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PREFACE

Preface

In today’s materials science curriculum, there is often only time for one course on
ceramic materials. Students will usually take courses on mechanical properties,
thermodynamics and kinetics, and the structure of materials. Many will also have
taken an introductory overview of materials science. In each of these courses, the
students will have encountered ceramic materials. The present text assumes back-
ground knowledge at this introductory level but still provides a review of such critical
topics as bonding, crystal structures, and lattice defects.

The text has been divided into seven parts and 37 chapters: we will explain the
thinking behind these decisions. Part I examines the history and development of
ceramic materials: how they have literally shaped civilization. We include this
material in our introductory lectures and then make the two chapters assigned
reading. Part II discusses the bonding, structure, and the relationship among
phases. Students often find this part of the course to be the most difficult
because structures are implicitly 3-dimensional. However, so many properties depend
on the structure whether crystalline or amorphous. We have limited the number
of structures to what we think the students can manage in one course, we give
references to texts that the students can spend a lifetime studying and recommend
our favorite software package. Part III consists of two chapters on our tools of
the trade. Most ceramics are heated at some stage during processing. Unfortunately
heat treatments are rarely exactly what we would like them to be; the heating rate
is too slow, the furnace contaminates the sample, the environment is not what
we want (or think it is), etc. Techniques for characterizing materials fill books
and the students are familiar with many already from their studies on metals. So,
the purpose of this chapter is, in part, to encourage the student to find out more
about techniques that they might not have heard of or might not have thought of
applying to ceramics; you could certainly skip Part IIT and make it assigned reading
especially if the students are taking overlapping courses. Part IV discusses defects
in ceramics and aims at providing a comprehensive overview while again not being
a dedicated book on the subject. Part IV leads straight into Part V—a basic discus-
sion of mechanical properties applied specifically to ceramics. The last two parts
contain just over half the chapters. The two topics are Processing (Part VI) and
Properties (Part VII) and are, of course, the reason we study ceramic materials. The
warning is—these topics form the second half of the book because the student should
understand the materials first, but it then becomes too easy to miss them in a one-
semester course due to lack of time. We know, we have done this and the students
miss the part that they would often appreciate most. Chapter 36 is probably the most
fun for half the students and both the authors; Chapter 37 is the most important for
all of us.

Many modern ceramists will acknowledge their debt to the late David Kingery.
His pioneering 1960 text was one of the first to regard ceramics as a serious scientific
subject. Both his book and his research papers have been referenced throughout the
present text. Our definition of a ceramic material follows directly from Kingery’s
definition: a nonmetallic, inorganic solid. Nonmetallic refers to the bonding: in
ceramics, it is predominantly covalent and/or ionic. Ceramics are always inorganic
solids although they also may be major or minor components of composite materials.



Throughout the text we ask the question “what is special for ceramics?”” The answer
varies so much that it can be difficult to generalize but that is what we are attempting
where possible. Having said that, ceramics are always providing surprises. Indium
tin oxide is a transparent conductor of electricity. Yttrium barium copper oxide is a
superconductor at 90 K. Doped gallium nitride is revolutionizing home lighting and
is becoming a critical component for all traffic lights. Neodynium-doped garnet is
the basis of many solid-state lasers.

A feature of this text is that we keep in mind that many of today’s high-tech
ceramic materials and processing routes have their origin in the potter’s craft or in
the jeweler’s art, and materials that are new to the materials scientist may be old
friends to the mineralogist and geologist. Throughout the text we will make connec-
tions to these related fields. The history of ceramics is as old as civilization and our
use of ceramics is a measure of the technological progress of a civilization.

The text covers ceramic materials from the fundamentals to industrial applica-
tions including a consideration of safety and their impact on the environment.
We also include throughout the text links to economics and art. So many choices
in ceramics have been determined by economics. We often think of ceramics as
being inexpensive materials: bottles, bricks and tiles certainly are. Ceramics
are also the most valuable materials we have: per gram, emerald still holds the
record.

No modern materials text can be complete without considering materials at the
nanoscale. Nanoceramics appear throughout this text but we decided not to create a
special chapter on the topic. What we have done is to highlight some of these topics
as they appear naturally in the text. It is worth noting that nanoscale ceramics have
been used for centuries; it is just recently that we have had a name for them.

The figures generally contain much more information than is given in the text.
We use this fact in some of the homework questions and hope that the extra detail
will encourage the students to delve into the literature to learn more about the topic.
One place to start this search is, of course, with the original citation if there is one.
These citations are grouped together at the end of the text, in part for this purpose,
but also to recognize the contributions of our colleagues.

On the Web site (http:/web.mac.com/ceramicsbook/iweb), we are developing
supplementary material including an extensive list of suggestions for filling any weak
or missing areas in the student’s background and will update these suggestions peri-
odically. We give annotated references to the original studies that have been quoted
in the text. We also include further examples of images that supplement those in the
text. The Web site will also house two sets of questions to complement those at the
end of each chapter. One set consists of shorter questions that we use in pop quizzes
but are also useful for students, especially those working alone, to assess their own
progress. The second set includes questions, which we use for homework and take-
home exams.

After reviewing some history, we consider bonding and structures (Chapters 3—8).
Essentially, this set of chapters examines the science that underpins our definition of
a ceramic material. The way atoms are connected together by covalent or ionic bonds
is illustrated by considering simple and complex structures. We introduce glasses as
a natural subsection of complex structures rather than as a separate branch of ceram-
ics. Window glass is a ceramic material, just like lithium niobate, mica or silicon.
The difference is that glasses are not crystalline: crystalline quartz has more in
common with amorphous silica glass than it does with alumina. The final chapter in
this sequence is important in most branches of materials science: which ceramics are
compatible with other ceramics, which are not, and which of these materials react to
form new compounds. We emphasize that these are equilibrium phase diagrams and
that ceramics often need high temperatures and long times to attain equilibrium.
(Geological times are needed in some cases.)

The next two topics (Chapters 9-10) examine two tools (in the broadest sense)
that we will use: we need to prepare the ceramic material and this usually involves
heating. Then we need to characterize it.

PREFACE
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In Chapters 11 thru 15 we explore the whole topic of defects in ceramics, from
point defects to voids, and elaborate on why they are important in the rest of the text.
In Chapter 13 the combination of surfaces, nanoparticles and foams builds on the
common theme of the surface as a defect but does not treat it in isolation from prop-
erties or real ceramic processing. The positioning of the next three chapters (Chapters
16—18) on mechanical properties was decided because of the authors’ bias. This
allows us to integrate mechanical behavior into processing, thin films, glass ceramics,
and such in the immediately following chapters.

We begin the section on processing with a discussion of minerals and then con-
sider the different forms and shapes of ceramic powders. The topic of glass is sepa-
rated into Chapters 21 and 26 with the use of organic chemistry, the principles of
shaping, and the processes that occur during shaping (sintering, grain growth and
phase transformations) separating them. In this text we do not want to separate pro-
cessing from the science; where we have separated them, this is only done to help
the student absorb the concepts serially rather than in parallel! We discuss making
films and growing crystals in Chapters 27-29. This group of chapters really gets to
the heart of ceramic processing and mixes liquids (whether due to a solvent or to
melting) in with the powders. We do not emphasize the mechanical aspects but make
it clear that a full understanding requires that we think about them and not just for
hot-pressing or for crystalline ceramics.

The remaining eight chapters cover the applications of ceramics with the empha-
sis on what property is being exploited, how we optimize it, and just how far we can
still go with these materials; remember how the development of glass optical fibers
has changed society forever in less than 40 years. Again our bias is clear. Ceramics
are amazing materials and the underlying physics is fascinating but the subject of
physics can easily obscure this excitement. Physicists are often not fully aware of the
value of chemistry and all too often underestimate the feel a ceramist has for these
materials. Before concluding the text with the most rapidly changing topic of industry
and the environment in Chapter 37, we examine two groups of ceramics that affect
us all even though we may not think about them—ceramics in biology/medicine and
ceramics as gemstones. Whether as objects of beauty or symbols of something more
lasting, polished natural single crystals of ceramics have inspired awe for centuries
and challenged scientists for nearly as long.

