 6 and 7 to deposit SIC at 
considerably lower temperatures (200-500°C).t30j 

The decomposition of methyl silane (CH,SiH,) produces an amor- 
phous SIC at 800°C and a crystalline SIC at 900°C.t31j Other possible CVD 
systems are: SiCl,/CH,, SiCl,/CCl,, SiH$l&Hs, and SiHC13/C3H8.[32j 

3.4 The CVD of Boron Carbide 

The following CVD reactions are used to deposit boron carbide.[33j-t361 
All three reactions use excess hydrogen. The most common reactions are:t8j 

Reaction (8) 4BC1, + CH, + 4H, + B,C + 12HCl 
(temperature range 1200-14OO”C, pressure l-3 kPa) 

Reaction (9) 4BC1, + CH,CI + 5H, -+ B,C + 13HCl 
(temperature range: 1150-1250°C pressure: l-3 kPa) 

Reaction ( 10) 4BC1, + Ccl, + 8H, + B,C + 16HC1 
(temperature range: 1050-1650°C pressure: to 1 atm.) 
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Boron carbide has also been deposited from diborane as a boron 
source in a plasma at 400°C as follows: 

Reaction (11) 2B,l-& + CH, + B,C + SH, 

4.0 THE CVD OF REFRACTORY NITRIDES 

4.1 The CVD of Titanium Nitride 

All refractory nitrides can be produced as coatings by CVD and, for 
most of them, CVD remains a major production process. CVD titanium 
nitride (TiN) is the most important nitride coating from an application 

standpoint. It is used extensively mainly for wear- and erosion-resistant 
applications and as a diffusion barrier and antireflection coating in semicon- 
ductor devices.l37l 

Titanium nitride coatings are produced by reactive sputtering (see 
Sec. 7.0) and by CVD with titanium tetrachloride as the metal source and 
either nitrogen gas or ammonia as a source of nitrogen, as follows: 

Reaction (1) TiCl, + %N, + 2H, -+ TiN + 4HCl 

Reaction (2) TiCl, + NH, + OSH, + TIN + 4HCl 

The range of temperature for reaction 1 is 900-1200°C with best 
results obtained at 1000°C. An argon diluent is used at pressures up to 
1 atm.13811391 Reaction 2 takes place at lower temperature (480-700°C) and 
is usually carried out at low pressure (xl kPa) with excess hydrogen.l40l 
The ammonia reaction generally has a higher deposition rate, owing to the 
high reactivity of the monatomic nitrogen released in the ammonia 
decomposition. 

Reaction 1 is also obtained in a high frequency plasma (13.56 MHz) 
at 150 Pa pressure and at a low deposition temperature of 500°C.1411-1431 

The availability of two metallo-organic titanium compounds, 
tetrakis-diethylamino titanium (TDEAT) and tetrakis-dimethylamino tita- 
nium (TDMAT) makes possible the deposition of TiN at lower tempera- 
ture13711441 with the following reactions (both at 320°C): 

Reaction (3) Ti[N(CH,CH,),], + NH, + TiN + gaseous organics 

Reaction (4) Ti~(CH,),], + NH, + TIN + gaseous organics 
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These low-temperature reactions are being developed for semicon- 
ductor applications to replace sputtering. In reaction 4, the level of 
impurities (C and 0,) remains high and reaction 3 is preferred. 

4.2 The CVD of Other Interstitial Nitrides 

The CVD of refractory interstitial nitrides other than TiN remains 
mostly on an experimental basis. The principal reaction is that of the metal 
chloride with nitrogen (or ammonia) in excess hydrogen at low pressure 
(=I kPa) (see Sec. 3.2 for a discussion on the metal halides). A typical 
reaction is: 

Reaction (5) 2HfC1, + N, + 4H, + 2HfN + 8HCl 

Other reactions are: 

l Zirconium nitride (ZrN) from the reaction of ZrCl, with 
nitrogen in hydrogen at 1 150-1200°C[451 

l Haf%ium nitride @RN) from the reaction of HfCl, with 
nitrogen and hydrogen at 900- 1 300°Ct461 or with ammonia 
as nitrogen source at 1100°C 

l Niobium nitride (NbN) from the reaction of NbCl, with 
nitrogen or ammonia in excess hydrogen at lOOO- 
11()()“(J471r481 

l Tantalum nitride (TaN) from the metal chloride reaction with 
nitrogen at 800-1500°C~4s1 

4.3 The CVD of Aluminum Nitride 

Aluminum nitride (AlN) is deposited by CVD both experimentally 
and on a production basis. Coatings of aluminum nitride (AIN) are 
produced at high-temperature by the reaction of ammonia with either the 
chloride or the bromide as metal sources in a hydrogen atmosphere at low 
pressure (=lOO Pa):[491[501 

Reaction (1) AU, + NH, + AlN + 3HCl (1000-I 100°C) 

Reaction (2) AlBr, + NH, + AIN + 3HBr (900°C) 
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Reaction 2 is also used with a plasma at a deposition temperature of 
200-800°C.1301 

AlN can be produced by MOCVD by reacting ammonia with trimethyl 
aluminum at low pressure (cl30 Pa) at 900-1400°C:1511 

Reaction (3) (CH,),Al + NH3 + AlN + 3CH, 

The pyrolysis of aluminum-nitrogen organic complexes such as di- 
ethyl aluminum azide [(C,H,),AlN,] is also used successfully at low 
deposition temperatures (450-870°C).1521 Another metallo-organic, 
hexakis(dimethylamido)dialuminum, reacting with ammonia allows deposi- 
tion at 200-250°C at atmospheric pressure.1531 

4.4 The CVD of Silicon Nitride 

Silicon nitride (Si,N,) is a major industrial material which is pro- 
duced extensively by CVD for electronic and structural applications. It is 
an excellent electrical insulator and diffusion barrier (to sodium and water 
vapor) and has replaced CVD oxides in many semiconductor devices.l54l 

Silicon nitride coatings are produced by the reaction of silicon tetra- 
chloride (SiCl,) with ammonia: 

Reaction (1) 3SiC1, + 4NH3 -+ Si,N, + 12HCl 

The optimum deposition temperature is 850°C. Pressure may be up 
to 1 atm.. A hydrogen or nitrogen atmosphere is used with a high ratio of N, 
to reactants I451[551-[571 

Another reaction uses dichlorosilane (SiH,Cl,), also with ammonia: 

Reaction (2) 3SiH,Cl, + 4NH3 -+ Si,N, + 6HCl+ 6H2 

The range of deposition temperature is 755-810°C with a high 
dilution of nitrogen. 15*1 When a high-frequency plasma (13.56 MHz) is 
used, the deposition temperature is lower (400-600°C).1591 

Another common deposition reaction combines ammonia with silane 
as the silicon source: 

Reaction (3) 3SiH, + 4NH3 --+ Si,N, + 12H2 

Page 309 of 360



290 Handbook of Refractory Carbides and Nitrides 

Deposition temperature ranges from 700-l 150°C and pressure up to 
1 atm. Excess ammonia is used since it decomposes more slowly than 
silane. The ammonia-to-silane ratio should be greater than 1O:l over 
stoichiometric.t451 Plasma activation of this reaction considerably low- 
ers the deposition temperature (~300°C) and is used widely in semiconduc- 
tor processing.t601 

The use of ammonia as a source of nitrogen has a tendency to deposit 
silicon nitride with a high ratio of included hydrogen, especially at the lower 
temperatures and if a plasma is used. This tendency is often detrimental but 
it can be remedied, at least to some degree, by using nitrogen instead of 
ammonia: 

Reaction (4) 3SiH, + 2N, + S&N, + 6H, 

However, the nitrogen molecule has a far greater bonding energy than 
ammonia and is more difficult to dissociate into free atomic nitrogen active 
species. Consequently, the deposition rate is extremely slow. This can be 
offset by plasma activation at high frequency (13.56 MHz), by 
electron-cyclotron resonance (ECR), and with microwave activation.[611-[641 

A CVD-plasma reactor is shown schematically in Fig. 15.2 and 
several variations are used on a large scale for the deposition of silicon 
nitride for semiconductor devices. The reactor generally operates at 450 
kHz or 113.56 MHz. Typical deposition conditions are 360°C and 260 
Pa.[@j51 

Deposition at low temperature (200-400°C) is possible by 
plasma-CVD from the reaction of ammonia and a metallo-organic precur- 
sor: tetrakis(dimethylamido)silicon, Si(NMe,),. The films are essentially 
featureless.[661 

4.5. The CVD of Boron Nitride 

Boron nitride is usually deposited by the reaction of boron trichloride 
or boron trifluoride with ammonia:[671 

Reaction (1) BCI, + NH, -+ BN + 3HCl 

Reaction (2) BF, + NH, + BN + 3HF 

Page 310 of 360



Coatings 291 

At a deposition temperature of 13OO”C, a low-density boron nitride is 
obtained (1.5 g/cm3) (theoretical density is 2.28 g/cm3). Density increases 
with increasing temperature and reaches 2.0 g/cm3 at 1600°C. Vapor phase 
precipitation can be a problem in the high-temperature range. 

Reaction 2 is used in an electron cyclotron (ECR) plasma to produce 
c-BN at 675°C on an experimental basis.16*l Cubic boron nitride has a 
structure similar to diamond with extreme hardness and chemical resistance 
and is normally obtained by high-pressure processing. 

