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I was born and raised in the Yakima Valley of eastern Washington state. My parents had
homesteaded there in 1948, creating a ranch and farm in the middle of largely unirrigated,
unpopulated land punctuated with sagebrush. We had no neighbors that I could see to the
north, at the base of the Rattlesnake Mountains, and few to the south, east, or west. A two-lane
dirt road ran by our house, which was later covered with gravel. During the summer months,
after our chores were done, I would ask for my parents’ permission to walk up and down that
road for a certain distance to look for agates. But I collected more than agates; I collected all
manner of interesting rocks, including chunks of quartz, mica, feldspar, and granite.

At night, there were no outdoor lights to diffuse the brightness of the stars. In fact, the Milky
Way was a very large stripe across the sky. In the fall of 1957, my parents and I lay on the grass
and looked for the first satellite launched into space—a Russian silver sphere called “Sputnik.” It
was during that time that I formed my own dreams to fly in space. Little did I realize at the time
that my rock collection and flying in space would have something in common: they were both
dependent upon chemical compositions, which we call “ceramics.”

How these two apparently diverse worlds are joined is eloquently explained in The Magic of
Ceramics by David W. Richerson. This wonderfully unique and readable book describes how
humans have taken the rocks around us and, through chemistry, heat, and advanced technolo-
gy, made them into glass, fiber optics, electronic and computer components, motor parts, ten-
nis rackets, art work—in fact, the core of today’s civilized technological society.

Materials have been referred to as the “enabling technology” of all other new engineering
endeavors. Within this realm fall metals, organics, and ceramics. Readers may not be familiar
with the breadth of “ceramics,” but they will find described in these pages the many applica-
tions of ceramics in their lives. Additionally, they will be given the opportunity to understand
how and why ceramics work in the applications described. For example, the author summarizes
the historical evolution of high-temperature inorganic nonmetallic chemistry in the chapter
“From Pottery to the Space Shuttle.” He discusses how ceramics have formed the core of art
since antiquity in “The Beauty of Ceramics,” and how variations in the atoms of a single ceram-
ic compound can change the mechanical and optical properties of the material in “Ceramics
and Light.” Ceramics are central to developments in bioengineering and medicine, energy and
pollution control, and could revolutionize electronics through new nanotechnology research.

Our world revolves around ceramics on a daily basis; we may utilize a computer dependent
upon a ceramic integrated circuit, gaze out glass windows, drive our automobiles powered with
ceramic component engines, walk on concrete walks, eat from china dishes, admire a new glass
sculpture, hit a few golf balls with a composite five iron, send data over high-speed glass fiber
optics, or brush our teeth over a porcelain sink. The reader will gain a better appreciation of all
of these applications in The Magic of Ceramics. The author has translated a very complex and
technical subject with the inherent fundamentals of chemistry, physics, and mathematics into a
readable, engaging, and interesting text.

It is also my hope that the readers will gain a better appreciation for the researchers, engi-
neers, and technologists who dedicate their lives to better understanding the composition and
properties of ceramic materials and to the development of new materials—even to the extent of
manipulating individual atoms.

My rock-collecting days were ended when my mother inadvertently pulled open the top
drawer of my dresser a bit too far and it fell rapidly to the floor, narrowly missing her feet. All
those years of collecting had yielded a sizeable poundage of rocks. I eventually attended the
University of Washington, where I was introduced to ceramic engineering by then department
chair Dr. James I. Mueller. The department also had a NASA grant to help develop the ceramic
tiles that cover the exterior of the Space Shuttle. It was enough to lead me through two degrees
in ceramic engineering. A decade later, I was selected to be a Space Shuttle astronaut. My career
as an astronaut continues and, as I now well know, the Space Shuttle program depends upon
many ceramic material applications: from the quartz windows, to the computer components, to
the heat resistance properties of the ceramic tiles. The reader will also learn much more than I
knew during my rock-collecting youth. It is my privilege to have been a part of the ceramic
engineering discipline and to provide this foreword for The Magic of Ceramics.

BONNIE J. DUNBAR, PH.D.
NASA Astronaut



INTRODUCTION

Ceramics are amazing materials! some are deiicate

. and fragile; others are so strong and durable that they are used to

reinforce metals and plastics. Some ceramics are transparent. Others
are magnetic. Many ceramics withstand temperatures many times

the temperature of your oven and are untouched by erosion and cor-

rosion that destroy metals in days. Ceramics have so many different
characteristics and make so many things possible in our modern

society that they seem magical.

Without ceramics we wouldn’t have television, minia-
ture computers, the Space Shuttle, CDs, synthetic gem-
stones, or even cars. We wouldn’t be able to refine
metals from ores or cast them into useful shapes. We
wouldn’t have many of the modern tools of medicine
such as ultrasonic imaging, CT scans, and dental reconstructions.

How can ceramics do so many things? Seems like magic,
doesn't it?

Have you ever seen a magician perform an amazing feat
and wonder how it was possible? No matter how spectacular
the illusion, there is always an explanation or trick, and often
the trick is as fascinating as the illusion. The magic of ceramics

' is much the same—the feats and explanations are equally
h ” amazing. Reading this book will show you some of the magic
Ty that ceramics do and will explain the fascinating science that

makes the magic work.



You’ll learn how ceramics interact with light to
produce great artistic beauty and to make the laser

possible; how some ceramics can be stronger than

I,""‘~ |
. oy
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Ceramics touch and enrich our lives in so many ways! yi W

steel and are used for inline skates and bullet-
proof armor; how magnetic ceramics made the
first computers possible and are the secret
behind recording tape and CDs; and how a

whole new field of “bioceramics” has emerged to

enable miraculous medical cures and repairs.