We would like to thank our students and postdocs, past and present, who have
helped us so much to appreciate and enjoy ceramic materials. The students include
Katrien Ostyn, Karen Morrissey, Zvi Elgat, Bruno De Cooman, Yonn Rasmussen
(formerly Simpson), David Susnitzky, Scott Summerfelt, Lisa Moore (formerly Tietz),
Chris Scarfone, lan Anderson, Mike Mallamaci, Paul Kotula, Sundar Ramamurthy,
Jason Heffelfinger, Matt Johnson, Andrey Zagrebelny, Chris Blanford, Svetlana
Yanina, Shelley Gilliss, Chris Perrey, Jeff Farrer, Arzu Altay, Jessica Riesterer,
Jonathan Winterstein, Maxime Guinel, Dan Eakins, Joel LeBret, Aaron Lal.onde,
and Tyler Pounds. The postdocs include John Dodsworth, Monica Backhaus-Ricoult,
Hermann Wendt, Werner Skrotski, Thomas Pfeiffer, Mike Bench, Carsten Korte,
Joysurya Basu and Divakar Ramachandran and especially Ravi Ravishankar and
Stuart McKernan. We thank Carolyn Swanson for carefully drawing so many dia-
grams for this text and Janet McKernan for her expert proofreading, continued
patience, and rare commonsense. Janet generated the index, negotiated hyphens, and
tried to remove all our errors and typos; those that remain that should not or are
missing that should be present are solely the responsibility of the authors, We thank
our many colleagues for providing figures and understanding on some of the special
topics. In particular, we thank Richard Hughes, Rosette Gault, Peter Ilsley, Liz
Huffman, and Fred Ward.

We thank our colleagues and collaborators. David Kohlstedt who introduced CBC
to ceramics. Herman Schmalzried who is not only our guru on solid-state reactions
but the model of a truly wonderful Professor and mentor. Gisela Schmalzried who
provided meals and company during many visits to Hannover, Gottingen and Bun-
tenbock. Paul Hlava has been our guide and guru on everything to do with gems and



minerals: he is one of the world’s natural teachers. MGN thanks Brian Cantor for
hosting his sabbatic at Oxford University where parts of this text were written. Like-
wise, CBC thanks Eva Olssen at Chalmer’s University, Yoshio Bando at NIMS,
and Paul Midgley, Colin Humphreys and the Master and Fellows of Peterhouse at
Cambridge University.

C. Barry Carter
M. Grant Norton
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Introduction

In materials science we often divide materials into distinct classes. The primary classes of
solid materials are ceramics, metals, and polymers. This classification is based on the types of
atoms involved and the bonding between them. The other widely recognized classes are semi-
conductors and composites. Composites are combinations of more than one material and often
involve ceramics, such as fiberglass. Semiconductors are materials with electrical conductivi-
ties that are very sensitive to minute amounts of impurities. As we will see later, most materials
that are semiconductors are actually ceramics, for example, gallium nitride, the blue—green
laser diode material.

In this chapter we will define what we mean by a “ceramic” and will also describe some
of the general properties of ceramics. The difficulty when drawing generalizations, particularly
in this case, is that it is always possible to find an exception to the rule. It is because of the
wide range of properties exhibited by ceramics that they find application in such a variety of
areas. A general theme throughout this book is the interrelationship between the way in which
a ceramic is processed, its microstructure, and its properties. We give some examples of these

interrelationships in this chapter to illustrate their importance.

1.1 DEFINITIONS

If you look in any introductory materials science book you
will find that one of the first sections describes the classi-
fication scheme. In classical materials science, materials
are grouped into five categories: metals, polymers, ceram-
ics, semiconductors, and composites. The first three are
based primarily on the nature of the interatomic bonding,
the fourth on the materials conductivity, and the last on
the materials structure—not a very consistent start.

Metals, both pure and alloyed, consist of atoms held
together by the delocalized electrons that overcome the
mutual repulsion between the ion cores. Many main-group
elements and all the transition and inner transition ele-
ments are metals. They also include alloys—combinations
of metallic elements or metallic and nonmetallic elements
(such as in steel, which is an alloy of primarily Fe and C).
Some commercial steels, such as many tool steels, contain
ceramics. These are the carbides (e.g., Fe;C and W4C) that
produce the hardening and enhance wear resistance, but
also make it more brittle. The delocalized electrons give
metals many of their characteristic properties (e.g., good
thermal and electrical conductivity). It is because of their
bonding that many metals have close packed structures
and deform plastically at room temperature.

Polymers are macromolecules formed by covalent
bonding of many simpler molecular units called mers.

1.1 DEFINITIONS

Most polymers are organic compounds based on carbon,
hydrogen, and other nonmetals such as sulfur and chlo-
rine. The bonding between the molecular chains deter-
mines many of their properties. Cross-linking of the
chains is the key to the vulcanization process that turned
rubber from an interesting but not very useful material
into, for example, tires that made traveling by bicycle
much more comfortable and were important in the produc-
tion of the automobile. The terms “polymer” and “plastic”
are often used interchangeably. However, many of the
plastics with which we are familiar are actually combina-
tions of polymers, and often include fillers and other addi-
tives to give the desired properties and appearance.
Ceramics are usually associated with “mixed”
bonding—a combination of covalent, ionic, and some-
times metallic. They consist of arrays of interconnected
atoms; there are no discrete molecules. This characteristic
distinguishes ceramics from molecular solids such as
iodine crystals (composed of discrete I, molecules) and
paraffin wax (composed of long-chain alkane molecules).
It also excludes ice, which is composed of discrete H,O
molecules and often behaves just like many ceramics. The
majority of ceramics are compounds of metals or metal-
loids and nonmetals. Most frequently they are oxides,
nitrides, and carbides. However, we also classify diamond
and graphite as ceramics. These forms of carbon are inor-
ganic in the most basic meaning of the term: they were



not prepared from the living organism. Richerson (2000)
says “most solid materials that aren’t metal, plastic, or
derived from plants or animals are ceramics.”

Semiconductors are the only class of material based on
a property. They are usually defined as having electrical
conductivity between that of a good conductor and an insu-
lator. The conductivity is strongly dependent upon the pres-
ence of small amounts of impurities—the key to making
integrated circuits. Semiconductors with wide band gaps
(greater than about 3eV) such as silicon carbide and boron
nitride are becoming of increasing importance for high-
temperature electronics, for example, SiC diodes are of
interest for sensors in fuel cells. In the early days of semi-
conductor technology such materials would have been
regarded as insulators. Gallium nitride (GaN), a blue—green
laser diode material, is another ceramic that has a wide band
gap.

Composites are combinations of more than one mate-
rial or phase. Ceramics are used in many composites,
often for reinforcement. For example, one of the reasons
a B-2 stealth bomber is stealthy is that it contains over 22
tons of carbon/epoxy composite. In some composites the
ceramic is acting as the matrix (ceramic matrix compos-
ites or CMCs). An early example of a CMC dating back
over 9000 years is brick. These often consisted of a fired
clay body reinforced with straw. Clay is an important
ceramic and the backbone of the traditional ceramic
industry. In concrete, both the matrix (cement) and the
reinforcement (aggregate) are ceramics.

The most widely accepted definition of a ceramic is
given by Kingery et al. (1976): “A ceramic is a nonmetal-
lic, inorganic solid.” Thus all inorganic semiconductors
are ceramics. By definition, a material ceases to be a
ceramic when it is melted. At the opposite extreme, if we
cool some ceramics enough they become superconductors.
All the so-called high-temperature superconductors
(HTSC) (ones that lose all electrical resistance at liquid-
nitrogen temperatures) are ceramics. Trickier is glass such
as used in windows and optical fibers. Glass fulfills the
standard definition of a solid—it has its own fixed shape—
but it is usually a supercooled liquid. This property
becomes evident at high temperatures when it undergoes
viscous deformation. Glasses are clearly special ceramics.
We may crystallize certain glasses to make glass—ceram-
ics such as those found in Corningware®. This process is
referred to as “ceramming” the glass, i.e., making it into
a ceramic. We stand by Kingery’s definition and have to
live with some confusion. We thus define ceramics in
terms of what they are not.