Low-temperature deposition is possible from diborane as a boron 
source:l6gl 

Reaction (3) B21& + 2NH, + 2BN + 6H2 

(300-400°C < 1 Torr) 

Another useful deposition reaction is the decomposition of borazine. 
This is a condensation reaction which produces an amorphous BN with 
residual hydrogen incorporation:l70l 

Reaction (4) B,H,N, + 3BN + 1.5H, 

(7OO”C, < 1 Torr) 

MOCVD has also been used with triethyl boron as the boron source in 
a hydrogen and argon atmosphere:1711 

Reaction (5) B(C2H5)3 + NH, -+ BN + hydrocarbons 

(750-1200°C) 

5.0 PHYSICAL VAPOR DEPOSITION (PVD) 

Like CVD, PVD is a vapor deposition process. The distinction 
between these processes is that in CVD deposition occurs by chemical 
reaction, whereas in PVD deposition is by condensation. 

An important recent trend is the tendency for the two processes to 
merge. For instance, CVD now makes extensive use of plasma (a physical 
phenomenon) and conversely, during the PVD processes of reactive evapo- 
ration and reactive sputtering, a chemical reaction takes place. Semicon- 
ductor processing equipment now often combine CVD and PVD reactors in 
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one single piece of equipment and the difference between the two processes 
becomes blurred. The major PVD processes for the deposition of refractory 
carbides and nitrides are evaporation, sputtering, and ion plating. 

6.0 EVAPORATION 

6.1 Principle of Evaporation 

The principle of evaporation is relatively simple.l3ll72l The coating 

material (known as the source) is heated at low pressure (<10m3 Pa) above its 
boiling point, sending atoms or molecules, through a cosine distribution of 
trajectories, in a straight line to the substrate, where these condense to form 
a thin film. At such low pressure, the mean-free path is large compared to 

the distance between source and substrate and few collisions occur before 
the species condense on the substrate. This leads to uneven thickness 
buildup since the thickest part of the coating will that which is closest to the 
source. To compensate for that, planetary substrate holders and multiple 
sources may be used. 

To evaporate the source material, various heating methods are used 
such as resistance heating, electron beam, laser, or cathodic arc (where the 
source is the cathode). An evaporation system using an electron-beam 
heater is shown schematically in Fig. 15.4. 

6.2 Reactive Evaporation 

Compounds such as the refractory carbides and nitrides have ex- 
tremely high boiling points and generally dissociate during evaporation. 
The condensation of the molecular fragments on the substrate depends on 
many factors and the stoichiometry of the deposit may be different from that 
of the source. To minimize this problem, the process known as reactive 
evaporation is used where the nonmetallic element of the coating (carbon or 
nitrogen) is introduced into the gas phase and a pure metal source is used. 
For instance TiN is deposited when a titanium target is evaporated in an 
atmosphere of nitrogen or ammonia. Likewise to produce a carbide, 

evaporation occurs in a hydrocarbon atmosphere. 
As with CVD, the reaction must have a negative free energy of 

formation (-AGO) in order to proceed. This is usually the case as shown by 
the following typical reactions for the deposition of TIC and TiN (at 298 K): 

Page 312 of 360



Coatings 293 

Reaction (1) Ti + l/2 C,H, --+ TIC + l/2 Hz AG” = -76.5 kcalmol C,H, 

Reaction (2) Ti + l/2 N, + TiN AG” = -73.5 kcal*mol N, 

Atoms, ions 
and molecular 
fragments 

\lJ 
Focused and 
rastered 

tron beam 

Magnetic 
Y Held 
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Cruclble 

Electron Source 

Fiire 15.4: !Schematic representation of evaporation apparatus using an electrodxam heater. 

6.3 Reactive Evaporation of TiN 

A typical example of reactive evaporation is the deposition of TiN. 
The source is evaporated resistively or more commonly by electron-beam 
heating in a nitrogen atmosphere. [731 Deposition rate is reduced with 
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increasing nitrogen pressure and hardness of the TiN film is a function of 
the nitrogen pressure, as shown in Fig. 15.5. Resistivity also varies with 
nitrogen pressure. 

Composition is not constant and in order to form stoichiometric TiN, 
nitrogen pressure should be above 3 x 10m2 Pa. The substrate is usually 
heated to 550°C which increases the surface diffusivity, the rate of reaction, 
and the grain size of the deposit. It also results in a smoother coating 

surface. 

0 

10” la’ 10” 

Nitrogen GA Pressure flom) 

Figure 15.5: Hardness of TIN film obtained by reactive evaporation as a function of 
nitrogen pressure. 
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6.4 Plasma Evaporation 

In some cases, the deposition rate can be increased by the action of a 
plasma in a process known as activated reactive evaporation (ARE).13117*l 
The plasma enhances the reactions (such as the reactions listed in Sec. 2.2) 
and modifies the growth kinetics of the deposit. 

6.5 Molecular-Beam Epitaxy 

Another evaporation technique is molecular beam epitav (MBE). 
MBE produces extremely pure and very thin films with abrupt composition 
changes.1741 Deposition rate however is very slow and the process is still 
considered experimental. It has been used for the deposition of AIN and SIC 
fihns V'W61 

6.6 Examples of Evaporated Films 

Evaporation is used extensively for the deposition of hard coatings 
such as TiN for cutting tools and decorative coatings (jewelry) (see Ch. 16). 

7.0 SPUTTERING 

Sputtering is an important thin-film process used extensively in the 
semiconductor and tool-coating industries and for decorative and jewelry 
coatings.131t771t781 Coatings of all the refractory carbides and nitrides can be 
readily produced by sputtering with excellent adhesion and good composi- 
tion control without the high temperature requirements of CVD. 

7.1 Principle of Sputtering 

The principle of sputtering is relatively simple. A source (or target) is 
bombarded in a high vacuum with gas ions (usually argon) which have been 
accelerated by a high voltage, producing a glow discharge or plasma. 
Atoms from the target are physically ejected by momentum transfer and 
move across the vacuum chamber to be deposited on the substrate (Fig. 
15.6). Unlike CVD or evaporation, the process is not thermally activated. 
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Figure 15.6: Schematic representation of bias sputtering system using RF-DC coupled 
mode. 

The disadvantages of sputtering are a relatively low deposition rate 
and a line-of-sight deposition characteristic which makes the coating of deep 
holes and trenches difficult. This can be overcome to some extent by 
operating at higher pressure (but at some sacrifice in deposition rate) or by 
the use of three-dimensional grids. On the other hand, the high energy of 

sputtered particles improves adhesion and produces a denser and more 
homogenous coating than does evaporation. 

Low-Pressure Requirements. Sputtering requires low pressure to 
remove all traces of background and contaminant gases which could de- 
grade the coating. This is achieved by cryogenic pumps capable of produc- 
ing a vacuum of lo-’ Pa with good pumping speed. After evacuation, the 
system is refilled with argon to a partial pressure of 0.1-10 Pa. Higher 
pressure, by placing too many argon atoms in the path of the ions and ejected 
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atoms, would not allow these to travel relatively unimpeded by collision. In 
other words, the mean-free path would be too short. 

Reactive Sputtering. Like reactive evaporation reviewed in Sets. 6.2 
and 6.3, reactive sputtering is used in the deposition of refractory carbides 
and nitrides by providing a small partial pressure of hydrocarbons or 
nitrogen. A problem is target poisoning caused by the reaction of the target 
with the reactive gas. 

7.2 Sputtering Techniques 

Several techniques are used in sputtering.l77l 

l Diode sputtering is the simplest but requires an electrically 
conductive target; it has low energy efficiency and electron 
bombardment may cause significant damage of the substrate 

l Radio-Frequency (RF) sputtering, using frequencies above 
50 kHz, can sputter insulators but the process gives low 
deposition rates 

l Triode sputtering uses an additional cathode to sustain the 
plasma but is more complicated and may cause contamination 
of the deposit 

l Magnetron sputtering uses a magnetically enhanced cathode 
(magnetron). This process has considerably expanded the 
potential of sputtering. The magnetron sends the electrons 
into spiral paths to increase collision frequency and ionization. 
Deposition rates are high and the process does not cause 
radiation damage. A typical apparatus for the deposition of 
TiN is shown schematically in Fig. 15.7.17gl 

7.3 Examples of Sputtered Films (see Ch. 16) 

l S&N, diffusion barriers for semiconductor devices 

l TiN for hard coatings for cutting tools and semiconductor 
applications137l 

l TaN resistive films for hybrid circuits deposited by planar 
magnetron sputtering 

Page 317 of 360



298 Handbook of Refractory Carbides and Nitrides 

ion 

Argon 
f- 

Substrates 

AdJustable Height 
Subshate Platen 

Figure 15.7: Schematic representation of magnetron sputtering apparatus. 

8.0 ION PLATING 

In ion-plating deposition, the substrate and the deposited film (as it 
forms) are subjected to bombardment by particles (ions, atoms, molecules) 
which alter the formation process and the properties of the coating.1801181J 
The process is also called ion-beam assisted deposition (IBAD). Two basic 
versions of the process, plasma-based ion plating and vacuum-based ion 
plating, are illustrated in Figs. 15.8 and 15.9. 

The coated material is vaporized in a manner similar to evaporation. 
Typically, the plasma is obtained by biasing the substrate to a high negative 

potential (5 kV) at low pressure. The constant ion bombardment of the 
substrate sputters off some of the surface producing better adhesion and 
reducing impurities. Surface coverage of discontinuities is also improved. 

Reactive ion plating is used to produced several refractory carbides 
and nitride coatings, especially TiN, TIC, and TiC,N, (see Sec. 6.2) for 
wear, abrasion, and decorative coatings.l*2ll83l 
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Figure 15.8: Schematic representation of ion-plating apparatus using a plasma-based 
configuration with resistance-heating evaporator. 