I take great pleasure in sharing some of that magic

with you!
DID YOU KNOW?
B Some ceramics are so strong B Some ceramics conduct
that a one-inch diameter cable electricity better than metals

could lift 50 automobiles
B Diamonds, rubies, and cubic

B Enough fiber-optic cable has zirconia are ceramics
been installed to go to and
from the moon 160 times B Glass microspheres smaller
than a hair provide a promis-
B More than three million spark ing new liver cancer treatment
plugs are manufactured
each day B Enough ceramic tiles are
produced each year to pave a
B Ceramic automotive emission path 300 feet wide around
control systems have saved us the world
from 1.5 billion tons of pollu-
tion since 1975 B Ceramic fiberglass house
insulation has conserved more
B Each year about one ton of than 25,000,000,000,000,000
cement is poured for each Btu of heat since 1938

person on earth
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CHAPTER 1

t's hard to imagine the tremendous role that ceramics play
in our everyday lives. Ceramics come in nearly infinite

forms and behave in equally diverse ways. Nearly every-
PRODUCTS AND USES

thing we do brings us in contact with either ceramics or
Brick, block, cement

something that was made using ceramics. In fact, Secticl s

Television parts
. . . Watch, clock
ceramics are virtually our constant companions; they S S P
Windows, mirrors
. . . . Knick-knacks
affect our daily lives in ways that border on the magical. Malhets
Dishes, glasses
Lightbulbs

Water faucet seals

If you think of ceramics only as decorative materials or

“the stuff that dishes and toilets are made of,” you're Toilets, sinks

. . Ingredients in cosmetics

overlooking an important part of your world. RRBand scissoradsiilie:

Computer, printer parts
Sporting goods

FROM STONEWARE TO SUPERCONDUCTORS Buttons

. Wall and floor tiles
What, exactly, are these remarkable materials that have

such an effect on our lives? One highly regarded professor and

author (W. David Kingery, in his classic text Introduction to

Ceramics) defines ceramics as “the art and science of making and using
solid articles which have as their essential component, and are composed
in large part of, inorganic, nonmetallic materials.” Simply stated, most
solid materials that aren’t metal, plastic, or derived from plants or animals
are ceramics.

As you might imagine from this definition, the term ceramics cov-
ers much ground: from traditional ceramics such as pottery, tile, and glass
that date from antiquity to amazing new advanced ceramics that sport
strange names like silicon nitride, aluminum oxide, and cordierite. Even
synthetic gemstones such as ruby, sapphire, and cubic zirconia are ceram-
ics. What would we do without glass or bricks or concrete? Although these
traditional ceramics have been used for centuries, they are still a vital part
of our lives. They’re everywhere we look. Even advanced ceramics have
entwined themselves in our daily lives in an incredible number of hidden,
and often magical, ways. To initiate your entry into the world of ceramics,
let’s take a ceramic tour of your own everyday world. You may find it sur-
prisingly familiar. I hope you’ll then join me for a more in-depth look into
the magic of ceramics.




CERAMICS IN YOUR HOME

Wake-up Call

Good morning! If your world’s anything like mine, ceramics just
woke you from a peaceful sleep. Chances are, your clock or clock radio has
an alarm buzzer made from an advanced piezoelectric ceramic. This unusual
ceramic vibrates with a loud noise when electricity is
applied. If your clock has a quartz mechanism, as most
clocks and watches now do, a tiny slice of vibrating piezo-
electric quartz ceramic is the timekeeper. However, in this
case the vibrations are so rapid and small that you can’t
hear them. Most people have never heard of piezoelectric
ceramics, but piezoelectrics are the secret behind a wide
variety of products ranging from underwater sonar (sub-
marine searchers) to medical ultrasonic scans to “smart”
skis. The secrets of these and other surprising piezoelectric
applications are presented in Chapter 7.

Does the face of your alarm clock glow? This glow
also may be due to a ceramic, one with the exotic name
electroluminescent. The glow is caused by electricity passing
through a very thin film of this special ceramic. The
clockmaker can control even the color of the glow by
selecting the presence of certain atoms in the ceramic.
Electroluminescent ceramics also light the instrument
panel in your car, the face of many wristwatches, and

your cellular phone. Electroluminescence and other ways

Figure 1-1. Ceramic electrical insulation such as that .. . . .
used in houses and buildings. (Photograph courtesy of that ceramics interact with light or produce light are

Rauschert Industries, Inc., Madisonville, TN.)

/9 THE MAGIC OF CERAMICS

described in Chapter 4.

Perhaps you prefer to awaken to the sound of soft music from
your clock radio. The radio itself is full of ceramic electrical devices
(capacitors, insulators, resistors), all working together to soothe you or
get you on your feet.

Before you jump out of bed, though, just lie there a minute, stretch
your muscles, and survey your room to begin our tour. Note the glass mir-
ror on the dresser and, possibly, the porcelain drawer knobs. Glass also
may shield numerous pictures on your walls. The early morning sun
streams in through your glass windows, and decorative glass covers your
overhead lighting. The light bulbs in your nightstand lamps are glass, as
are the vase on the table in the corner and the bottles of colognes,



cosmetics, and lotions on your vanity. Although you can’t see inside your
bedroom walls, the studs are covered with ceramic plasterboard, and the
electrical outlets and lights have hidden ceramic insulators. Some of the
wall paint even contains ceramic pigments. Flip on the bedroom TV, if you
have one, to catch the morning news. Your television is loaded with
ceramic parts including the glass screen, the ceramic phosphors that pro-
duce the color, and numerous capacitors, insulators, resistors, and integrated
circuits (we'll discuss these all in later chapters).