It is also not possible to define ceramics, or indeed any
class of material, in terms of specific properties.

® We cannot say “ceramics are brittle” because some can
be superplastically deformed and some metals can be
more brittle: a rubber hose or banana at 77K shatters
under a hammer.

® We cannot say “ceramics are insulators” unless we put
a value on the band gap (E,) where a material is not a
semiconductor.

® We cannot say “ceramics are poor conductors of heat”
because diamond has the highest thermal conductivity
of any known material.

Before we leave this section let us consider a little
history. The word ceramic is derived from the Greek
keramos, which means “potter’s clay” or “pottery.” Its
origin is a Sanskrit term meaning “to burn.” So the early
Greeks used “keramos” when describing products obtained
by heating clay-containing materials. The term has long
included all products made from fired clay, for example,
bricks, fireclay refractories, sanitaryware, and tableware.

In 1822, silica refractories were first made. Although
they contained no clay the traditional ceramic process of
shaping, drying, and firing was used to make them. So the
term “ceramic,” while retaining its original sense of a
product made from clay, began to include other products
made by the same manufacturing process. The field of
ceramics (broader than the materials themselves) can be
defined as the art and science of making and using solid
articles that contain as their essential component a ceramic.
This definition covers the purification of raw materials,
the study and production of the chemical compounds con-
cerned, their formation into components, and the study of
structure, composition, and properties.

1.2 GENERAL PROPERTIES

Ceramics generally have specific properties associated
with them although, as we just noted, this can be a mis-
leading approach to defining a class of material. However,
we will look at some properties and see how closely they
match our expectations of what constitutes a ceramic.

Brittleness. This probably comes from personal expe-
riences such as dropping a glass beaker or a dinner plate.
The reason that the majority of ceramics are brittle is the
mixed ionic—covalent bonding that holds the constituent
atoms together. At high temperatures (above the glass
transition temperature) glass no longer behaves in a brittle
manner; it behaves as a viscous liquid. That is why it is
easy to form glass into intricate shapes. So what we can
say is that most ceramics are brittle at room temperature
but not necessarily at elevated temperatures.

Poor electrical and thermal conduction. The valence
electrons are tied up in bonds, and are not free as they are
in metals. In metals it is the free electrons—the electron
gas—that determines many of their electrical and thermal
properties. Diamond, which we classified as a ceramic in
Section 1.1, has the highest thermal conductivity of any
known material. The conduction mechanism is due to
phonons, not electrons, as we describe in Chapter 34.

Ceramics can also have high electrical conductivity:
(1) the oxide ceramic, ReOs, has an electrical conductivity

......................................................................... INTRODUCTION



at room temperature similar to that of Cu (2) the mixed
oxide YBa,Cu;0; is an HTSC; it has zero resistivity below
92 K. These are two examples that contradict the conven-
tional wisdom when it comes to ceramics.

Compressive strength. Ceramics are stronger in com-
pression than in tension, whereas metals have comparable
tensile and compressive strengths. This difference is impor-
tant when we use ceramic components for load-bearing
applications. It is necessary to consider the stress distribu-
tions in the ceramic to ensure that they are compressive. An
important example is in the design of concrete bridges—the
concrete, a CMC, must be kept in compression. Ceramics
generally have low toughness, although combining them in
composites can dramatically improve this property.

Chemical insensitivity. A large number of ceramics
are stable in both harsh chemical and thermal environ-
ments. Pyrex glass is used widely in chemistry laborato-
ries specifically because it is resistant to many corrosive
chemicals, stable at high temperatures (it does not soften
until 1100K), and is resistant to thermal shock because of
its low coefficient of thermal expansion (33 x 107 K™). It
is also widely used in bakeware.

Transparent. Many ceramics are transparent because
they have a large E,. Examples include sapphire watch

covers, precious stones, and optical fibers. Glass optical
fibers have a percent transmission >96%km™. Metals are
transparent to visible light only when they are very thin,
typically less than 0.1 pm.

Although it is always possible to find at least one
ceramic that shows atypical behavior, the properties we
have mentioned here are in many cases different from
those shown by metals and polymers.

1.3 TYPES OF CERAMIC AND
THEIR APPLICATIONS

Using the definition given in Section 1.1 you can see that
large numbers of materials are ceramics. The applications
for these materials are diverse, from bricks and tiles to
electronic and magnetic components. These applications
use the wide range of properties exhibited by ceramics.
Some of these properties are listed in Table 1.1 together
with examples of specific ceramics and applications. Each
of these areas will be covered in more detail later. The
functions of ceramic products are dependent on their
chemical composition and microstructure, which deter-
mines their properties. It is the interrelationship between

TABLE 1.1 Properties and Applications for Ceramics

Property Example Application
Electrical Bi,Ru,0O; Conductive component in thick-film resistors
Doped ZrO, Electrolyte in solid-oxide fuel cells
Indium tin oxide (ITO) Transparent electrode
SiC Furnace elements for resistive heating
YBaCuO;, Superconducting quantum interference devices
(SQUIDs)
SnO, Electrodes for electric glass melting furnaces
Dielectric o-Al,O5 Spark plug insulator
PbZr,5Tip 505 (PZT) Micropumps
SiO, Furnace bricks
(Ba,Sn)TiO; Dynamic random access memories (DRAMSs)
Lead magnesium niobate (PMN) Chip capacitors
Magnetic v-Fe,03 Recording tapes
Mng 4Zny sFe,0, Transformer cores in touch tone telephones
BaFe,04 Permanent magnets in loudspeakers
Y2.66Gd0.34F€4.20Al0 6sMNg 09012 Radar phase shifters
Optical Doped SiO, Optical fibers
o-Al,O3 Transparent envelopes in street lamps
Doped ZrSiO, Ceramic colors
Doped (Zn,Cd)S Fluorescent screens for electron microscopes
Pb,.xLay(Zr;Tiy;)1.x403 (PLZT) Thin-film optical switches
Nd doped Y;Al;O,, Solid-state lasers
Mechanical TiN Wear-resistant coatings
SiC Abrasives for polishing
Diamond Cutting tools
SisN, Engine components
Al,O3 Hip implants
Thermal SiO, Space shuttle insulation tiles
Al,O5; and AIN Packages for integrated circuits

Lithium-aluminosilicate glass ceramics

Pyrex glass

Supports for telescope mirrors
Laboratory glassware and cookware

1.3 TyPeEs OF CERAMIC AND THEIR APPLICATIONS ............



structure and properties that is a key element of materials
science and engineering.

You may find that in addition to dividing ceramics
according to their properties and applications that it is
common to class them as traditional or advanced.

Traditional ceramics include high-volume items such
bricks and tiles, toilet bowls (whitewares), and pottery.

Advanced ceramics include newer materials such as
laser host materials, piezoelectric ceramics, ceramics for
dynamic random access memories (DRAMs), etc., often
produced in small quantities with higher prices.

There are other characteristics that separate these
categories.

Traditional ceramics are usually based on clay and silica.
There is sometimes a tendency to equate traditional ceram-
ics with low technology, however, advanced manufacturing
techniques are often used. Competition among producers
has caused processing to become more efficient and cost
effective. Complex tooling and machinery is often used and
may be coupled with computer-assisted process control.

Advanced ceramics are also referred to as “special,”
“technical,” or “engineering” ceramics. They exhibit
superior mechanical properties, corrosion/oxidation resis-
tance, or electrical, optical, and/or magnetic properties.
While traditional clay-based ceramics have been used for
over 25,000 years, advanced ceramics have generally been
developed within the last 100 years.