Figure 15.9: Schematic representation of ion-plating apparatus using a vacuum-based 
configuration with electron-beam evaporator. 
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9.0 THERMAL SPRAY 

9.1 Principle of Thermal Spray 

Thermal spraying is a well-established, relatively low-cost, industrial 
process which is used widely for the deposition of metals and compounds, 
including the refractory carbides and nitrides. An example is coatings 
of tungsten carbide with a cobalt binder which are of major industrial 
~po~ce.WlWl 

The coating material in the form of powder is metered into a 
compressed-gas stream and fed into the heat source where it is heated to its 

melting point and projected onto the substrate. Refractory carbides and 
nitrides have very high melting points and, at these temperatures, they are 
extremely reactive and must be sprayed in an inert atmosphere to avoid 
detrimental chemical reactions such as oxidation. 

The properties of thermal-sprayed coatings vary as a function of 
processing parameters such as temperature and particle velocity. Gener- 
ally, such coatings have greater porosity than CVD or PVD coatings and 
thickness control is more difficult to achieve. 

9.2 Heat Sources 

Because of the refractory nature of carbides and nitrides, equipment 
capable of providing high temperatures is required. These include: 

l Detonation gun (D-gun) shown schematically in Fig. 15. 1O.l84l 
It uses the energy of continuous, controlled explosions of 
oxyacetylene mixtures to obtain the necessary kinetic energy 

l High-velocity oxy-fuel (HVOF) shown schematically in Fig. 
15.11. It operates at high pressure (10 MPa) and high 
particle velocity (-3 15 m/s) 

l Plasma spray using a DC-plasma torch or an RF inductively 
coupled torch. The materials are sprayed in an argon 

atmosphere at torch pressure close to 0.1 MPa1861 
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Figure 15.10: Cross-section of a detonation spray gun. 

Fuel 

Powder 

ko~Coron WorkpIece’ 

Figure 15.11: Schematic representation of a high-velocity oxyfuel (HYOF) spray gun 

9.3 Reactive Thermal Spray 

Coatings of refractory carbides and nitrides can be deposited reac- 
tively in a manner similar to reactive evaporation and sputtering by spraying 
the pure metal in an atmosphere of either a hydrocarbon or nitrogen (see 
Sets. 6.2 and 6.3). 
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9.4 Examples of Thermal-Sprayed Coatings 

Among the refractory carbides and nitrides, tungsten carbide with a 
cobalt binder is the most important material used widely in the coating of 
gas-turbine components for aircraft and industrial use, components of steam 
turbines and diesel engines, components for the oil and gas industry, paper 
and pulp industry, and chemical processing industry (see Ch. 16). 

Next in importance is chromium carbide also used in the coating of 
steam turbines. Mixtures of WC, TIC, and Cr$, are used to a lesser degree. 
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16 

Applications of 
Refractory Carbides 
and Nitrides 

1.0 OVERVIEW OF APPLICATIONS OF REFRACTORY 
CARBIDES AND NITRIDES 

1.1 Applications Classification 

Major industrial applications of refractory carbides and nitrides have 
entered the market in the last twenty years or so and new applications are 
continuously being developed. As seen in Chs. 14 and 15, these applications 
take the form of powders, bulk/monolithic shapes, coatings, fibers, whis- 
kers, and coatings. They can be associated with a specific properly such as 

strength (structural applications), hardness and chemical resistance (wear 
and corrosion applications), high-temperature stability and resistance to 
radiation (nuclear applications), or high thermal conductivity and electrical 
insulation (semiconductor applications). The classification of these appli- 
cations is summarized in Table 16.1. It should be noted that some of these 
categories overlap. 

309 
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Table 16.1: Application Classification of Refractory Carbides and Nitrides 

Application 
Category 

Typical 
Form 

Typical 
Property 

Typical 
Material 

Industrial 
Category 

Structural Bulk 
Fibers 

Wear and 
Erosion 

Bulk 
Coating 
Powder 

Nuclear Bulk 
Coatings 

Semiconductor Coatings 
and Optical 

Strength 
Hardness 
Refractoriness 

Hardness 
Chemical 

resistance 

Refractoriness w 
Neutron resist. TIC 

Elect. cond. 
Thermal cond. 

S&N, 
TiN 
AlN 
SIC 

SIC 
S&N, 

B4C 
BN 

TIC 
TiN 
SIC 
c-BN 

Automotive 
Aerospace 
Chemicals 
Armor 

Machinery 
Cutting Tools 
Aerospace 
Abrasives 

Nuclear power 

Semiconductor 
Opto- 

electronic 
Optics 

This chapter is a review of the applications of refractory carbides and 
nitrides in each of the following industrial categories: automotive and 
aerospace, industrial machinery and equipment, cutting and grinding tools, 
armor, nuclear, semiconductor, and optical. 

1.2 Industrial Importance 

It is often difficult to assess and compare the industrial importance of 
refractory carbides and nitrides. In some cases, the analysis is relatively 
straightforward. A case in point would be a silicon-nitride blast nozzle. The 
cost of producing such a part can be exactly determined and its advantages 
over a metal unit in terms of wear resistance and useful life accurately 
plotted. 
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In many cases however, the analysis is more difficult and subjective. 
Tonnage statistics are often meaningless; for instance, one cannot equate the 
production of thousands of tons of coarse silicon-carbide powder used as an 
inexpensive abrasive with that of high-cost coatings of silicon nitride or 
titanium nitride for semiconductor devices which demand exacting process- 
ing and critical property control and require only a few grams of material. 
These coatings are widely used as effective passivation and diffusion 
barriers. Their fabrication is an integral part of a complicated and lengthy 
sequential operation which may involve hundreds of stepst’l To isolate 
their cost in terms of add-on value and determine the relative importance of 
such a processing step is difficult. What can be said though is that nitride 
coatings, with their unique properties, are an essential factor in the produc- 
tion of modem semiconductor devices even though the total quantity of 
material required may be minute. 

1.3 Status of Industrial Production 

The five covalent refractory carbides and nitrides, silicon carbide, 
boron carbide, aluminum nitride, silicon nitride, and boron nitride are all 
produced on an industrial scale and all have a number of successful 
large-volume applications. Of these five, the latecomer silicon nitride, 
either in bulk/monolithic form or as a coating, may have the most promising 
future. 

On the other hand, not all the interstitial carbides and nitrides have 
large-volume applications; in fact, some have never developed much beyond 
the laboratory stage and only tungsten carbide, titanium carbide, chromium 
carbide, and titanium nitride have found large-scale applications at this 
time. 

The success of a material for a given application depends on its 
properties, its processing characteristics, and its ability to meet the design 
requirements as well as on its cost and availability. But occasionally, 
success or failure have more subtle causes, such as consumer acceptance. 
For instance, silicon-nitride rotors for passenger-car turbochargers are now 
the standard in Japan but remain at the laboratory stage in the USA, perhaps 
due to the greater awareness of technological advances among Japanese 
motorists and the unwillingness of the American customer to pay the higher 
cost. 

A proper analysis of cost is a crucial factor. An example is the 
production of balls for ball bearings. Balls made of monolithic silicon 
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nitride or titanium-carbide-coated steel greatly outperform steel balls but 
their cost is considerably higher. Steel balls in passenger-automobile 
applications are satisfactory and normally last the life of the car and the 
far-longer life of the ceramic balls is not needed. 

The data presented here is based on available statistics from govem- 
mental agencies, industrial organizations, and directly from the manufactur- 
ers. These sources do not always use the same standards; essential data is 
often lacking or conflicting especially when it concerns the reporting of 
properties. In some cases, with good reason, a shroud of industrial secrecy 
prevails. The information reported in this chapter should be regarded with 
these considerations in mind. 

2.0 AUTOMOTIVE AND AEROSPACE APPLICATIONS 

Many of the automotive and aerospace applications of refractory 
carbides and nitrides are of a structural and chemical nature especially in 
applications involving high temperature and/or corrosive environments 
where most metals are no longer suitable. These applications are usually in 
the bulk form and are made possible by recent advances in processing 
technology. Relatively large parts can now be produced to near-net shape 
with little machining required. Yet these materials are still intrinsically 
brittle due to their strong covalent atomic bonds and the difficulty of 
obtaining fully dense and flaw-free structures. Much work remains to be 
done before full advantage can be taken of their outstanding properties. 

2.1 Silicon Nitride in Automobile and Aircraft Engines 

As previously mentioned, silicon nitride rotors for turbochargers of 
passenger cars are in production in Japan (Nissan Motor Co.). In a 
turbocharged engine, compressed air from the turbocharger is fed into the 
engine when rapid acceleration is necessary. The rotor operates at 600°C. 
Engines equipped with a standard metal-alloy rotor have a noticeable lag as 
the heavy rotor accelerates to the required high rotational speed (close to 
180,000 i-pm). 

Silicon nitride rotors have proved superior to steel rotors in this 
application. The advantage of silicon nitride lies in its low density which 
allows lower torque, more rapid acceleration, and reduced lag (the silicon 
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nitride rotor weighs 40% less than the steel). In addition, it is more resistant
to the corrosive and abrasive environment. The rotors are 6-8 cm. in
diameter (Fig. 16.1)

Figure 16.1: Silicon-nitride turbocharger rotor. (photograph courtesy of ESK Engi-

neered Ceramics)

Diesel engines, particularly for trucks, may soon be required to
operate for up to one million miles. This almost mandates the use of
ceramics, specifically silicon nitride, in several components. A recent joint
Japanese-American effort (NGK Spark Plug Co. and Garrett Automotive
Group) involves the development and production of a large rotor for use in
the turbochargers of Caterpillar Inc. 's 400-hp diesel truck engines. The part
has an outside diameter of9.6 cm.[2] Other silicon-nitridecomponents for
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diesel engines now in production include engine valves and cam-roller 
followers. Complete cemrnic diesel engines may eventually become a reality. 