Well, it’s time to drag yourself to the shower to freshen up. What do
you see in the bathroom? More ceramics. As a matter of fact, your bath-
room probably has more pounds of ceramic per square foot than any other
room in your house. The mirrors and lights are glass. The toilet and sink
are ceramic, and the tub is lined with porcelain enamel or constructed
completely from glass-fiber-reinforced plastics. The floor, the counter
around the sink, and the whole shower/tub compartment may be protect-
ed by colorful ceramic tiles. Besides offering beauty, these tiles provide an
easy-to-clean surface that has dramatically improved sanitation and
health. Ceramic tile has become so universally accepted that enough
ceramic tiles are manufactured in the world each year to pave a road the
width of three football fields encircling the entire Earth.

Like the bedroom, the bathroom also contains hid-
den ceramics. The water faucet valve that mixes hot water

L
with cold and also seals against leaks is probably ceramic. ﬂ”de’ ”y/ \/

The thermal and electrical insulation, and maybe even the
heating element, in your hair dryer and in the space heater
for cold mornings are ceramic. If you have an ultrasonic den-

ture cleaner, the source of vibration is another piezoelectric Enough ceramic tiles are
ceramic. Even your electric toothbrush might contain ceram- manufactured each year to pave

ics doing their hidden magic. Surprisingly, ceramic powders | @ r0ad the width of three football
fields completely around

may be hiding in some of your cosmetics, too. For example,

boron nitride is commonly added to facial makeup. Boron

—\

/dC[S

the world.

nitride, which is white like talcum powder (also ceramic), is
made up of tiny flat particles that smear onto a surface (such as your face)
to produce a smooth, soft texture.

After showering and shaving, you may return to the bedroom to
dress. The buttons on your shirt or pants could be ceramic. If so, they can
withstand the most active person and the most abusive laundry situations.
The stones in youf rings may be cubic zirconia or even synthetic ruby or
diamond. Do you wear eye glasses and a wristwatch? Your watch, like your
clock, most likely has a glass cover, an electroluminescent dial, a quartz

Our Constant Companions Q\



Figure 1-2. Ceramic water-faucet seals manufactured by
Saint-Gobain/Carborundum Structural Ceramics, Niagara
Falls, N.Y. (Phatograph by D. Richerson.)

piezoelectric mechanism, a piezoelectric
alarm, and even a lithium battery containing
ceramics. If it’s a digital watch, it has a liquid crys-
tal display (not ceramic) sandwiched between special
protective glass layers. Your watch is a marvel of

miniaturization and precision. You may be
lucky enough to have a special watch such as
those made by the Rado company, with a
cover glass fabricated from synthetic sapphire
and its bezel and wristband links shaped from
a special new ceramic called transformation-
toughened zirconia (another ceramic that we’ll discuss

later). Such watches are nearly scratch-proof and works of art.

As you leave the bedroom and enter the hall, you may pass your
children’s rooms and perhaps another bathroom. Unless you're braver
than I or have to venture in to wake the kids, you may want to use your
already broadening knowledge to imagine the ceramics buried among their
backpacks, shoes, and days-old laundry. In the hall, you should pass a
smoke detector and perhaps a carbon monoxide detector. The indicator
lights on both life-saving devices are made of light-emitting ceramic parts,
and the sensor in the carbon monoxide detector is ceramic.

Figure 1-3. Ceramic buttons manufactured by Coors Figure 1-4. Beautifully crafted Rado watch fabricated mostly from ceramics.
Ceramics, Golden, Co. (Photograph by D. Richersan.) {Phatograph courtesy of the Rado Watch Co., Ltd., Lengnou, Switzerland.)

F 9 THE MAGIC OF CERAMICS



Figure 1-5. Steps in the fabrication of the watch glass and bezel of a Rado watch. (Samples courtesy
of the Rado Watch Co., Ltd., photograph by D. Richerson.)

Food for Thought

Time for breakfast, at last! Your kitchen is positively loaded with
ceramics: drinking glasses, dishes, storage containers, and cookware. Some
of the dishes represent a technology unheard of only years ago. For exam-
ple, you may have breakage-resistant Corelle dishes. These magical, bouncing
dishes are created by heating special layers of ceramic that each respond to
heat in different ways. When the newly created dishes are cooled, their
inside layers shrink more than their outside layers. This shrinkage pulls the
outer layers tightly together, making the ceramic dishes many times
stronger than traditional dishes. Such plates rarely break when dropped or
accidentally banged together because technology has turned them into
superceramics of everyday life.

What other items do you see in your kitchen? Do you have a
ceramic tea kettle on the stove, a slow cooker, or an electric mixer with
glass bowls? How about the bottles in your spice rack, cupboards, or refrig-
erator? Open your refrigerator door. What holds the door closed? The seal
is probably a thin strip of a rubberlike polymer filled with ceramic magnetic
particles. You most likely also have a few ceramic magnets on the outside
of your refrigerator door holding up messages, cartoons, or bits of family
philosphy. (Ours are encased in colorful, plastic fuzzy creatures that hold
up a cartoon of a mother with her hands in the air and a distressed expres-
sion, accompanied by the words, “Insanity is hereditary, you get it from
your children.”)

Our Constant Companions Q\



HOUSEHOLD MAGNET APPLICATIONS

Electric Shaver, Tooth Brush, Hair Dryer
\ Exhaust Fans
Refrigerator, Freezer, Food '

|
Processor, Can Opener, Mixer T?ys \ TV, VCR, Tape Deck
Remote Controls, etc.