Figure 1.1 compares traditional and advanced ceram-
ics in terms of the type of raw materials used, the forming

Advanced Traditional
ceramics . ceramics
Raw materials |
Chemically prepared preparation Raw minerals
powders Cla
- Precipitation SiliZa
- Spray dry
- Freeze dry
- Vapor phase
- Sol-gel
— Forming E—
Slip casting Potters wheel
Injection molding Slip casting
Sol-gel
Hot pressing
HIPing
Rapid prototyping
High-temperature
processing \
Electric furnace B
Hot press Flame kiln
Reaction sinter
Vapor deposition
Plasma spraying
Microwave furnace
Finishing
process ‘
Erosion .
Laser machining Erosion
Plasma spraying Glazing

Ton implantation
Coating

Characterization |

Light microscopy

X-ray diffraction

Electron microscopy
Scanned probe microscopy
Neutron diffraction
Surface analytical methods

Visible examination
Light microscopy

FIGURE 1.1 A comparison of different aspects of traditional and
advanced ceramics.

and shaping processes, and the methods used for
characterization.

1.4 MARKET

Ceramics is a multibillion dollar industry. Worldwide
sales are about $100 billion ($10") per year; the U.S.
market alone is over $35 billion ($3.5 x 10'%) annually. As
with all economic data there will be variations from year
to year. The Ceramic Industry (CI) is one organization
that provides regular updates of sales through its annual
Giants in Ceramics survey.

The general distribution of industry sales is as
follows:

m 55% Glass

®m 7% Advanced ceramics
® 10% Whiteware

m 9%  Porcelain enamel

m 7%  Refractories

m 2%  Structural clay

In the United States, sales of structural clay in the form
of bricks is valued at $160M per month. However, finan-
cially, the ceramics market is clearly dominated by glass.
The major application for glass is windows. World demand
for flat glass is about 40 billion square feet—worth over
$40 billion.

Overall market distribution in the United States is as
follows:

m 329% Flat glass

® 18% Lighting

m 7% Containers

m 7% Fiber glass

® 9% TV tubes, CRTs

®m 5%  Consumer glassware
®m 1%  Technical/laboratory
® 1%  Other

Advanced ceramics form the second largest sector of the
industry. More than half of this sector is electrical and
electronic ceramics and ceramic packages:

m 36% Capacitors/substrates/packages

m 23% Other electrical/electronic ceramics
m 13% Other

® 12% Electrical porcelain

® 8%  Engineering ceramics

®m 8%  Optical fibers

High-temperature ceramic superconductors, which
would fall into the category of advanced ceramics, are not
presently a major market area. They constitute less than
1% of the advanced ceramics market. Significant growth
has been predicted because of their increased use in
microwave filters and resonators, with particular applica-
tion in the area of cell phones.
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Engineering ceramics, also called structural ceramics,
include wear-resistant components such as dies, nozzles,
and bearings. Bioceramics such as ceramic and glass-
ceramic implants and dental crowns account for about 20%
of this market. Dental crowns are made of porcelain and
over 30 million are made in the United States each year.

Whiteware sales, which include sanitaryware (toilet
bowls, basins, etc.) and dinnerware (plates, cups), account
for about 10% of the total market for ceramics. The largest
segment of the whiteware market, accounting for about
40%, is floor and wall tiles. In the United States we use
about 2.5 billion (2.5 x 10%) square feet of ceramic tiles
per year. Annual sales of sanitaryware in the United States
total more than 30 million pieces.

Porcelain enamel is the ceramic coating applied to
many steel appliances such as kitchen stoves, washers, and
dryers. Porcelain enamels have much wider applications
as both interior and exterior paneling in buildings, for
example, in subway stations. Because of these widespread
applications it is perhaps not surprising that the porcelain
enameling industry accounts for more than $3 billion per
year.

More than 50% of refractories are consumed by the
steel industry. The major steelmaking countries are China,
Japan, and the United States. Structural clay products
include bricks, sewer pipes, and roofing tiles. These are
high-volume low-unit-cost items. Each year about 8 billion
bricks are produced in the United States with a market
value of over $1.5 billion.

1.5 CRITICAL ISSUES FOR THE FUTURE

Although glass dominates the global ceramics market, the
most significant growth is in advanced ceramics. There
are many key issues that need to be addressed to maintain
this growth and expand the applications and uses of
advanced ceramics. It is in these areas that there will be
increasing employment opportunities for ceramic engi-
neers and materials scientists.

Structural ceramics include silicon nitride (Siz;Ny),
silicon carbide (SiC), zirconia (ZrO,), boron carbide
(B4C), and alumina (Al,05). They are used in applications
such as cutting tools, wear components, heat exchangers,
and engine parts. Their relevant properties are high hard-
ness, low density, high-temperature mechanical strength,
creep resistance, corrosion resistance, and chemical inert-
ness. There are three key issues to solve in order to expand
the use of structural ceramics:

Reducing cost of the final product
Improving reliability
Improving reproducibility

Electronic ceramics include barium titanate (BaTiOy),
zinc oxide (ZnO), lead zirconate titanate [Pb(Zr,Ti,_,)O;],
aluminum nitride (AIN), and HTSCs. They are used in
applications as diverse as capacitor dielectrics, varistors,
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microelectromechanical systems (MEMS), substrates, and
packages for integrated circuits. There are many chal-
lenges for the future:

Integrating with existing semiconductor technology
Improving processing
Enhancing compatibility with other materials

Bioceramics are used in the human body. The response
of these materials varies from nearly inert to bioactive to
resorbable. Nearly inert bioceramics include alumina
(Al,O3) and zirconia (Zr0,). Bioactive ceramics include
hydroxyapatite and some special glass and glass—ceramic
formulations. Tricalcium phosphate is an example of a
resorbable bioceramic; it dissolves in the body. Three
issues will determine future progress:

Matching mechanical properties to human tissues
Increasing reliability
Improving processing methods

Coatings and films are generally used to modify the
surface properties of a material, for example, a bioactive
coating deposited onto the surface of a bioinert implant.
They may also be used for economic reasons; we may
want to apply a coating of an expensive material to a lower
cost substrate rather than make the component entirely
from the more expensive material. An example of this
situation would be applying a diamond coating on a cutting
tool. In some cases we use films or coatings simply because
the material performs better in this form. An example is
the transport properties of thin films of HTSCs, which are
improved over those of the material in bulk form. Some
issues need to be addressed:

Understanding film deposition and growth
Improving film/substrate adhesion
Increasing reproducibility

Composites may use ceramics as the matrix phase
and/or the reinforcing phase. The purpose of a composite
is to display a combination of the preferred characteristics
of each of the components. In CMCs one of the principal
goals has been to increase fracture toughness through
reinforcement with whiskers or fibers. When ceramics are
the reinforcement phase in, for example, metal matrix
composites the result is usually an increase in strength,
enhanced creep resistance, and greater wear resistance.
Three issues must be solved:

Reducing processing costs

Developing compatible combinations of materials (e.g.,
matching coefficients of thermal expansion)

Understanding interfaces

Nanoceramics can be either well established or at an
early stage in their development. They are widely used in
cosmetic products such as sunscreens, and we know they



are critical in many applications of catalysis, but their use
in fuel cells, coatings, and devices, for example, is often
quite new. There are three main challenges:

Making them

Integrating them into devices

Ensuring that they do not have a negative impact on
society

1.6 RELATIONSHIP BETWEEN
MICROSTRUCTURE, PROCESSING,
AND APPLICATIONS

The field of materials science and engineering is often
defined by the interrelationship between four topics—syn-
thesis and processing, structure and composition, proper-
ties, and performance. To understand the behavior and
properties of any material, it is essential to understand its
structure. Structure can be considered on several levels,
all of which influence final behavior. At the finest level is
the electron configuration, which affects properties such
as color, electrical conductivity, and magnetic behavior.
The arrangement of electrons in an atom influences how
it will bond to another atom and this, in turn, impacts the
crystal structure.