Much work is being done on the development of silicon nitride for 
more demanding applications such as load-bearing parts in aircraft and 
industrial turbines where corrosion is severe and temperature is >1000°C.[31 
But in spite of its advantages of low density (3.18 g/cm3), high strength, and 
high melting point (19OO”C), the material has yet to be used on any large 
scale. This may be due to the following factors: 

l Although at high temperature Si,N, oxidizes to form a film of 
SiO, which protects from further oxidation, this film is not 
effective above 1500°C (see Sec. 2.3). 

l Because of its inherent brittleness, it is prone to catastrophic 
failure and will remain so until improved processing can 
eliminate all porosity and flaws. 

l An irreversible structural transformation from r&N, to 
PSi,N, occurs at 1600°C. As temperature increases beyond 
12OO”C, its strength drops drastically and creep rate becomes 
high (see Ch. 13). 

2.2 Aircraft Gas Turbines 

The high-performance metals and alloys presently used in aircraft gas 
turbines require protection against erosion, wear, and hot-gas corrosion 
caused mostly by Na$O,, a compound formed by the reaction of atmo- 
spheric aerosol with the SO, originating from the fuel combustion. This 
protection is generally provided by coatings of high-temperature metal 
alloys and ceramics including partially stabilized zirconia (as thermal-barrier 
coating) and refractory-interstitial carbides and nitrides, usually tungsten 
carbide (with a cobalt binder), chromium carbide, titanium carbide, and 
titanium nitride. These coatings are an effective barrier against corrosion 
and protect the substrate from damage caused by erosion and foreign 
particle impact. 141t5) A recent trend is the increasing use of ternary systems 
based on aluminum such as (Ti,Al)N which offer enhanced corrosion and 
oxidation resistance.r61 The coatings are applied by low-pressure 
plasma-spraying, electron-beam evaporation, reactive sputtering, and in 
some cases CVD. 
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An estimated 75% of the components of modern aerospace gas 
turbines are coated, in both the hot and cold sections. This includes stator 
shrouds and vanes, blade platform edges, blade z-notches, blade tips and 
shroud tops, and combustor-liner interior surfaces. The use of ceramic 
coatings in aerospace turbines is being expanded to marine and industrial 
gas turbines which have similar (and often more acute) environmental 
problems. 

2.3 High-Temperature and Oxidation Protection Applications 

Protection of Carbon-Carbon. A common aerospace material used 
in aircraft brakes, rockets, and reentry systems is carbon-carbon which 
comprises a carbon-fiber reinforcement and a carbon matrix. It has the 
highest specific strength of any material above 1000°C.171 But like all 
carbon materials, it is susceptible to oxidation and oxidizes rapidly above 
500°C. Oxidation protection is provided by silicon carbide which is 
normally applied by pack cementation or CVD, usually in combination with 
other materials such as boron to promote self-healing characteristics. 

During oxidation, a layer of vitreous silicon dioxide (SiO,) is formed 
which provides good oxidation protection up to 1500%. Above that 
temperature, the viscosity of the SiOZ protecting layer decreases rapidly 
with increasing temperature. This is a severe problem in the case of 
components subjected to high dynamic loads. Another limitation is the 
formation of the volatile suboxide SiO which occurs rapidly by simple 
gasification at temperatures above 1600°C and at low oxygen partial 
pressure.l*l 

Oxidation protection of carbon-carbon can be enhanced by the 
codeposition of a hafnium-carbide and silicon-carbide coating. During 
oxidation, intermediate oxide and silicide compounds are formed which 
provide an effective oxygen barrier up to 1 800°C.191 

High-Temperature Applications of Sic and Si,N,. Under most 
conditions, the thermal decomposition of SIC and Si,N, occurs well below 
their intrinsic melting point and can become significant at approximately 
1700°C. As a result, high-temperature applications are limited. Yet in some 
cases such as a nonoxidizing atmosphere, these materials may be satisfac- 
tory. For instance, because of its strength retention at high-temperature, 
CVD silicon carbide is the material of choice for many rocket nozzles 
operating in a nonoxidizing atmosphere. 
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2.4 Ball Bearings 

In some applications, steel-ball bearings do not have the necessary 
hardness and corrosion resistance. Microwelds tend to occur between the 

balls and the race which roughen the surfaces and contaminate the lubricant. 
These problems can be alleviated by coating the steel balls with titanium 
carbide or by using monolithic silicon-nitride balls. 

TiC Coatings. TIC coatings by CVD on steel balls (usually SAE 
52 100 or AISI 440C) provide much increased hardness, a smoother surface, 
and a lower coefficient of friction.llOlllil 

Monolithic Silicon Nitride. Solid S&N, balls are replacing steel 
balls because of their high hardness, chemical resistance, and low density (a 

feature important in high-speed applications).l12l Further improvement 
results from coating the silicon nitride with CVD TiN.llll 

Applications. Typical applications of Tic-coated and solid silicon 
nitride balls are: 

l Spin-axis gyroscope with oil lubrication (TIC) 

l Bearings in space vehicles operating in vacuum with fluid or 
solid lubricant (TIC) 

l Balls for high-speed machine-tool bearings (Si,N,) 

l Balls for valves of oil-field sucker-rod pumps (S&N,) 

2.5 Composites 

Ceramic composites, which consist of a ceramic fiber or whisker 
reinforcement embedded in a ceramic matrix, are less susceptible to the 
brittle failure which is characteristic of bulk ceramics because the reinforce- 
ment intercepts, deflects, and slows crack propagation (see Ch. 14, Sets. 6 
and 7). At the same time, the load is transferred from the matrix to the fibers 
to be distributed uniformly. A common ceramic composite consists of a 
Sic-fiber array and SIC or S&N, matrices produced by chemical-vapor 
infiltration (WI). Densities approaching 90% are achieved.l13l114l 

Such composites are characterized by low density, generally good 
thermal stability, and corrosion resistance. Still their theoretical strength is 
far from being achieved because of the non-ductile behavior of the matrix 
which results in pronounced notch sensitivity. This may be partially 
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alleviated by suitable intermediate coatings between fiber and matrix 
which allow a certain degree of load transfer to the fiber with resulting 
improved mechanical properties. However, exposure to high temperature 
(i.e., >lOOO”C) causes diffusion and chemical bonding across the interface 
and brittle failure is still dominant. A great deal of experimental work is 
under way to improve the mechanical properties of these composites. 

Metal-Ceramic Composites. Metals such as aluminum, titanium, 
copper and the inter-metallic titanium aluminide, which are reinforced with 
silicon-carbide fibers or whiskers show an appreciable increase in mechani- 
cal properties particularly at elevated temperatures. These composites are 
being considered for advanced aerospace structures.l15l 

Applications. To this date, most applications of ceramic and metal 
composites are still in the development stage and their production is usually 
limited to prototypes. These applications are found in high-cost, 
high-performance aerospace components such as missile guidance tins, 
hypersonic fuselage skins, inner flaps and rocket noz.zles.116l 

Filters. If a ceramic composite, such as SIC fibers with a SIC matrix, 
is left only partially densified, it can be used as a filter for high-temperature 
filtering systems with high collection efficiency as required in direct coal-fired 
gas and steam turbines or in diesel engine exhaust.l171 

3.0 GENERAL INDUSTRIAL APPLICATIONS: MACHINERY 
AND EQUIPMENT 

Applications of refractory carbides and nitrides are found extensively 
in machinery and equipment for protection against wear, erosion and 
chemical attack. Both bulk materials (WC, S&N,, B,C) and coatings (TIC, 
TiN) are used. 

The most important bulk material is tungsten carbide sintered with a 
metallic binder which is usually cobalt. It is known as cemented carbide or 
hard metal (see Ch. 6, Sec. 8.0). Many combinations of carbides and 
binders are possible and it is estimated that 20,000 tons of these materials 
are produced annually throughout the world. An unusual and beneficial 
feature of WC is that it maintains its high hardness value at high tempera- 
ture (see Ch. 6, Sec. 8.0) 
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Machinery 

Existing production applications in wear, erosion and corrosion pro- 
tection are shown in Table 16.2. 

Table 16.2: Wear, Erosion, and Corrosion Applications of Refractory 
Carbides and Nitrides 

Metal Forming (Non-Cutting): 
Tube and wire drawing dies (TiN) 
Stamping, chamfering and coining tools (TIC) 
Drawing punches and dies (TiN) 
Deep drawing dies (TIC) 
Sequential drawing dies (Cr,C,) 
Dressing sticks for grinding wheels (BJ) 

Ceramic and Plastic Processing: 

Molding tools and dies for glass-filled plastics (Ti(C,N)) 
Extrusion dies for ceramic molding (TIC) 
Kneading components for plastic mixing (TIC) 

Chemical and General Processing Industries: 
Pump and valve parts for corrosive liquids (SIC) 
Valve liners (SIC) 
Positive orifice chokes (SIC) 
Packing sleeves, feed screws (TIC) 
Thermocouple wells (SIC) 
Heating elements (SIC) 
Abrasive-slurry transport (WC) 
Sandblasting nozzles (TIC, B,C) 
Textile-processing rolls and shafts (TIC, WC) 
Paper-processing rolls and shafts (TIC) 
Solder handling in printed-circuit processing (TIC, TiN) 

Machine Elements: 
Gear components (TiN) 
Stainless-steel spray-gun nozzles (TIC) 
Components for abrasive processing (TIC) 
Wear plates (SIC) 

Metal Coatings: 

NbC and TaC for the protection of Nb and Ta metals 
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These materials are produced in monolithic form or as coatings. The 
coatings are generally applied by CVD on ceramic substrates and by 
sputtering, electron-beam evaporation, or ion-beam assisted deposition on 
steel substrates. 