Vacuum Cleaner |

/
Personal Computer, Printer, \\ \
Fax Machine, Telephone

Washer & Dryer

Garage Door Opener

Workshop Tools:
Saw, Drill, etc

Yard Tools
Trimmers, Mower

Furnace, Air Conditioner

Figure 1-6. Ceramic magnets in a typical house. (illustration courtesy of Group Arnold, Marengo, IL.)

Figure 1-7. (Below) Ceramic scissors and large kitchen knife by Kyocera. (Photograph by D. Richerson.)

Your kitchen probably also has a clock, a window, and maybe even

a skylight, all containing transparent glass. We have a window over our

sink. Hanging in front of the window are plants in ceramic pots cradled in

macrame slings with ceramic beads. An artistic, circular stained-glass image
of a butterfly on a flower enhances the early morning light.

After all this work looking for
ceramics, you're probably hungry. You may

T —— cO0k your bacon and eggs in a ceramic

skillet on a ceramic stovetop, cut your
/ bread with a ceramic knife that never dulls, and pre-
e pare a waffle or toast in an appliance with ceramic

parts. And you almost certainly will serve your

breakfast on a ceramic plate, fill a ceramic mug with
coffee—or a glass with juice or milk—and head for the dining area.

The dining room in our house is a small area just on the other side
of the kitchen counter, where a large, glass-topped table consumes most of
the space. Somehow we managed to squeeze in chairs, a bookcase, a TV
stand complete with TV, a series of shelves under the window completely
covered with plants (many in ceramic pots), a small refrigerator that

THE Macic oF CERAMICS



mysteriously consumes at least a six-pack of soft drinks each day, and a
large buffet. The top of the buffet is covered with family photographs
in glass-faced frames. Each holiday, the top of the buffet sprouts a new
assortment of seasonal ceramic knick-
knacks: a ceramic Santa Claus collec-
tion, an Easter egg tree with ceramic and
real eggs, and so on throughout the year.

The Rest of the House

The family room in most homes
is another source of ceramics. Think a bit

while you eat breakfast. Does your family

room have a television? You might have - P S ~
a stereo, too, which contains numerous £ (“""'
ceramic components. Family rooms usu- | o

ally have lots of pictures, lamps, and |

candy dishes. You might have a chess set Figure 1-8. The author’s dining room, showing the table set with ceramic
. . . . dishes, and glasses and the buffet in the background, decorated with ceramic
with ceramic pieces, a game of Chinese knickknacks. (Photograph by D. Richerson.)

checkers with glass marbles, or a cribbage

board with ceramic markers. Some family rooms have pianos, which often
are topped with ceramic knickknacks or family pictures in ceramic frames.
What is the source of lighting in your family room? Do you have a skylight
or a patio door or windows? Our family room is well lit with the soft lumi-
nescence from fluorescent lights, which produce the light with a ceramic
phosphor as we’ll discuss in Chapter 4.

The living room or great room probably has the least ceramics in
your home. Although it has no appliances, it may hold an assortment of
glass-covered art, ceramic figures,
and potted plants. The end tables
and coffee table may be glass

topped. Our great room has a
Tiffany-style light fixture over the
formal dining table. If you have a
fireplace in your living room, it
undoubtedly has a ceramic brick
hearth.

Figure 1-9. Hummel ceramic figurines. (Photograph Most homes have base-
by D. Richerson.) ments, or at least crawl spaces. Our
basement has an office, a laundry room/furnace room, a recreation room, a
hobby room, and lots of space to store the off-season ceramic knickknacks.

Our Constant Companions Q\



Figure 1-10. A variety of ceramic items, including the tips of ball-point pens, scissors, knives, and a
golf putter. (Photograph courtesy of the Kyocera.)

The computer, fax, and printer in my office contain numerous ceramic

parts and would not work without them. If you have a home office, your
desk is likely filled with small objects that may boast ceramic parts: ceramic-
tipped letter openers, scissors, and even pens with ceramic nibs. Do you

have an office coffee pot? How about a touch-tone telephone? A clock? A

tile floor? In the laundry room, your washing machine has a ceramic seal
to keep the water from flooding the room, and your gas dryer has a ceram-
ic igniter to light the gas each time you turn on the dryer.

Off to Battle

vl \
amazing) <

/.chts

Fiberglass housing insulation was
introduced in 1939 and has
resulted in estimated energy
savings of more
than 25,000,000,000,000,000
(25 quadrillion) Btu.
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Well, the light coming in higher through the windows
should tell you it’s time to get going. What would life be like
without glass to let the light in and keep the weather and bugs
out? In fact, ceramics do duty outside the house as well as
inside. Your house, as mine, may be covered with brick. The
walls and attic are probably filled with fiberglass (another hid-
den ceramic) insulation to protect you from the heat and cold.
Fiberglass housing insulation, introduced in 1939, has resulted
in estimated energy savings of more than
25,000,000,000,000,000 (that’s 25 quadrillion) Btu, enough to
provide all the energy needs of North America for two years.
Even the shingles on the roof contain glass fibers. You'd cer-
tainly notice if these ceramic materials weren’t there, especially
if it’s rainy or cold this morning. Behind our house, a concrete



patio supports a glass-fiber-reinforced spa with ceramic working parts and
pump seals.

For most of us, the trip to work or school starts in the garage. Our
garage has a concrete floor, brick walls, fluorescent lighting, and an auto-
matic garage-door opener containing ceramic parts to make it open and
close on command. The driveway, sidewalk, and porch also are concrete.
Concrete, in fact, may be the most abundant ceramic in the modern
world. Each year, roughly one ton of concrete is produced for
every man, woman, and child on Earth, now about
6,000,000,000 of us in all.