The arrangement of the atoms or ions in the material
also needs to be considered. Crystalline ceramics have a
very regular atomic arrangement whereas in noncrystal-
line or amorphous ceramics (e.g., oxide glasses) there is
no long-range order, although locally we may identify
similar polyhedra. Such materials often behave differently
relative to their crystalline counterparts. Not only perfect
lattices and ideal structures have to be considered but also
the presence of structural defects that are unavoidable in
all materials, even the amorphous ones. Examples of such
defects include impurity atoms and dislocations.

Polycrystalline ceramics have a structure consisting of
many grains. The size, shape, and orientation of the grains
play a key role in many of the macroscopic properties of
these materials, for example, mechanical strength. In most
ceramics, more than one phase is present, with each phase
having its own structure, composition, and properties.
Control of the type, size, distribution, and amount of these
phases within the material provides a means to control
properties. The microstructure of a ceramic is often a
result of the way it was processed. For example, hot-
pressed ceramics often have very few pores. This may not
be the case in sintered materials.

The interrelationship between the structure, process-
ing, and properties will be evident throughout this text but
are illustrated here by five examples.

1. The strength of polycrystalline ceramics depends
on the grain size through the Hall-Petch equation. Figure
1.2 shows strength as a function of grain size for MgO.
As the grain size decreases the strength increases. The
grain size is determined by the size of the initial powder
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FIGURE 1.2 Dependence of fracture strength of MgO (at 20°C) on
the grain size.

particles and the way in which they were consolidated.
The grain boundaries in a polycrystalline ceramic are also
important. The strength then depends on whether or not
the material is pure, contains a second phase or pores, or
just contains glass at the grain boundaries. The relation-
ship is not always obvious for nanoceramics.

2. Transparent or translucent ceramics require that we
limit the scattering of light by pores and second-phase
particles. Reduction in porosity may be achieved by hot
pressing to ensure a high-density product. This approach
has been used to make transparent PLZT ceramics for
electrooptical applications such as the flash-blindness
goggles shown in Figure 1.3, developed during the 1970s
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FIGURE 1.3 Pilot wearing the flash-blindness goggles (in the “off”
position).

......................................................................... INTRODUCTION



Y-rich

FIGURE 1.4 TEM image of grain boundaries in AIN showing
yttria-rich second-phase particles at the triple junctions.

by Sandia National Laboratories in the United States for
use by combat pilots.

3. Thermal conductivity of commercially available
polycrystalline AIN is usually lower than that predicted
by theory because of the presence of impurities, mainly
oxygen, which scatter phonons. Adding rare earth or alka-
line metal oxides (such as Y,0; and CaO, respectively)
can reduce the oxygen content by acting as a getter. These
oxides are mixed in with the AIN powder before it is
shaped. The second phase, formed between the oxide
additive and the oxide coating on the AIN grains, segre-
gates to triple points as shown in Figure 1.4.

4. Soft ferrites such as Mn,_sZnszFe,O, are used in a
range of different devices, for example, as the yoke that
moves the electron beam in a television tube. The perme-
ability of soft ferrites is a function of grain size as shown
in Figure 1.5. Large defect-free grains are preferred
because we need to have very mobile domain walls.
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FIGURE 1.5 The variation of permeability with average grain
diameter of a manganese-zinc ferrite with uncontrolled porosity.

1.7 SAFETY
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FIGURE 1.6 Dependence of resistivity on temperature for different
compositions of alumina.

Defects and grain boundaries pin the domain walls
and make it more difficult to achieve saturation
magnetization.

5. Alumina ceramics are used as electrical insulators
because of their high electrical resistivity and low dielec-
tric constant. For most applications pure alumina is not
used. Instead we blend the alumina with silicates to reduce
the sintering temperature. These materials are known as
debased aluminas and contain a glassy silicate phase
between alumina grains. Debased aluminas are generally
more conductive (lower resistivity) than pure aluminas as
shown in Figure 1.6. Debased aluminas (containing 95%
Al,05) are used in spark plugs.

1.7 SAFETY

When working with any material, safety considerations
should be uppermost. There are several important precau-
tions to take when working with ceramics.

Toxicity of powders containing, for example, Pb or Cd
or fluorides should be known. When shipping the material,
the manufacturer supplies information on the hazards
associated with their product. It is important to read this
information and keep it accessible. Some standard
resources that provide information about the toxicity of
powders and the “acceptable” exposure levels are given in
the References.

Small particles should not be inhaled. The effects have
been well known, documented, and often ignored since
the 1860s. Proper ventilation, improved cleanliness, and
protective clothing have significantly reduced many of the
industrial risks. Care should be taken when handling any
powders (of both toxic and nontoxic materials). The most
injurious response is believed to be when the particle size
is <1 um; larger particles either do not remain suspended
in the air sufficiently long to be inhaled or, if inhaled,
cannot negotiate the tortuous passage of the upper



TABLE 1.2 The Color Scale of Temperature

Color Corresponding T
Barely visible red 525°C
Dark red 700°C
Cherry red just beginning to appear 800°C
Clear red 900°C
Bright red, beginning orange 1000°C
Orange 1100°C
Orange-white 1200°C
Dull white 1300°C
Bright white 1400°C

respiratory tract. The toxicity and environmental impact
of nanopowders have not been clearly addressed, but are
the subject of various studies such as a recent report by
the Royal Society (2004).

High temperatures are used in much of ceramic pro-
cessing. The effects of high temperatures on the human
body are obvious. What is not so obvious is how hot
something actually is. Table 1.2 gives the color scale for
temperature. From this tabulation you can see that an
alumina tube at 400°C will not show a change in color but
it will still burn skin. Other safety issues involved with
furnaces are given in Chapter 9.

Organics are used as solvents and binders during pro-
cessing. Traditionally, organic materials played little role
in ceramic processing. Now they are widely used in many
forms of processing. Again, manufacturers will provide
safety data sheets on any product they ship. This informa-
tion is important and should always be read carefully.

As a rule, the material safety data sheets (MSDS)
should be readily accessible for all the materials you are

TABLE 1.3 Sl Units

using; many states require that they are kept in the
laboratory.

1.8 CERAMICS ON THE INTERNET

There is a great deal of information about ceramics on
the Internet. Here are some of the most useful web
sites.

www.FutureCeramics.com The web site for this text.

www.acers.org The American Ceramic  Society,
membership information, meetings, books.

www.acers.org/cic/propertiesdb.asp The Ceramic Proper-
ties Database. This database has links to many other
sources of property information including the NIST
and NASA materials databases.

www.ceramics.com Links to many technical and indus-
trial sites.

www.ceramicforum.com A web site for the ceramics
professional.

www.ecers.org The European Ceramics Society.

www.ceramicsindustry.com Source of industry data.

www.porcelainenamel.com  The Porcelain Enamel
Institute.

1.9 ON UNITS

We have attempted to present all data using the Systeéme
International d’Unités (SI). The basic units in this system
are listed in Table 1.3 together with derived quantities. The
primary exceptions in which non-SI units are encountered
is in the expression of small distances and wavelengths

S| Base Units

Base quantity Name Symbol
Length meter m
Mass kilogram kg
Time second S
Electric current ampere A
Thermodynamic temperature kelvin K
Amount of substance mole mol
Luminous intensity candela cd

Sl-Derived Units
Derived quantity Name Symbol
Area square meter m2
Volume cubic meter m?®
Speed, velocity meter per second m/s
Acceleration meter per second squared m/s?

Wave number

reciprocal meter m

Mass density kilogram per cubic meter kg/m?®

Specific volume cubic meter per kilogram m®/kg

Current density ampere per meter A/m?

Magnetic field strength ampere per meter A/m

Amount-of-substance concentration mole per cubic meter mol/m?®

Luminance candela per square meter cd/m?