3.2 Decorative Applications 

Coatings of refractory carbides and nitrides are used extensively in 
decorative applications on jewelry, eyeglasses, and similar products in 
attractive colors such as gold (TiN) and metallic grey or charcoal (CrN, 
TaN). They provide a surface that is hard and wear resistant, sweat 
resistant and, in the case of gold, less costly. They are usually applied by 
cathode sputtering and less frequently by CVD. 

3.3 Abrasives 

Silicon carbide and alumina still dominate the abrasive industry at the 
present time. However their performance in the grinding of superalloys, 
ceramics, reinforced plastics, and other hard materials is generally unsatis- 
factory. This has led to the development of new abrasives such as synthetic 
diamond and cubic boron nitride. Cubic boron nitride was first synthesized 
in 1957 and has been available commercially since the 1970’s. Although 
not as hard as diamond, c-BN does not react with carbide formers such as 
Fe, Co. Ni, Al, Ta, and B at =lOOO”C (while diamond does). However, it 
reacts with aluminum at 105O”C, with Fe and Ni alloys containing Al above 
125O”C, and with water and water-soluble oils.tl*l 

4.0 CUTTING AND GRINDING TOOLS 

Cutting and grinding tools are a special case of wear and corrosion 
applications. Cutting tools have a sharp edge for the purpose of shaving and 
generating a material chip. This edge must remain sharp for the tool to 
perform properly. Grinding tools are different in that they have an 
abrasivecoated surface which generates a powder as opposed to the chip of 
a cutting tool. 

The three requirements of a cutting or grinding tool material are 
hardness, toughness, and chemical stability. The refractory carbides and 
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nitrides meet these requirements and play an essential part in the tool 
industry. They are used in both bulk and coating forms. 

4.1 Bulk Tungsten-Carbide Tools 

A major tool material is tungsten-carbide cobalt (the so-called “ce- 
mentedcarbide”) reviewed in Sec. 3.0 ofthis chapter (see also Ch. 6, Sec. 8.0). 
The great majority of tungsten-carbide tools are now coated with TIC, TiN, 
and/or Ti(CN), usually in a multilayer combination providing a consider- 

able increase in tool life.[191 These coatings are usually applied by thermal 
CVD. However, a deposition temperature which is too high may lead to 
binder diffusion and the formation of a detrimental tertiary carbide Co,W,C, 
called the eta phase, at the WC/matrix interfaces. This causes loss of 
strength and adhesion failure of the coating. 

The main applications of coated tungsten carbide are tips and blanks, 
indexable inserts, milling tools, turning and boring tools, and circular saws. 

4.2 TiN Coatings for Steel Tools 

Titanium nitride is the material of choice for the coating of high-speed 
steel cutting tools. It is usually applied by physical vapor deposition 
(reactive sputtering or evaporation by electron-beam heating). These pro- 
cesses are preferred over CVD since the deposition temperature is below the 
autenitizing temperature of the steel and the tool is not dimensionally 
distorted. 

4.3 Bulk Silicon-Nitride Tools 

Monolithic silicon nitride is now used extensively as a cutting tool 
material.I1*l The material is especially recommended for the high-speed 
machining of cast iron due to its excellent thermal stability, hardness, and 
wear resistance. When coated with TIN (by CVD), it is suitable for the 
machining of steel, since TiN provides further improvement in chemical 
resistance.[201 
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5.0 ARMOR APPLICATIONS 

The development of ceramic materials for armor since 1970 has been 
extensive.t211 In addition to alumina and titanium diboride, the most widely 
used ceramic materials are silicon carbide, boron carbide, and aluminum 
nitride, as monolithic plates and shapes, which are bonded to a fibrous 
laminate of fiberglass or Kevlar TM. A typical impact sequence is shown in 
Fig. 16.2. On impact, the ceramic plate fractures the projectile core and 
absorbs a major part of the kinetic energy. The backing material absorbs the 
residual energy.l22l 

E3alllslic Nylon 
Boron CarbIde 

Fracture 
- Conold 

Fraciured 
ProJectlIe 

Kevlar or 

% ?a%$E 

Figure 16.2: Schematic representation of armor impact.[40] 

Most applications at this time are sponsored by the military. Boron 
carbide, with its low density (but higher cost), is used successfully in body 
armor and helicopter armor. Silicon carbide has been used in prototype 
quantities for land vehicles, but no large-scale production is planned at this 
stage. 
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6.0 NUCLEAR AND RADIATION APPLICATIONS 

6.1 Nuclear Fission Applications 

The composition of boron carbide is approximately 80 atomic percent 
boron. The material is often considered as a source of boron, without the 
high reactivity of the latter. Like boron, B,C has a high neutron capture 
cross-section for thermal neutrons and a low secondary gamma radiation. 
As such, it provides an excellent neutron absorber and is used extensively to 
control the neutron flux in nuclear fission reactors, such as the boiling 
water, pressurized water, and fast breeding reactors. It is also used for the 
compact storage of spent fuel rods.123l 

Zirconium-carbide CVD coatings are used extensively on atomic fnel 
particles such as thoria and Urania. These coatings are applied by thermal 
CVD in a fluid&d bed reactor.l24l 

6.2 Nuclear Fusion Applications 

Refractory carbides, with their high chemical stability and low atomic 
number, are used in many experimental coatings for fusion devices. These 
materials must be able to withstand very severe thermal shock. The 
following applications have been reported:t2sl1261 

l TIC coating on graphite for limiters and neutral beam armor 

l B,C deposited by plasma CVD on graphite for wall armor 
protection 

7.0 ELECTRONIC AND OPTICAL APPLICATIONS 

Four materials play an increasingly important part in the design of 
advanced electronic and optical products: titanium nitride, silicon nitride, 
aluminum nitride, and silicon carbide. These materials have contributed to 
a sizable extent to the dramatic progress of the semiconductor and optical 
industries in the last few years. The major applications are as follows. 
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7.1 Titanium Nitride Diffusion Barrier 

A typical semiconductor device (found in the back-end of the line or 
the interconnects) consists of a layer of glass followed by a sputtered layer 
of titanium which is thermally treated to form a titanium silicide. Next a 
layer of titanium nitride is deposited on top of the silicide and on the sidewall 
of the contacts by sputtering or by MOCVD (Fig. 16.3).1111271 This layer of 
TiN acts as a diffnsion barrier and an adhesion promoter. It is followed by 
the main interconnect which is an aluminum-copper alloy, in turn followed 
by another layer of TiN which acts as adhesion and antireflecting layer. 

Interconnect 

SOG Spin-on Glass 
TEOS Trlethyl Orthoskcute 

Figure 16.3: Cross-section of 0.5 pm triple-level integrated circuit (IC) with spin-on- 
glass planarization and Ti/TiN diffusion barrier. 
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7.2 Silicon Nitride Electrical Insulation 

Silicon nitride (S&N,) is an excellent electrical insulator which is 
increasingly replacing SiO, because, in contrast with SiO,, it is an effective 
diffision barrier, especially for sodium and water which are major sources 
of corrosion and instability in microelectronic devices.1’1 As a result, it can 
perform two functions simultaneously: passivation and provision of a 
diffusion barrier. It is now used in the fabrication of integrated circuits in 
such areas as oxide insulation masking (to be removed during subsequent 
processing), local oxidation of silicon (known as LOCO), and as a dielectric 
between two layers of polysilicon for capacitors in analog cells. It is 
generally deposited by plasma CVD or by sputtering. 

7.3 Silicon Carbide Semiconductor 

The promising electronic properties of beta-silicon carbide are com- 
pared to those of other semiconductor materials in Table 8.3 of Ch. 8. A 
major advantage of this material is its high-temperature potential (> 1000°C) 
which far surpasses that of other semiconductors. Beta-Sic should also be 
more effective than silicon or gallium arsenide particularly in microwave 
and millimeter-wave devices and in high-voltage power devices.l28l The 
development of SIC as a semiconductor is still in the laboratory state. 

7.4 Aluminum Nitride Heat Sink 

Aluminum nitride has outstanding thermal conductivity and is an 
electrical insulator and heat sink in competition with beryllium oxide and 
more recently polycrystalline diamond (see Ch. 13). 

7.5 Thermoelectric Applications 

With its wide gap in its forbidden band, low thermal conductivity, and 
high thermoelectric power, boron carbide is being investigated for 
high-temperature thermoelectric energy conversion (see Ch. 8, Sec. 5.0). 

7.6 Optical Applications 

The nitrides make excellent optical materials as a result of their large 
band gap energy which gives them a wide spectral range of transparency 
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from the ultraviolet to the infrared. Titanium nitride in particular is used on 
a large scale as a compound thin film with Si, SiO,, SnO,, and TiO,. These 
films are deposited by atmospheric-pressure CVD in a continuous 
high-volume operation over flat glass for the production of low-emissivity 
glass (low-E) mostly for architectural use.[291[301 
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Conversion Guide 

Units in this book conform to the SI system (Systime International 
d’Unit&). They are listed in the following tables with the relevant conversion 
factors. 