L
Most of us use some type of motor vehicle to get to d’”dz / ”ﬂ/ \/

work or school. Cars, trucks, and buses are loaded with ceram-
ics. As a matter of fact, the typical automobile has more than
100 critical ceramic parts. (We'll talk about many of them in

Chapter 9.) As you drive to work or school, you use signal is pr

lights enclosed in glass to safely navigate through intersec- every man, woman, and child

tions. If you drive at night, your safety is further protected by
the yellowish sodium vapor lamps lining urban streets. These

About one ton of concrete

|

fdcts

oduced each year for

on Earth!

lamps owe their existence to advanced ceramics, as you will

learn in Chapter 12. The buildings you pass are built mostly of brick, con-
crete, and glass. You may even drive part of the way on a concrete high-
way. The painted lines on the road contain reflective ceramic particles that
make them easy to see in the dark and also more resistant to wear and tear.
Some of the traffic signs contain ceramic powders to make their warnings
more visible in dim light. The cellular phone you use to keep in touch
with the office or your family uses ceramic filters to screen out radio
waves, TV signals, and police communications that would interfere with
proper reception.

CERAMICS ON THE JOB

The building where you work or go to school, like those you passed
on your way, probably is constructed with ceramic materials similar to
those in your home. Most office buildings house computers, fax machines,
copiers, printers, calculators, and touch-tone telephones, all of which con-
tain critical ceramic parts. Schools have much the same equipment. One of
your co-workers or one of your children’s teachers may wear a pacemaker
to control his or her heartbeat. Pacemakers have ceramic sheaths that carry
wiring to them from their power pack, ceramic capacitors that enable
them to store their life-giving energy, and often ceramic cases to protect
them from body chemicals. Another teacher or co-worker may have a
ceramic hip replacement. Most likely, you and most of the people you
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know and work with have expe-
rienced some sort of dental or
medical work involving ceram-
ics within the past few years.

Your work day may involve
ceramics in more direct ways,
too. Obviously, mine does, but
many other workplaces, such as

: school cafeterias and science
Figure 1-11. Ceramic labware for chemical studies . X

and analysis, manufactured by Coors Ceramics, Inc, ~ 1aboratories, machine shops,
Golden, CO. (Photograph by . Richerson.) medical facilities, restaurants,
city water plants, and even grocery stores, use ceramics in important ways
every day. Some workplaces have laboratories with ceramic equipment for

chemical analysis or experimentation.

CERAMICS ELSEWHERE

If you have to stop at the supermarket on your way home from work
or after you pick the children up from school, you may be surprised to
learn that ceramics create everyday magic there, too. The laser scanner at
the checkout counter is an example. The laser itself is made possible by
ceramics. When laser scanners first came out, the transparent “window”
through which an item’s bar code is read was made of glass. Glass, howev-
er, tended to get scratched by all the cans and other items sliding over its
surface. (You've probably tapped your foot in a checkout line while the
cashier tried several times, without success, to get the scanner to read the

Figure 1-12. Transparent sapphire scanner plate for a laser bar code reader in a supermarket.
(Photograph courtesy of Saphikon Inc., Milford, NH.)



price on your item.) For more efficient operation, scanner plates now are
fabricated from sheets of synthetic ruby or sapphire, which are much harder
than glass and resist scratching.

Do you pass any electrical power transmission lines on your way
home from work? The odd-shaped insulators that separate the electricity-
carrying metal wires carrying the electricity from each other and from the
tall metal or wood towers are ceramic. And ceramics are required in many
ways during the generation of electricity, whether the plant is powered by
coal, nuclear energy, hydroelectric power, gas turbines, or even wind. The
importance of ceramics now, and this increasing importance in the future,
to energy production and pollution reduction are described in Chapter 12.

You may pass a chemicals plant, a paper mill, a semiconductor
plant, or an automobile manufacturing plant on your drive home, all of
which use ceramics. It’s hard to imagine an industry that does not depend
heavily on ceramics. Some fascinating examples are included in Chapters
10 and 11.

Is it time to see your doctor for a yearly checkup? Ceramics do
heavy-duty work in doctors’ offices, clinics, and hospitals as key compo-
nents in X-ray, CAT-scan, laser, and ultrasonic-imaging equipment. They
are sterile containers for blood, urine, and bacterial cultures. Ceramics
even are used extensively in surgery, especially to allow modern noninva-
sive endoscopic examinations and surgical procedures such as knee repairs
and gall bladder operations. You'll be amazed at the medical applications
of ceramics reviewed in Chapter 8.

Do you go out to eat with your family at the end of a long day?
Ceramics are busy at work in restaurants just as they are in your kitchen at
home. Even fast-food restaurants and the food services in malls and gaso-
line stations depend on ceramics. For example, next time you fill your
glass from a soft-drink dispenser, take a closer look. The mixing valve that
meters the syrup and carbonated water and guides the flow into your glass
is often ceramic.

CERAMICS AT PLAY

Of course, most of us have another important life after work and on
weekends. We may go to the lake, catch a game of tennis, drop the kids off
at a soccer match, or take in a baseball game with our family. Most sports
rely on ceramics in one way or another. Baseball bats sometimes contain a
ceramic core or ceramic fibers to strengthen them. Skis (for both water and
snow), paddles for canoes and kayaks, hockey sticks, and tennis rackets are
all strengthened by ceramic fibers. Nearly all recreational boats are reinforced
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Figure 1-13. Golf putter and cleats made from ceramic materials by Coors Ceramics, Inc., Golden,
CO. (Photograph by D. Richerson.)

with glass fibers to protect them from damage as they streak through the
waves. Bowling balls often have ceramic cores that increase the amount of
energy transferred from the ball to the pins by about 5%. Ceramic core
bowling balls “hit harder.” Golf-club shafts frequently are reinforced with
carbon fibers to increase strength and stiffness, and the heads of some put-
ters are made of specially toughened zirconia (an advanced ceramic that
will be explained in Chapter 5), as are new golf cleats that provide good
traction without damaging the greens. Maybe your favorite entertainment
is travel, or watching television, or astronomy. Guess what? You're right—
ceramics are there to help you again!