Mass fraction kilogram per kilogram kg/kg =1
................................................................................................................................................................... INTRODUCTION



TABLE 1.3 Continued

Sl-Derived Units with Special Names and Symbols

Expression in terms

Expression in terms

Derived quantity Name Symbol of other Sl units of Sl base units
Plane angle radian rad — m-m~ =1
Solid angle steradian sr — mZm= =1
Frequency hertz Hz — s
Force Newton N — m-kg-s
Pressure, stress pascal Pa N/m?2 m~'-kg-s™?
Energy, work, quantity of heat joule J N-m m?.kg-s™
Power, radiant flux watt w J/s m?.kg-s=
Electric charge, quantity of coulomb C — s-A

electricity
Electric potential difference, volt \% W/A m?.kg-s=-A™

electromotive force
Capacitance farad F C/V m=.kg™".s*.A?
Electric resistance ohm Q V/A m?.kg-s=-A2
Electric conductance siemens S AV m=2.kg™.s® A?
Magnetic flux weber Wb V-s m? kg.s2A™
Magpnetic flux density tesla T Wb/m? kg-s2A"
Inductance henry H Whb/A m2.kg-s2-A®
Celsius temperature degree Celsius °C — K
Luminous flux lumen Im cd-sr m2.m=.cd = cd
llluminance lux Ix Im/m? mZm™.cd = m2cd
Activity (of a radionuclide) becqueral Bq — s
Absorbed dose, specific gray Gy J/kg m?.s72

energy (imparted), kerma
Dose equivalent sievert Sv J/kg m?.s™2
Catalytic activity katal kat — s~ 'mol

Sl-Derived Units with Names and Symbols That Include Other Sl-Derived Units

Derived quantity Name Symbol
Dynamic viscosity pascal second Pa-s
Moment of force newton meter N-m
Surface tension newton per meter N/m
Angular velocity radian per second rad/s
Angular acceleration radian per second squared rad/s?
Heat flux density, irradiance watt per square meter W/m?
Heat capacity, entropy joule per kelvin J/K
Specific heat capacity, specific entropy joule per kilogram kelvin Jkg K™
Specific energy joule per kilogram J/kg
Thermal conductivity watt per meter kelvin Wm™K™
Energy density joule per cubic meter J/m?3
Electric field strength volt per meter V/m
Electric charge density coulomb per cubic meter C/m3
Electric flux density coulomb per square meter C/m?
Permittivity farad per meter F/m
Permeability henry per meter H/m
Molar energy joule per mole J/mol
Molar entropy, molar heat capacity joule per mole Kelvin Jmol” K™
Exposure (X and v rays) coulomb per kilogram C/kg
Absorbed dose rate gray per second Gy/s
Radiant intensity watt per steradian W/sr
Radiance watt per square meter steradian Wm=2sr™
Catalytic (activity) concentration katal per cubic meter kat/m?®

where the A (angstrom) is used by electron microscopists
and X-ray crystallographers and the eV (electron volt) is
used as a unit of energy for band gaps and atomic binding
energies. We have not used the former but do use the latter
for convenience. In the ceramics industry customary U.S.
units are commonly encountered. For example, tempera-

1.9 ON UNITS

ture is often quoted in Fahrenheit (°F) and pressure in
pounds per square inch (psi). Conversions between SI
units and some of the special British and U.S. units are
provided in Table 1.4.

The SI base unit of temperature is the kelvin, K. We
use both K and °C in this text. The degree Celsius is equal



TABLE 1.4 Conversion Factors between Sl Base Units and Sl-Derived Units and Other Systems

SI units Related units Special British and U.S. units
Length: 1m 10"°A 3.28ft
Mass: 1kg 2.2051b
1t 0.984 U.K. (long) ton 1.103 U.S.
(short) ton
Time: 1s 2.778 x 10*h, 1.667 x 102min
Absolute temperature: yK y—273.15°C 32 + 1.8(y — 273.15)°F
Area: 1m? 10*cm? 10.761t?
Volume: 1m? 10%cm? 35.3ft°
Density: 1kg/m?® 10°g/cm?® 6.24 x 102Ib/ft®
Force: 1N 10°dyn —
9.807N 1kgf (kilogram force) 2.205Ibf
Pressure, stress: 10°Pa 1 bar; 14.5psi
750mmHg (torr) 0.987 atm
Energy, work, quantity of heat
1J 10 erg or 0.239cal —
105.5MJ — 10°Btu
0.1602aJ 1eV —
Power: 1W 0.86kcal/h 1.341 x 10°hp

Dynamic viscosity: 1dPa-s

Surface tension, surface energy: 1N/m
Magnetic field strength: 1 A/m
Magnetic flux density: 1T

1P (poise) 10°cP

4w x 107 oersted
10*G (gauss)

10°dyn/cm 10%erg/cm?

in magnitude to the kelvin, which implies that the numeri-
cal value of a temperature difference or temperature inter-
val whose value is expressed in °C is equal to the numerical
value of the same temperature difference or interval when
its value is expressed in K.

Several of the figures that we have used were obtained
from sources in which the original data were not in SI
units. In many cases we have converted the units into SI
using conversions and rounding in accordance with ASTM
Standard E 380. Any variations from this procedure are
noted in the appropriate place.

The decade power notation is a convenient method of
representing large and small values within the SI units.
Examples that you will encounter in this book include nm
(10°m) and pF (10™"?F). The full decade power notation
scheme is given in Table 1.5.

TABLE 1.5 Decade Power Notation®

We adopted the definition of a ceramic as a nonmetallic, inorganic solid. This definition
encompasses a wide range of materials, many of which you might find are described as semi-
conductors elsewhere. The definition of ceramics we adopted is not quite complete in that
glass—which behaves at room temperature and below like a solid but has the structure of a
liquid—is actually a very important ceramic. More than half the ceramic industry is devoted
to producing glass. The second largest segment of the ceramics market is in advanced (also
called special, engineering, or technical) ceramics. This area is exciting and includes many of
the newer materials such as HTSCs, bioceramics, and nanoceramics. These areas are predicted

to experience significant growth.

Factor Prefix Symbol Factor Prefix Symbol
10% yotta Y 107 deci d
107" zetta Z 1072 centi c
10%® exa E 1078 milli m
10" peta P 10°° micro u
10" tera T 10°° nano n
10° giga G 1072 pico p
10° mega M 107 femto f
10° kilo k 1078 atto a
107 hecto h 1072 zepto z
10’ deca da 1072 yocto y
2Factors that are not powers of 1000 are discouraged.
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CHAPTER SUMMARY

In most of the chapters we will include a short section relating to the history of the topic, usually
one-line biographies of our heroes in the field—some of those who have defined the subject. If
the section is a little short in some chapters, the names/events may be listed in another chapter.
The purpose of this section is to remind you that although our subject is very old, it is also quite
young and many of the innovators never thought of themselves as ceramists.

In the reference sections throughout the book we will list general references on the overall theme
of the chapter and specific references that are the source of information referenced in the chapter.
If a general reference is referred to specifically in the chapter, we will not generally repeat it.

Barsoum, M. (2003) Fundamentals of Ceramics, revised edition, CRC Press, Boca Raton, FL.

Chiang, Y-M., Birnie, D., I11, and Kingery, W.D. (1998) Physical Ceramics: Principles for Ceramic Science
and Engineering, Wiley, New York.

Kingery, W.D., Bowen, H.K., and Uhlmann, D.R. (1976) Introduction to Ceramics, 2nd edition, Wiley, New
York. This has been the ceramics “bible” for 40 years since the publication of the first edition by David
Kingery in 1960.

Lee, W.E. and Rainforth, W.M. (1994) Ceramic Microstructures: Property Control by Processing, Chapman
& Hall, London.

Norton, EH. (1974) Elements of Ceramics, 2nd edition, Addison-Wesley, Reading, MA.

Richerson, D.W. (2005) Modern Ceramic Engineering: Properties, Processing, and Use in Design, 3rd
edition, CRC Press, Boca Raton, FL.

Van Vlack, L.H. (1964) Physical Ceramics for Engineers, Addison-Wesley, Reading, MA.

Askeland, D.R. and Phulé, P.P. (2005) The Science of Engineering Materials, 5th edition, Thompson Engi-
neering, Florence, KY.

Callister, W.D. (2007) Materials Science and Engineering: An Introduction, 7th edition, Wiley, New York.