Table A.l: Base and Derived SI Units 

Physical Quantity Name Symbol 

Base Units 

Length 
Mass 
Time 
Electric Current 
Thermodynamic Temperature 
Amount of Substance 

meter 
kilogram 
second 
ampere 
kelvin 
mole 

Derived Units 

Frequency 
Energy 
Force 
Power 
Pressure 
Electric Potential Difference 
Electric Resistance 

hertz 
joule 
newton 
watt 
Pascal 
volt 
Oh 

t3 
s\ 
K 
mol 

Hz 
J 
N 
W 
Pa 
V 
R 

327 
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Table A.2: Decimal Multiples and Submultiples 

Prefix Svmbol Multiple 

Giga 
Mega 
Kilo 
Deci 
Centi 
Milli 
Micro 
Nano 
Pica 

G 
M 
k 
d 
C 

m 

CL 
n 

P 

109 
106 
103 
10-l 
10-Z 
10-S 
10” 
10-g 
1 O-12 

Table A.3: Conversion of Units to SI and Related Units 

From To Multiply by 

in 
fi 
angstrom 
angstrom 

Length 
m 2.54 x 1O-2 
m 0.3048 
m 10-8 
nm 10-l 

sq. in 
sq. in 
sq. ft 

Area 
m2 
cm2 
m2 

6.4516 x lOA 
6.4516 
9.2903 x lO-2 

cu. in 
cu. fi 
liter 
gal. (US) 

Volume 
m3 
m3 
m3 
m3 

1.63871 x lO-5 
2.83168 x 1O-2 
10-S 
3.785 x 1O-3 
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From To Multiply by 

icm3 
lb/f’t3 
lb/in3 
lb/in3 

btu 
Cal 
eV 
kWh 

w 
lbf 

hP 
btulh 

mHg 
atm 
in. Hg (32°F) 
N m-2 

Mass and Mass per Volume 

kg 0.453 592 
kg m-3 103 
kg m-3 1.601 x 10’ 
kg m-3 2.767 99 x lo4 
g cm-3 2.767 99 x 10’ 

Energy 

Force 

N 9.806 65 
N 4.448 22 

Power 
W 
W 

Pressure 
Pa 
Pa 
Pa 
Pa 

1.054 35 
4.1868 
1.602 10 x lo-l9 
3.6 x lo6 

7.457 x 102 
2.928 75 x 10-l 

1.333 22 x 102 
1.01325 x lo5 
3.386 38 x lo3 
1 

Stress (force per unit area) 

kg/mm2 
lb/in2 (psi) 

MPa 
MPa 

9.806 65 
6.894 75 x 1O-3 
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Table A.3: (Cont ‘d) 

From To Multiply by 

Specific Heat (heat capacity) 

btu/lb OF 
CA/g “C 

J kg-’ K 4.186 80 x lo3 
J kg-’ K 4.186 60 x lo3 

Temperature 

OF “C 5/9 (OF - 32) 

Thermal Conductivity 

J m-l s-l OC 
cal/cmsec*°C 
Btu/ft.h.“F 
Btwin/sfi2~“F 

Wm-1K 1 
Wm-1K 4.185 x lo2 
Wm-‘K 1.730 73 
Wm-1K 5.192 20 x lo2 

Thermal Expansion 

in/in=“C mm-‘K 1 
in/ilPF mm-‘K 1.8 
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Abrasion coatings 298 
Abrasive 138 
Abrasives 3 19 
Acceptor 120 
Acetonitrile 283 
Acetylides 15 
Achesonprocess 138, 151 
Acoustic wave devices 245 
Actinide carbides 15 
Actinides 3, 161 
Activated reactive evaporation 295 
Adiabatic temperature 254 
Aerospace 3, 312, 317 
Aircraft 314 
Al-N 

phasediagram 237 
Alkali metals 16 1 
Alkaline-earth metals 16 1 
Alkoxides 256 
Allotropes 212 
AlN 252, 295 
Aluminum 211, 237 
Aluminum carbide 15 
Aluminumnitride 2, 161, 185, 209, 

216-218, 223, 229, 231, 
237, 243, 245, 257, 288, 
322, 324 

production 16 1 

Ahuninum powder 254 
Ammonia 161 
Ammonium-0x0 complex 253 
Anisotropy 214, 233, 234 
Antireflection coating 287 
Applications 1, 110, 116, 142, 

195, 249, 276, 309 
boron carbide 152 
electronic 289 
grinding 250 
large-volume 3 11 
machining and grinding 237 
polishing 250 
production 3 18 
silicon carbide 152 
structural 289 
wear 287 

ARE 295 
Argon 287, 296 
Atom 

volume per 29, 31 
Atomicbonding 15, 41, 210 
Atomic characteristics 9 
Atomic fuel particles 74 
Atomic number 165 
Atomic radii ratio 36, 169 
Atomicradius 11, 12, 119, 159, 210 
Atomic spacing 39, 215 

ofSiC 123, 132 
Atomic structure 51, 119 

331 
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Autenitizing temperature 320 
Automotive 3, 312 

B 

B,O, 253 
B& 132, 270 
Ballbearings 311, 316 
Bandstructure 42, 44, 48, 175 
Bandgap 148 

energy 324 
indirect 147 

Bariumnitride 161 
bee structure 39, 172 
Bending test 66 
Benzene 286 
Beryllium carbide 14, 15 
Beryllium nitride 16 1 
Beryllium oxide 324 
Blast nozzle 310 
Boat form 217 
Body-centered cubic 3 1 
Boiling point 292 
Bond dissociation 12 
Bondenergy 61, 85, 122, 123, 

132, 176, 215, 218, 220 
Bond formation 12, 24 
Bondlength 213, 215, 220 
Bond strength 43 

of PSiC 127 
Bonding 12, 22, 42, 46, 51, 

119, 132, 174, 179, 210, 
214, 220, 227 

boron carbide 132 
electronic 159 
silicon carbide 122 

Bonding characteristics 9 
Bonding effect 167 
Bonding energy 42, 290 
Bonding orbitals 175 
Bonding schemes 42 
Bonding system 4 1 
Bomzene 256 
Borides 3, 56, 144 
Boron 2, 120, 128, 147, 211 
Boroncarbide 14, 118, 128, 131, 

132, 137, 142, 149, 150, 
151, 286, 321, 322, 324 

production process 152 

Boron-carbon phase diagram 134 
Boron icosahedra 130 
Boronnitride 150, 161, 209, 212, 

213, 216, 223, 224, 231, 
232, 233, 243, 244, 291 

Boron-nitrogen phase diagram 212, 234 
Breeding reactors 322 
Brillouin zone 148 
Brittle 149 
Brittle fracture 231 
Brittleness 65, 314 
j3SiC 147 
Bulk processes 250 

C 

C-MO phase diagram 110 
C-Ta phase diagram 97 
C-Ti phase diagram 72 
Calcium carbide 15 
Carbide formation 11, 12 
Carbide formers 237 
Carbides 8,9, 58, 68, 120, 144, 248 

formation of 9 
ofGroup VI 101 
andnitrides 3 
titanium 1 
tungsten 1 

Carbon 120, 147 
Carbon allotropes 2 12 
Carbon vacancies 59 
Carbon-atom orbitals 2 1 
Carbon-atom vacancies 50 
Carbon-carbon 15, 315 
Carbon-silicon 

phase diagram 127 
Carbonitrides 3, 266 
Carborundum 1, 137 
Carbosilane 256 
Carburization of molybdenum oxide 112 
Cemented 

carbides 107, 115, 195, 317, 320 
Ceramic composites 3 16 
Ceramic industry 2 
Ceramic materials 32 1 
Ceramics 65, 3 13 
Chair form 217 
Char yield 256 
Chemical precursors 279 

Page 352 of 360



Index 333 

Chemical processing industry 302 
Chemical properties 68 
Chemical resistance 107, 110, 192, 

232, 291, 320 
Chemical-vapor infiltration 3 16 
Chemically resistant 232 
Chlorides 

of refractory metals 284 
Chlorosilanes 256 
chromium 15, 100, 110, 164 
Chromiumcarbide 15, 36, 101, 

107, 284, 302 
Classitication 8 
Close packing 27 
Close-packed interstitial carbide 36 
Close-packed layers 123 
Close-packedstructure 39, 171 
Closed-shell structure 13 1 
Coating failure 280 
Coatings 249, 276, 279 
Cobalt 15 
Cobalt binder 302 
Cobalt nitride 161 
Colors 319 
Comminution 253 
Composites 276, 317 
Conduction 64 
Conductivity 58, 85, 146, 147, 

149, 184, 226, 235, 237 
Conductors 62, 87, 104, 187 
Contaminant gases 296 
Contamination 280 
Conversion factors 327 
Coordination 

number 29, 31, 122, 171, 172 
Corrosion resistant 200, 236 
cost 311 
Covalence 25 
Covalent bond energy 123, 132 
Covalent bonding 46, 175 
Covalent bonds 12, 13, 25, 

122, 167, 214, 220 
Covalent carbides 8, 9, 10, 12, 

14, 118, 119, 137, 144-146 
mechanical properties 149 

Covalent materials 2 
Covalentnitrides 156, 158, 161, 

209, 223, 224, 226, 227, 
232, 244 

Covalent radius 120 

Q&2 101, 110 
Cracking 65 
Cracks 280 
Creep rate 229 
Cro2C12 252 
Crucible 239 
Cryogenic pumps 296 
Crystal orientation 190 
Crystal structure 2 10 
Crystalline forms 2 12 
Crystalline structure 119 
Crystals 15 
CTE 280 
Cubic boron nitride 123, 150, 