OVERVIEW: MOVING ON

It’s time to move on, even though we’ve barely scratched the surface
of the world of ceramics. Ceramics truly are everywhere. Their amazing
range of properties and uses has brought us many of the remarkable
technologies and products that define modern civilization. (That’s where
piezoelectrics, phosphors, fluorescence, zirconia, and electroluminescence
come in.) Ceramics also add to the quality of our life through their beauty.
They enhance our lives by their constant usefulness. Equally important,
they play a critical role in electronics, communications, transportation,
manufacturing, energy generation, pollution control, medicine, defense,
and even space exploration. They have filled our past, and they enrich our
present. They will pave the path to our future. Before you learn some of
the science behind the magic of ceramics and explore important uses
for ceramics, let’s go back in time and see how ceramics evolved from
its origin as pottery to high-technology modern applications such as in
the Space Shuttle.
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CHAPTER 2

istory and ceramics are intertwined. Advances in civiliza-

tion have always followed advances or innovations in
materials. As archaeologists and anthropologists tell us, one of the
first steps in human development was taken when early cultures
learned to use natural materials, such as wood and rock,

as tools and weapons. The next step began when they PRODUCTS AND USES

‘ Traditional Ceramics

learned to use rocks to chip other rocks, such as chert Earthenware pottery

Stoneware, porcelain

and obsidian (volcanic glass), into more efficient tools Bricks and tiles
Mortar, cement, plaster
and weapons. So important was this use of natural Glass containers

Furnace linings
ceramic materials that the prehistoric time in which it ST Cartis
Spark plugs
Tempered glass
Synthetic gemstones

occurred is now referred to as the Stone Age. But the

Stone Age was just the beginning of the use of materials Space shuttle tiles
Quartz watch
to improve our standard of life. Eventually, people ellypEphpAS

Miniature electronics
Lasers
Medical devices
Fiber optics

learned to make pottery; to extract and use metals (the

Bronze Age and Iron Age); to produce glass; and to make

bricks, tiles, and cement. Much later materials made pos-

sible the Industrial Revolution, the harnessing of electricity, and
the “horseless carriage.” Only within the last two generations,
during the time of our parents and grandparents, have materials
ushered in the Age of Electronics, the jet airplane, near-instanta-
neous worldwide communications, and the exploration of

outer space.
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Figure 2-1. The historical evolution of ceramics.

/19 THE MAGIC OF CERAMICS

Ceramics are important partners with metals and plastics in our
modern civilization. Figure 2-1 highlights some of the key ceramics
developments throughout history. The evolution of ceramics was slow
for many centuries but has virtually exploded in the 20th century. In
this chapter, we take a journey back in time to see how ceramics
have evolved from the earliest dried clay articles to our amazing—often
magical—modern ceramics.

EARLY CERAMICS

The Birth of Pottery

Let’s imagine what life was like in the Stone Age 60,000 years ago.
There were no stores, houses, or cities and not even a written language.
Families used caves for shelter and wandered from place to place hunting
food. They had no concept of a metal or a plastic. The only materials they




knew were the natural materials surrounding them: rocks, plants, and the
hides and bones of animals. Rocks are Mother Nature’s ceramics. Primitive
people shaped axes and other tools by beating these natural ceramics
together. They learned to chip arrowheads and spear points. Because there
was no written language, the stone artifacts and other items buried in the
floors of ancient cave dwellings are the only evidence archaeologists and
anthropologists have to study these early humans.

As the centuries passed, cave dwellers began to draw pictures on the
cave walls using colored soil mixed with water. They discovered that some
types of soil (which we now call clay) became pliable when wet and could
be molded into shapes, such as the bison found in Tuc d’Audobert Cave in
France. They observed that the clay became rigid when dried and hard like
stone when placed in the fire. This discovery represented the birth of pot-
tery, the first true man-made ceramics. We now call this simple pottery
earthenware. In spite of the ancient origins, earthenware is still made today
in nearly every corner of our world.

We don't know exactly when our ancestors learned to mold and fire
ceramics, but archaeologists have guessed around 30,000 years ago. The
oldest archaeological site found so far is in the Czech Republic and dates to
about 27,000 Bc. This site had a fire pit that appeared to be designed
specifically for firing pottery. Animal and fertility figurines were found in
and around the pit.

Figure 2-2. Early example of images molded in clay. Mystical clay sculptures of bison in Tuc
d’Audobert Cave in France, around 14,000 years old. (Courtesy of the photographer, Count Robert Bégouén.)
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lq/ \/ and store their food until it ran out. No longer exclusively
d Ct 5 nomads, these people now had time to put seeds into the

/

Early earthenware pottery store and protect the harvest.
dates back in time to at least
30,000 years ago.

The Emergence of Civilization

Pottery was an important innovation that helped mankind make the
transition from a nomadic lifestyle to one of stable settlements. People
learned to make earthenware containers for cooking and food storage, and

they became less dependent on following their food sources
endlessly from place to place. They began to form settle-
—\ ments to which they could return after a long day’s hunt

ground and wait for them to grow into edible plants and
grains. Agriculture was born, and ceramics were there to

Pottery containers allowed travelers to wander farther
and farther from home, taking food along with them for

/i@ THE MAcic OF CERAMICS

long journeys. Extended travel by boat became possible,
permitting exploration and the spread of civilization as people began to
trade the food, wares, and pottery with others from ever-more-distant
lands. Written records were not left to tell us about these travels and trade
routes, but archaeologists have been able to piece together some of the
puzzle of history by studying shards of pottery, because each culture creat-
ed its own distinctive pottery. For example, each culture evolved its own
style and decorations for earthenware. Some cultures made pots with one
color of clay and painted designs or images on the surfaces after firing,
using a different color of clay mixed with water, much like the earlier cave
paintings. The porous surface of this earthenware allowed the clay paint to
soak in a little, so that the decorations didn’t rub off during handling.
Other potters scratched (incised) patterns or images into the surfaces of
their pots.