Schaeffer, J.P., Saxena, A., Antolovich, S.D., Sanders, T.H., Jr., and Warner, S.B. (2000) The Science and
Design of Engineering Materials, 2nd edition, McGraw-Hill, Boston.

Shackelford, J.F. (2004) Introduction to Materials Science for Engineers, 6th edition, Prentice Hall, Upper
Saddle River, NJ.

Smith, W.E. and Hashemi, J. (2006) Foundations of Materials Science and Engineering, 4th edition, McGraw-
Hill, Boston.

Bulletin of the American Ceramic Society, published by the American Ceramic Society (ACerS). News,
society information, industry updates, and positions. Free to society members.

Ceramic Industry, published by Business News Publishing Co., Troy, MI. Information on manufacturing.
Designed mainly for the ceramist in industry.

Ceramics International

Glass Technology, published by The Society of Glass Technology, Sheffield, UK.

Journal of the American Ceramic Society, house journal of the ACerS contains peer-reviewed articles, pub-
lished monthly.

Journal of the European Ceramics Society, house journal of the European Ceramic Society published by
Elsevier.

Journal of Non-Crystalline Solids

Physics and Chemistry of Glasses

Transactions of the British Ceramic Society

American Ceramic Society Transactions
Ceramic Engineering and Science Proceedings. Published by the American Ceramic Society; each issue is
based on proceedings of a conference.

Engineered Materials Handbook, Volume 4, Ceramics and Glasses (1991), volume chairman Samuel J.
Schneider, Jr., ASM International, Washington, D.C.

CRC Handbook of Chemistry and Physics, 86th edition (2005), edited by D.R. Lide, CRC Press, Boca Raton,
FL. The standard resource for property data. Updated and revised each year.
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CRC Handbook of Materials Science (1974), edited by C.T. Lynch, CRC Press, Cleveland, OH. In four
volumes.

CRC Materials Science and Engineering Handbook, 3rd edition (2000), edited by J.F. Shackelford and W.
Alexander, CRC Press, Boca Raton, FL.

Dictionary of Ceramic Science and Engineering, 2nd edition (1994), edited by 1.J. McColm, Plenum,
New York.

The Encyclopedia of Advanced Materials (1994), edited by D. Bloor, R.J. Brook, M.C. Flemings, and S.
Mahajan, Pergamon, Oxford. In four volumes, covers more than ceramics.

Handbook of Advanced Ceramics (2003), edited by S. Somiya, F. Aldinger, N. Claussen, R.M. Spriggs, K.
Uchino, K. Koumoto, and M. Kaneno, Elsevier, Amsterdam. Volume I, Materials Science; Volume II,
Processing and Their Applications.

Chemical Properties Handbook (1999), edited by C.L. Yaws, McGraw-Hill, New York. Gives exposure limits
for many organic and inorganic compounds, pp. 603-615.

Coyne, G.S. (1997) The Laboratory Companion: A Practical Guide to Materials, Equipment, and Technique,
Wiley, New York. Useful guide to the proper use of laboratory equipment such as vacuum pumps and
compressed gases. Also gives relevant safety information.

CRC Handbook of Laboratory Safety, 5th edition (2000), edited by A.K. Furr, CRC Press, Boca Raton, FL.
Worthwhile handbook for any ceramics laboratory. Covers many of the possible hazards associated with
the laboratory.

Hazardous Chemicals Desk Reference, 5th edition (2002), edited by R.J. Lewis, Sr., Van Nostrand Reinhold,
New York. Shorter version of the next reference.

Sax’s Dangerous Properties of Industrial Materials, 11th edition (2004), edited by R.J. Lewis, Sr., Wiley,
New York. A comprehensive resource in several volumes available in most libraries.

The Occupational Safety and Health Administration (OSHA) of the U.S. Department of Labor web site on
the internet is a comprehensive resource on all safety issues, www.osha.gov.

Nanoscience and Nanotechnologies: Opportunities and Uncertainties, The Royal Society, London, published
on 29 July 2004, available at www.nanotec.org.uk/finalReport.

Richerson, D.W. (2000) The Magic of Ceramics, The American Ceramic Society, Westerville, OH. A coffee
table book about ceramics illustrating their diverse applications and uses.

Which of the following materials could be classified as a ceramic. Justify your answer. (a) Solid argon (Ar);
(b) molybdenum disilicide (MoSi,); (c) NaCl; (d) crystalline sulfur (S); (e) ice; (f) boron carbide (B4C).

Is silicone rubber (widely used as a caulking material in bathrooms and kitchens) a ceramic or a polymer?
Explain your reasoning.

There are several different phases in the Fe-C system. One phase is the y-Fe (austenite), which can contain
up to about 8 atomic % C. Another phase is cementite, which contains 25 atomic % C. Are either of these
two phases a ceramic? Justify your answer.

The following definition has been proposed: “All ceramics are transparent to visible light.” Is this a good
way of defining a ceramic? Explain your reasoning.

In the distribution of industry sales of advanced ceramics (Section 1.4), 13% was listed as “Other.” Suggest
applications that might be included in this group.

Ceramic tile accounts for about 15% of the floor tile market. (a) What alternatives are available? (b) What
advantages/disadvantages do ceramics have over the alternatives? (c) What factors do you think influence the
total amount of ceramic floor tiles used?

Gerber, the baby food manufacturer, is replacing most of its glass baby food jars with plastic. Miller Brewing
Co. now sells some of its popular beers in plastic containers. Compare glass and plastics in terms of their
application for packaging food and beverages.

The steel industry is the major consumer of refractories. What other industries might be users of this ceramic
product?

Pearls and garnets are both examples of gems. We classify garnet as a ceramic. Would you classify pearl as
a ceramic? Briefly justify your answer.

1.10 Some nuclear reactors use MOX fuel. What is MOX and is it a ceramic?
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Some History

In this chapter we present a brief history of ceramics and glasses. Because of the length of
time over which they have been important to human existence it would be possible, indeed it
has been done, to fill entire volumes on this one topic. We do not have the luxury of spending
so much time on any one topic but history is important. In ceramics, it helps if we understand
why certain events/developments occurred and when and how they did. We are really interested
in setting the scene for many of the subsequent chapters. The earliest ceramics that were used
were flint and obsidian. These exhibit conchoidal fracture like many modern day ceramics,
such as cubic zirconia and glasses. This property enabled very sharp edges to be formed, which
were necessary for tools and weapons. During the latter period of the Stone Age (the Neolithic
period) pottery became important. Clay is relatively abundant. When mixed with water, it can
be shaped and then hardened by heating. We will describe the different types of pottery and
how the ceramics industry developed in Europe. The Europeans were not responsible for many
of the early inventions in pottery; they were mostly trying to copy Chinese and Near East
ceramics. Europe’s contribution was to industrialize the process. We are also going to describe
some of the major innovations in ceramics that occurred during the twentieth century, such as
the float glass process, bioceramics, and the discovery of high-temperature superconductivity.
These developments are important in defining the present status of the field and also give some
indications of areas in which future innovations may occur. We will conclude the chapter by
giving information about museums that have major collections of ceramic materials as well as

listing the relevant professional societies.

2.1 EARLIEST CERAMICS: THE
STONE AGE

Certain ancient periods of history are named after the
material that was predominantly utilized at that time. The
Stone Age, which began about 2.5 million years ago,
is the earliest of these periods. Stone, more specifically
flint, clearly satisfies our definition of a ceramic given in
Chapter 1.

Flint is a variety of chert, which is itself cryptocrystal-
line quartz. Cryptocrystalline quartz is simply quartz (a
polymorph of Si0O,) that consists of microscopic crystals.
It is formed from silica that has been removed from sili-
cate minerals by chemical weathering and carried by
water as ultrafine particles in suspension. Eventually, it
settles out as amorphous silica gel containing a large
amount of water. Over time, the water is lost and small
crystals form, even at low temperatures. During settling,
the chemical conditions are changing slowly. As they
change, the color, rate of deposition, and texture of the
precipitate can also change. As a result, cryptocrystalline
quartz occurs in many varieties, which are named

2.1 EARLIEST CERAMICS: THE STONE AGE

based on their color, opacity, banding, and other visible
features. Flint is a black variety of chert. Jasper is a red/
brown variety.