212, 216, 235 
production 16 1 

Cutting tools 2, 72, 107, 116, 
156, 200, 277, 281, 295, 
297, 319, 320 

Cutting-tool materials 282 
CVD 253, 264, 268, 278, 279, 

284, 287 
CVD-Sic fibers 266, 269 
CVI 316 

D 

D-block elements 26 
D-gun 300 
Decomposition 145 
Decorative applications 3 19 
Decorative coatings 205, 295, 298 
Defect structures 49 
Delamination 280 
Delocalized electrons 14 
Density 56, 57, 83, 102, 182, 291 

ofgSiC 127 
Density of metals 40 
Density of states 42, 175 
Density of the interstitial 

mononitrides 174 
Deposition rate 290 
Deposition reactions 284 
Deposition temperature 283, 289 
Detonation gun 300 
Diamond 123, 324 
Dibomne 287 
Diboride 321 
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Dichlorosilane 289 
Dielectric 62, 232, 245 
Diesel engines 302, 3 13 
Diethyl aluminum azide 289 
Dit%sionbaniers 195, 200, 287, 

289, 297, 3 11, 323, 324 
Diode sputtering 297 
Dissociation energy 2 14 
Divalent 22 
Doped diamond 147 
Ductile-brittle transition 88, 106, 189 
Ductile-to-brittle 66, 150, 231 

E 

Early transition metals 172 
Early-transition elements 164 
ECR 290 
EDM 259 
Electrical conductors 104 
Electrical discharge machining 259 
Electrical insulator 324 
Electrical properties 187 
Electron beam 292 
Electron conduction 64 
Electron wave function 20 
Electronegativity 8, 9, 10, 14, 15, 

46, 119, 157, 158, 179, 
210, 214 

Electronic bonding 159 
Electronic configuration 119, 175, 210 
Electronic devices 245 
Electronic energy spectra 48 
Electronic industry 237 
Electronic shell 

tilling 26 
Electronic structure 18 

of nitrides 165 
Electronics 3 
Electrostatic attraction 12, 123 
Energy of formation 292 
Engines 313 
Enthalpy 58, 83, 102 
Entropy 58 
Equipment 3 17 

high temperature 300 
Evaporation 292, 293 
Exothermic 254, 284 

Expansion 185 
thermal 61, 85, 104, 147, 227 

F 

Face-centered cubic close-packed 28 
Failure mechanism 65, 189 
fccstructure 37, 171 
Fermi level 48 
Fiberglass 32 1 
Fibers 249, 262, 264, 269, 279 
Fifth period 26 
Forbidden-energy gap 147 
Fourth period 26 
Fracturemechanism 88, 106 
Fracture toughness 65, 259 
Friction 3 16 
Fuel rods 322 
Furnaces 2 
Fusion devices 322 

G 

Gallium arsenide 148, 244, 324 
Gas turbines 240 
Gas-turbine components 302 
Glow characteristics 147 
Glow discharge 295 
Glow plugs 257 
Graded-composition coatings 28 1 
Graphite 282 
Graphite-like structure 209 
Green fibers 265 
Grinding 253 
Grinding tools 72, 156, 3 19 
Groundstate 20, 21, 61 
Grouplll 161 
GroupW 161 
GroupIV 33, 34, 39, 40, 44, 46, 

47, 55, 58, 62, 66, 68, 
164, 172, 178, 179, 181, 
182, 190 

mechanical properties 64, 65 
Group IV nitrides I77 
GroupV 33, 34, 39, 40, 42, 

44, 46, 61, 66, 68, 81, 
82, 164, 172, 178, 181, 
182, 190 

Group V carbides 104 
Group V nitrides 177 

Page 354 of 360



Index 335 

GroupVl 33, 34, 36, 40, 42, 44, 
46, 100, 101, 164, 172, 178 

Group VI carbides 104, 106 
Group VI nitrides 158 
GroupW 161 
GroupVlII 161 
GroupsIV 42 

H 

Hahium 55, 164, 181 
Hathiumcarbide 76, 78, 284 
Hatniumchloride 284 
Hathiumnitride 198, 288 
HQg’s structures 17 
Hall constant 87, 105 
Hall effect 64 
Hard coatings 295 
Hardmetal 115, 317 
Hardest carbide 106 
Hardness 66, 88, 106, 142, 150, 189, 

190, 232, 235, 277, 291 
Hazardous 279 
hcp structure 172 
Heat offormation 44, 58, 178, 280 
Heat sinks 237 
Hex 31 
Hex structure 172 
Hexagonal boron nitride 2 12 
Hexagonal close-packed 28 
Hexagonal structure 31, 36 
Hf-csystem 77 
Hf-N phase diagram 199 
HGN systems 172 
HlN 190, 252 
HfN coatings 200 
High temperature equipment 300 
High-voltage power devices 148 
Hipping 258 
Host metals 4 1 
Host metal atoms 17 
Hot isostatic pressing 258 
HPZ 266 
HVOF 300 
Hybrid atomic orbitals 22 
Hybrid circuits 297 
Hybridization 120, 167, 211 
Hydridopolysilazane polymer 266 
Hydrocarbons 15, 284 

Hydrogen 15, 280 
Hydrolysis 16 1 
Hyperstoichiometric compositions 182 

I 

IEMD 298 
Icosahedron 128 
Industrial applications 309 
Industrialmaterials 137, 156, 161, 

163, 195, 223, 259, 286, 289 
Industrial use 302 
Infrared 325 
Insulation 237 
Insulators 62, 147, 214, 227, 289, 324 
Integrated circuits 324 
Interatomic spacing 6 1 
Intermediate carbides 9, 36 
Intermetallic bonds 175 
Interstital mononitrides 176 
Interstitial carbides 8, 9, 10, 12, 14, 

17, 18, 25, 26, 37, 41, 
48, 49, 56, 82, 101, 118 

Interstitial materials 2 
Interstitial mononitrides 175 
Interstitial nitrides 56, 156, 158, 

159, 163, 168, 169, 181, 
187, 288 

Interstitial sites 34, 169 
Interstitial structure 34 
Ion beam assisted deposition 298 
Ion plating 292, 298 
Ionic bond energy 123, 132 
Ionicbonding 46, 175, 179 
Ionicbonds 12, 122 
Ionic radius 48 
Iron 15 
Iron nitride 161 
Isoelectronic 2 12 
Isomorphism 194, 195, 200, 204, 205 
Isotypical structures 9 1, 200 

J 

Jewelry 205, 295, 319 

K 

K shell 19 
Kevlar 321 
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L 

L shell 20 
Lanthanide carbides 15 
Lanthanides 3, 161 
Late-transition metals 16 1 
Lattice constants 124, 132 
Lattice parameters 49, 133, 182 

OfAlN 218 
ofPSiC 127 

Lattice substitution 280 
LED 2 
Liquid-phase sintering 257 
Low-E 325 
Lubricants 232, 244 
Lubricating 195 
Lubrication 3 16 

M 

MC 42 
M-C bond strength 43 
M-Cbonds 48, 66, 88, 106 
M-M 39, 42, 48 
M-M bond strength 43 
M-Mspacing 41, 174 
M-N bonding 189 
M,C 81 
M,N 172, 173 
Machinery 317 
Magnetic susceptibity 63 
Magnetron sputtering 297 
Manganese 15 
Manganese nitride 16 1 
MBE 295 
MC 81 
MC structure 39 
Mean-free path 297 
Mechanical properties 

of covalent nitrides 228 
ofGroup IV 64 
ofGroup V 88 
of Croup VI 106 

Mechnaical properties 188 
Melting point 2, 9, 15, 42, 44, 

56, 57, 83, 102, 145, 
158, 164, 176, 182, 224 

Metal carbides 64 

Metal halide 252, 284, 288 
Metal-atom vacancies 164 
Metal-carbon bond 47 
Metal-carbon bonding 4 1 
Metal-ceramic composites 3 17 
Metal-to-metal atomic spacing 39, 172 
Metallic bonding 48, 175 
Metallicbonds 12, 14 
Metals 3 
Meteorites 248 
Methane 282, 284 
Methanides 15 
Methyl silane 286 
Methyl trichlorosilane 253, 286 
Microwave activation 290 
Microwave devices 148 
Military 321 
Millimeter-wave devices 148 
MN 173 
Ma-C 107 
~-MO& 112 
MO& 101 
Mobility 148 
MOCVD 280, 282, 289, 291 
Modulus 229 
Molded shapes 137 
Molecular beam epitaxy 295 
Molybdenum 100, 164, 282 
Molybdenum carbide 107, 110 
Molybdenum oxide 112 
Monocarbide NbC 95 
Monocarbide phases 8 1 
Monocarbides 36, 39, 41, 47, 68, 91 
Monolithic 32 1 
Monolithic components 279 
Monolithic processes 250 
Monolithics 3 19 
Mononitrides 68, 171, 173, 177, 182 
Mutual solubility 68 

N 

NaCl 81, 173, 218 
Na$OY 314 
Nb-N phase diagram 204 
NbC 95 
NbN 182, 190, 252 
NbN/TiN 190 
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Needle structure 259 
Neon 20 
Neutron absorber 322 
Neutron absorption 15 1 
Nextel 265 
NHdV03 253 
Nicalon 265, 266 
Nickel 15 
Nickel nitride 16 1 
Niobium 81, 164, 181 
Niobiumcarbide 92, 284 
Niobiumnitride 202, 288 
Nitride powders 254 
Nitrides 56, 144, 156, 163, 

169, 181, 187, 210, 223, 
227, 244, 248 

atomic characteristics 158 
covalent 16 1 
formation 158, 159 
ret&tory 156 
structure of 159 