Ceramics in the Age of Metals

Although early ceramic materials were a life-changing innovation,
they were still very fragile and broke easily. By about 4000 Bc, people had
learned how to separate metals from the natural minerals, or ores, in which
they occurred inside the earth. These new materials were much tougher
and stronger than ceramics, and they could be beaten into useful shapes
with a hammer or other tool or melted ‘and poured into a shaped mold.
The Stone Age gave way to the Bronze Age, which later was displaced by
the Iron Age.

The “metals ages” had a dramatic impact on civilization but did not
replace ceramics. In fact, ceramics became even more valuable because of



the very quality that had been discovered by stone-age people so many
years earlier: resistance to extreme heat. Extracting metals from ores
required high temperature, and ceramics were the only materials that
could withstand such temperatures. Even after the metals had been
extracted from their ores, ceramic containers (known as crucibles) were
required for melting the metals. The metals then were poured into ceramic
molds of various shapes and cooled to form tools and other objects, both
beautiful and useful.

Pottery continued to evolve during the Bronze Age. One key to early
Bronze Age ceramics innovation was improvement in the design of the
chamber (kiln) in which potters fired their ware, in order to reach higher
temperatures. Higher temperature firing reduced porosity and increased
the strength of the ceramics, so the potters could make thinner-walled pots
with flared bottoms and curled-over rims mimicking bronze. Potters also
invented a new type of kiln that had two chambers, one for the fuel and
one for the ceramic ware. This major breakthrough paved the way to new
and exciting modes of decoration. Because the fire didn’t directly touch
the earthenware anymore, flame-sensitive ceramic paints could be applied
to the pot before it was put in the kiln and then fired on to become a per-
manent part of the pot.

An even more exciting innovation was the creation of glazes. A pot-
ter’s glaze is a glassy coating that not only can seal the surface of the
porous earthenware against leakage of liquids, but also makes possible an
endless variety of decorations. Early glazes probably were discovered
around 3500 Bc by potters trying to imitate the precious blue stone lapis
lazuli. Small beads were carved from soapstone (talc)

and coated with a powder of ground-up azurite or Wy
malachite (natural ores of copper with blue and green v

color). When fired, the coating interacted with the d”IdZ/ ”ﬂ/ \/
soapstone to yield a thin layer of colored glass. The /dcts
potters probably borrowed this idea and started exper-

imenting with different combinations of crushed and

ground rock mixed with water and painted onto the Glazes are glassy coatings that

help make earthenware contain-

surface of pots. They discovered mixtures that :
ers watertight. Early forms of col-

worked, that completely coated the surface of their ored decorative glazes date back
earthenware with a watertight glassy layer. As the cen- to around 3500 sc.

turies passed, potters learned to produce glazes in
many colors and textures and even in multiple lay-
ers, by using multiple firings at different temperatures. We will discuss

some of these techniques and creations in the next chapter, “The Beauty

of Ceramics.”
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EVOLUTION OF TRADITIONAL CERAMICS

The Invention of the Potter’s Wheel

Metals were expensive and could only be afforded by the wealthy.
Much more affordable to the average person, pottery ultimately became an
important part of every household and was the first traditional ceramic. An
important innovation that helped pottery become affordable was the pot-
ter's wheel, which was invented around 2000 Bc in both Mesopotamia
(east of the Mediterranean Sea and south of the Caspian Sea in the valleys
of the Tigris and Euphrates Rivers) and Egypt (south of the Mediterranean

Sea along the Nile River). The first potter’s “wheel” was probably

) ‘ a mat on which a flat stone or broken piece of pottery could be

d’”d z’”ﬂ / o - slowly rotated by hand while the potter formed a mound of

moist clay into a hollow, circular shape. Improved potter’s wheels
could be rotated by the potter’s foot or by an assistant, so the
potter could have both hands free to mold and shape the clay.
The potter’s wheel dramatically increased the number of pieces
ed that could be produced per day and contributed to broad avail-
ability of earthenware to the average person.

Earthenware spread throughout the ancient Western world

/@ THE Macic oF CERAMICS

and evolved independently in the Far East. During the Roman
Empire (about 100 Bc to AD 300), mass-production methods were estab-
lished to make enough pottery to meet the needs of the Roman army and
growing cities. About this same time, during the Han Dynasty (207 BC to
AD 230), ceramics use blossomed in China to become an important part of
daily life as wine vases, storage jars, cooking vessels, ladles, dishes and
bowls, kettles, candlesticks, and even small tables.

New Types of Pottery

As mentioned earlier, potters learned that firing their ware at higher
temperature resulted in a stronger, less porous ceramic pot. Chinese potters
were especially intrigued by this technique and were much more aggressive
than Western potters in experimenting with different kiln designs and
recipes for ceramic raw materials. They succeeded in building kilns that
could fire at around 2200°F (about 1200°C), nearly five times hotter than a
kitchen oven. Pots fired at such high temperature had a low enough poros-
ity that they could hold water with no leakage even without a glaze. We
now refer to this type of ceramic as stoneware.