Flint is easily chipped and the fracture of flint is con-
choidal (shell-like), so that sharp edges are formed. The
earliest stone tools are remarkably simple, almost unrec-
ognizable unless they are found together in groups or with
other objects. They were made by a process called per-
cussion flaking, which results in a piece (a flake) being
removed from the parent cobble (a core) by the blow from
another stone (a hammer-stone) or hard object. Both the
flake and the core have fresh surfaces with sharp edges
and can be used for cutting. While pebble tools do have a
cutting edge, they are extremely simple and unwieldy.
These basic tools changed, evolved, and improved through
time as early hominids began to remove more flakes from
the core, completely reshaping it and creating longer,
straighter cutting edges. When a core assumes a distinc-
tive teardrop shape, it is known as a handaxe, the hallmark
of Homo erectus and early Homo sapiens technology.
Figure 2.1 shows an example of a stone tool made by per-
cussion flaking that was found in Washington State.



FIGURE 2.1 Example of a stone tool made by percussion flaking.
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FIGURE 2.2 Chronology of the Stone Age.
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Christian Thomsen first proposed the division of
the ages of prehistory into the Stone Age, Bronze Age,
and Iron Age for the organization of exhibits in the
National Museum of Denmark in 1836. These basic
divisions are still used in Europe, the United States,
and in many other areas of the world. In 1865 English
naturalist John Lubbock further divided the Stone
Age. He coined the terms Paleolithic for the Old Stone
Age and Neolithic the New Stone Age. Tools of flaked flint
characterize the Paleolithic period, while the Neolithic
period is represented by polished stone tools and pottery.
Because of the age and complexity of the Paleolithic,
further divisions were needed. In 1872, the French pre-
historian Gabriel de Mortillet proposed subdividing the
Paleolithic into Lower, Middle, and Upper. Since then, an
even earlier subdivision of the Paleolithic has been desig-
nated with the discovery of the earliest stone artifacts in
Africa. The Basal Paleolithic includes the period from
around 2.5 million years ago until the appearance and
spread of handaxes. These different periods are compared
in Figure 2.2.

Stone tools that were characteristic of a particular
period are often named after archeological sites that typi-
fied a particular technological stage.

m Oldowan pebble tools were found in the lowest and
oldest levels of Olduvai Gorge.

® Acheulean handaxes are named after the Paleolithic
site of St. Acheul in France, which was discovered in
the nineteenth century.

m Clactonian chopping tools are named after the British
site of Clacton-on-sea, where there is also the ear-
liest definitive evidence for wood technology in the
prehistoric record—the wood was shaped using flint
tools.

= Mousterian flake tools are named after a site in France.
The later blade tools are flakes that are at least twice
as long as they are wide.

Another important ceramic during the Stone Age was
obsidian, a dark gray natural glass precipitated from
volcanic lava. Like other glasses it exhibits conchoidal
fracture and was used for tools and weapons back into the
Paleolithic period.

2.2 CERAMICS IN
ANCIENT CIVILIZATIONS

The oldest samples of baked clay include more than 10,000
fragments of statuettes found in 1920 near Dolni Ves-
tonice, Moravia, in the Czech Republic. They portray
wolves, horses, foxes, birds, cats, bears, or women. One
of these prehistoric female figures, shown in Figure 2.3,
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FIGURE 2.3 A 25,000-year old baked clay Pavlovian figurine
called the “Venus of Vestonice”; found in 1920 in Dolni Vestonice
in the Czech Republic.

remained almost undamaged. It was named the “Venus of
Vestonice” and is believed to have been a fertility charm.
The absence of facial features on this and other “Venus”
figures is causing many anthropologists to rethink the role
these figures might have played in prehistoric society. The
statuette stands about 10cm tall and has been dated as far
back as 23,000 BCE. One of the most recent archeological
finds was made in the caves of Tuc d’Audobert in France,
where beautifully preserved clay bison have been found
that are estimated to be 12,000 years old.

The earliest archeological evidence of pottery produc-
tion dates back to about 10,000 BCE and the discovery
of fragments from a cave dwelling near Nagasaki, Japan.
This type of pottery is called Jomon pottery because
of the characteristic surface patterns, which were
made with a twisted cord. Jomon means “cord pattern.”
The pottery also featured patterns made with sticks,
bones, or fingernails. These vessels, like those produced
in the Near East about 10,000 years ago, were fired at
a low temperature compared to modern day pottery
production.

By 6400 BCE, pottery making was a well-developed
craft. Subsequent developments in the history of ceramics
are shown in Figure 2.4. We will be describing some of
these in a little more detail in later sections of this
chapter.
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FIGURE 2.4 The “flow” of ceramic history illustrates the mainstreams of earthenware, terra cotta, and
stoneware, of “triaxial” hard-paste porcelain, of quartz-based bodies, and of tin-glazed ware. Some important

shaping and decorative techniques are illustrated, but the diagram is far from complete.
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FIGURE 2.5 Abundance of common elements in the earth’s crust.

2.3 CLAY

Silicate minerals make up the vast majority of the earth’s
crust, which is not surprising if we consider

m The abundance of Si and O (Figure 2.5)
® The high strength of the Si—O bond (Table 2.1)

Since silicate and aluminum silicate minerals are widely
available, they are inexpensive and form the backbone of
the traditional high-volume products of the ceramic indus-
try. Their abundance also explains why earthenware prod-
ucts are found in nearly every part of the world. The
situation is very different with regard to kaolinite, the
essential ingredient, along with feldspar and quartz,
needed to make porcelain, by far the finest and most
highly prized form of ceramic. Kaolin deposits are more
localized. There are excellent deposits, for example, in
southwest England. In the United States most kaolin comes
from the southeast between central Georgia and the Savan-
nah River area of South Carolina.

Clay minerals remain the most widely used raw mate-
rials for producing traditional ceramic products. The total
U.S. production of clays is about 40 million tons per year,
valued at $1.5 billion.

TABLE 2.1 Bond Strengths with Oxygen

Bond Strength (kJ/mol)
Ti-O 674

Al-O 582

Si-O 464

Ca-O 423

Mn2-O 389

Fe®*-O 389

Mg-O 377

22+ state.
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FIGURE 2.6 Large “grains” of mica clearly show the lamellar
nature of the mineral. Two orientations are present in this one
piece.

The clay minerals are layered or sheet silicates with a
grain size <2um. Chemically they are aluminosilicates.
In nature, mica (shown in Figure 2.6) is constructed by
stacking layers together to form sheets. Kaolinite has a
related structure but tends to have smaller “grains.” Rocks
that contain a large amount of kaolinite are known as
kaolin. When the sheets are separated by films of water,
the platelets slide over one another to add plasticity to the
mixture. This plasticity is the basis of the use of clay for
pottery. Moreover, when the clay—water mixture is dried
it becomes hard and brittle and retains its shape. On firing
at temperatures about 950°C, the clay body becomes dense
and strong. In Chapter 7 we describe the structures of
some of the important clay minerals, including kaolin.

2.4 TYPES OF POTTERY

Pottery is broadly divided into

m Vitrified ware
m Nonvitrified ware

The classification depends upon whether the clay was
melted during the firing process into a glassy (vitreous)
substance or not. Within these divisions we have the
following:

® Earthenware is made from red “earthenware clay” and
is fired at fairly low temperatures, typically between
950 and 1050°C. It is porous when not glazed, rela-
tively coarse, and red or buffcolored, even black after
firing. The term “pottery” is often used to signify
earthenware. The major earthenware products are
bricks, tiles, and terra cotta vessels. Earthenware
dating back to between 7000 and 8000 BCE has been
found, for example, in Catal Hiiyiik in Anatolia
(today’s Turkey).
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