Nitrogen 156, 165 
radius of atom 169 

Nitrogen atom 168 
Nitrogen compounds 166 
Nitrogen content 171 
Nitrogen pressure 182 
Nitrogen-to-metal ratio 164 
Nuclear applications 15 1 
Nuclear fission power plants 74 
Nuclear fission reactors 322 
Nuclear industry 142 

0 

Octahedral sites 36, 169, 173 
Octahedron 35 
Optical products 322 
Optics 3 
Orbital state 120 
Orbitals 20, 21 
Organic solvents 236 
Osbornite 248 
Oxidation 315 
Oxides 3 
oxy-fuel 300 
Oxygen 51, 164, 280 
Oxyhalide 252 

P 

Packing of atoms 27 
Passivation 3 11, 324 
Peritectic reaction temperature 127 
Phase diagram 72 
Phenacite-type structure 2 19 
Phonon-assisted hopping 148 
Phonons 59 
Phosphides 3 
Phosphorus 16 1 
Physical vapor deposition 320 
Pibond 214 
Piezoelectric 245 
Planetary 292 
Plasma 295 
Plasma reactor 282, 290 
Plasma spray 300 
Plasma torch 254, 300 
Plasma-based ion plating 298 
Plutonium nitride 16 1 
Poisoning 297 
Polar optical phonons 59 
Polarons 148 
Polycarbosilane 265, 266 
Polycrystalline materials 64 
Polydimethyl silane 256 
Polymorphs 123, 212 
Polysilanes 256 
Polytypes 123 
Powder production 254 
Powders 137, 249, 250, 253, 257, 279 

submicron 116 
Precious metals 16 1 
Precipitation 29 1 
Precursor material 256 
Precursors 264, 279, 282 
Preform 259 
Pressing 257, 258 
Propane 282, 284, 286 
Propene 284 
Puckeredlayers 214, 218, 219 
Puckered rings 2 19 
PVD 278, 279, 291 
Pyrolysis 289 
Pyrolytic boron nitride 234 
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Q 

Qualltlmlmlmbers 19 
Quatemary systems 68 

R 

Radiation damage 297 
Radii ratio 169, 173 
Radio-frequency plasma torch 254 
Radioactive 15 1 
Ramsdell notation 123 
Rare-earth elements 3 
Reaction sintering 258 
Reaction temperatures 282 
Reactive evaporation 292, 293 
Reactive ion plating 298 
Reactive sputtering 297 
Refractory 2, 9, 158 
Ret&tory carbide powders 250 
Refractory carbides 118, 248, 254 
Refractory compounds 224 
Refractory covalent nitrides 223 
Refractory nitride powders 252 
Refractory 

nitrides 156, 163, 209, 248, 254 
Refractory transition-metal nitrides 18 1 
Resistivity 63, 87, 104, 187 
RF sputtering 297 
Rhombohedral ororthorhombic 

structures 172 
Rhombohedron 130 
Rotors for turbochargers 3 12 
Rupture strength 66 

S 

Salinic carbides 15 
Salinic nitrides 16 1 
Salt-like carbides 9, 13, 15 
Salt-like nitrides 158, 16 1 
Sawdust 151 
Seebeck coefficient 149 
Self-diffusion of nitrogen 259 
Semiconductor 148, 211, 295, 311, 322 
Semiconductor applications 297 
Semiconductor devices 2, 195, 

289, 323 
Semiconductor properties 147 
Semiconductors 3, 156 

Shapes 249, 257 
complex 258 

SHS 254 
SI system 327 
Si-N 

phase diagram 240 
S&N, 297 
Sialons 219, 243 
aSiC 123 
SSiC 123 
PSiC to aSiC 127 
Sic 286, 295, 317 

thermal decomposition 145 
Sic crystal 121 
Sic whisker 272 
Sigma bond 24, 2 14 
Sigma orbital 24 
Silane 256, 286 
Silazanes 256 
Silicides 3 
Silicon 2, 120, 147, 161, 211 
Siliconcarbide 14, 118, 121, 122, 

124, 137, 151, 216, 229, 
248, 315, 322, 324 

Silicon carbide fibers 262 
Silicon dioxide 3 15 
Silicon halides 253 
Siliconnitride 161, 209, 216, 219, 

220, 221, 223, 225, 229, 
231, 239, 245, 259, 289, 
290, 311, 314, 316, 320, 
322, 324 

production 16 1 
Silicon nitride blast nozzle 3 10 
Silicon oxynitride 2 19 
Silicon tetrachloride 289 
Silyl amine 256 
Sintering 257 
Sintering additives 161, 258 
Sintering agents 259 
Sintering process 259 
Sixth period 26 
Sodium chloride 13 
Sol-gel 116, 264, 265 
Sol-gel process 256 
Solid lubricant 3 16 
Solid solutions 3, 91, 200 
Solubility 68, 19 1 

OfWC 107 
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Soluble 194, 195, 199, 204, 205 
Solvents 236 
@bond 24 
sps configuration 120 
@hybrid 22 
s$ orbital 22 
Specific heat 58, 84, 146, 226 
Sphalerite 123, 214 
Spirmerets 264 
Spray coatings 278 
Sputtering 292, 295, 296, 297 

reactive 297 
Stacking structure 124 
Standard entropy 44 
Steam turbines 302 
Steel 282 
Steel alloys 112 
Steelballs 312, 316 
Strength 67, 149, 229, 23 1, 267 

ofWC 106 
stress 280 
Structural characteristics 8 
Structural parts 257 
Submicron powder 116 
Subshells 20 
Substoichiometric compositions 182 
Substrates 282 
Superconducting coating 205 
Superconductivity 188 
Supersaturation 253 
Surface properties 277 
Switching 172 

T 

Ta-N phase diagram 205 
TaC 95, 98 
TaN 190, 252, 297 
Tantalum 81, 164, 181 
Tantalumcarbide 95, 284 

production 98 
Tantalum nitride 288 
TTEAT 287 
TDMAT 287 
Temperatures 

deposition 289 
reaction 282 

Tensile properties 66 

Ternary carbides 107 
systems 68 

Ternary carbides and nitrides 19 1 
Ternary systems 3 14 
Tetragonal orbital state 120 
Tetrahedral sites 35, 169 
Tetrahedron 34 
Tetramethylsilane 253 
Textile machinery 2 
Thermal 

conductivity 85, 146, 184, 226 
Thermal conductors 104 
Thermalexpansion 61, 85, 147, 185, 

227, 280 
Thermal tknctions 58 
Thermal properties 57, 83, 102, 146, 

176, 183 
of covalent nitrides 225 

Thermal spray 250, 279, 300 
Thermal-barrier coating 3 14 
Thermal-decomposition temperature 259 
Thermoelectric power 149 
Thin film process 295 
Thin films 137, 147, 278, 292, 325 
Thoria 74 
Thorium nitride 161 
TX 48 
Ti-N phase diagram 194 
Ti(C,N) 68 
Ti(CN) 281 

TiO.&GC 68 
TiB, 270 
TiC 41, 46, 270, 282, 298 
TiC,N,, 298 
TIN 171, 175, 179, 187, 190, 195, 

252, 293, 295, 297, 298 
Titanium 55, 164, 181, 224 
Titanium alkoxide 266 
Titaniumcarbide 49, 55, 68, 280, 316 
Titanium carbonitride 1, 194, 282 
Titanium compounds 144 
Titaniumnitride 163, 181, 193, 

205, 248, 259, 277, 287, 
320, 322, 325 

Titanium silicide 323 
Titanium tetrachloride 282, 287 
Toluene 282, 284 
Tool coating industries 295 
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Toolsteel 195, 283 
Toughness 277 
Toxic 279 
Transformation of bSiC to aSiC 127 
Transition elements 25, 26 
Transition metal carbides 64, 66 
Transition metal nitrides 172, 178, 18 1 
Transition metals 15, 118 

early 169 
Transition temperature 66 
Trigonalprisms 36, 120, 172 
Triode sputtering 297 
Tungsten 100, 164 
Tungstencarbide 36, 101, 104, 

113, 115, 116, 256, 282, 
300, 302, 314, 317 

Tungsten carbide cobalt 320 
Tungsten mononitride 172 
Tungsten titanium carbide 107 
Turbines 2, 302, 314 
Turbochargers 311, 312 
Tyramro 265, 266 

U 

Ultraviolet 325 
Unit cell volume 133 
Units 327 
Urania 74 
Uranium nitride 161 

V 

V-C phase diagram 9 1 
V-N phase diagram 200 
V,O, 253 
Vacancies 48 
Vacancy ordering 164 
Vacuum-based ion plating 298 
Valence concentration 48 
Valence electrons 22, 26 
Valence state 10 
Van der Waal’s bond 214 
Vanadium 81, 92, 164, 181 
Vanadium nitride 200 
vc 68, 92 
VN 190, 192, 252 
VN/T+J 190 

W 

W-C 107 
Wave function 20 

sign 22 
WC 101, 104, 107 
WC structure 31 
Wear coatings 298 
Wear resistance 68, 72, 110 
Wear resistant coatings 195 
Wear surf~s 156 
Whiskers 249, 264, 271 
Wurtzite 124, 212, 218 

X 

X-ray lithography 244 

Y 

Young’s modulus 150 

Z 

Znumber 165 
Zincsulfide 123, 124 
Zincblende 123, 212, 214, 217, 218 
Zirconia 3 14 
Zirconium 55, 164, 181 
Zirconium carbide 73, 284, 322 
Zirconium nitride 195, 197, 288 
Zr-C phase diagram 74 
Zr-N phase diagram 195 
Zr-N systems 172 
ZrC 41 
ZrN 190, 252 
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