The Chinese slowly refined stoneware during the Shang Dynasty,
(1500 to 1066 Bc) and Chou (Zhou) Dynasty (1155 to 255 Bc).



A key discovery was the use of a white clay call kaolin, which needed a
high temperature to fire properly. Pots made with kaolin were nearly white
in color, rather than the various shades of brown and reddish tones of
earthenware and prior stoneware.

By around ap 600, Chinese potters had discovered another secret
ingredient that they called petuntse. This material was a natural rock in
China that could be crushed into a fine powder and added to stoneware.
When fired at a very high temperature (1300°C), the petuntse interacted
with the kaolin and powdered sand in the recipe to form some glassy
material similar to a glaze, but that was distributed throughout the ceramic
rather than just at the surface. The resulting ceramic was pristine white
and translucent (light could glow through the thin walls). A truly magical
creation, this ceramic even could make a beautiful sound. When tapped
with a fingernail or a hard object, the ceramic would ring with the crystal-
clear tone of a fine chime or musical instrument. When Marco Polo
returned to Europe in 1292 from his epic journey to the Orient, he
described this magical ceramic as alla Porcella—"having the appearance of
a delicate, shiny seashell”—because it reminded him of a deli-
cate seashell called porcellana in Italian. We now refer to this

fine ceramic as porcelain. L \
Europeans were completely captivated by the beauty of deZlﬂg/ &

porcelain and tried for centuries, without success, to duplicate i &}

it. Finally, in about 1710, Ehrenfried Walther von dc

Tschirnhausen and Johann Friedrich Béttger accomplished the

feat at Meissen in Saxony, Germany. Meissen attracted the best | Forcelain emerged in China circa

) ] . . AD 600; Europeans were not able
ceramic designers in Europe and quickly became the source of to duplicate it until about 1710.

exquisite porcelain vases, sculptures, figurines, and other ornate The name porcelain was coined by
creations. By the mid 1700s, Josiah Wedgwood, in England, Marco Polo in 1292.
introduced an assembly-line approach to the fabrication of
porcelain and similar fine ceramics (bone china), making them
affordable to a broader cross section of society. Porcelain joined earthen-
ware, bricks, and tiles as a mass-produced traditional ceramic.

Tiles, Bricks, and Cements

Through the centuries, earthenware, stoneware, and porcelain pro-
duction have become industries passed on from generation to generation
and are an important part of our traditional ceramics heritage. But other
forms of ceramics also have evolved from ancient times and become
important traditional ceramic industries: tiles, bricks, and cements.
Decorative tiles, for example, date back to at least 4th millennium sc (4000
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to 3000 Bc) Egypt. By around 2000 Bc, tile, both glazed and unglazed, had
spread to Asia Minor and Mesopotamia, and became important, along with

brick, as a material for construction and decoration.

amazing)

decorate the walls of the
Tower of Babel and the

(604 to 562 BC).

AT

ACLS

Glazed tiles were used to

famous
Ishtar

Gate in the ancient city of
Babylon during the reign of
King Nebuchadnezzar Il
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Tiles were made individually, by hand, using the same raw
materials that were used for pottery—mostly clay and sand.
Designs were either cut into or pressed into the tile while the
clay was still damp and slightly pliable. Surprisingly, no major
innovations in decorative tilemaking occurred until the industri-
al revolution, about 130 years after the death of William
Shakespeare. In the 1740s, an Englishman, Richard Prosser,
invented transfer printing. This process was a new method for
quickly forming a glazed design using a wood block tool and
paper and then transferring the design onto the surface of the
tile. Using transfer printing, two workers could produce as much
tile per day (1200 tiles, roughly enough to cover a floor 35 feet
long by 35 feet wide) as a whole factory of 100 people had been

able to produce before.

Another key invention 100 years later was dust pressing. Until then,
tiles had been made by hand from wet, moldable clay and took a lot of
time to prepare, shape, and dry. Dust pressing was a process that sand-
wiched nearly dry clay (plus other tile ingredients) between two metal

plates and then forced the plates against the
clay by the turning of a large screw. High
enough pressure could be applied to com-
press and compact the powder into the
desired tile shape. Since the tiles made in
this way were nearly dry, they could be fired
immediately after removal from the press,
rather than going through a lengthy drying
procedure. The cost of making tiles went
way down, and more people—even the
poor—could afford to use them in their
homes. Tiles had clearly reached the status

amazing) .

ACLS

Transfer printing, invented in the
1740s, enabled two people to
produce as much decorative tile
in one day as 100 workers could
produce previously.

of a mass-produced traditional ceramic, but even more important, dust
pressing became a key technology in the later development and commer-

cialization of advanced ceramics.

Glass

One of the most important and magical categories of ceramic
materials is glass. To understand how glass is different from other forms of



ceramics (such as stoneware and
tile), we need to picture in our
minds the internal structure of
glass. As shown in Figure 2-3, a
typical ceramic is made up of
many particles, or grains, tightly
bonded together, often mixed
with tiny open spaces called
pores. Each grain is a crystal, just
like the grains of quartz, mica,
and feldspar that you see
sparkling in a piece of granite
rock. The grains in ceramics,
however, are generally too small
to be seen easily without a
microscope. Just as you can see a
line or boundary between the
different grains in granite, each
grain in a ceramic is separated
by a boundary. Not surprisingly,
this is called a grain boundary.
The whole combination of
grains, grain boundaries, and
pores is referred to as the
microstructure of the ceramic,
and this type of ceramic is
referred to as polycrystalline
(made up of many tiny crystals).
In contrast, a glass has no grains
or grain boundaries. It has been
fired to a high enough tempera-
ture to completely melt the
grains into a uniform liquid, and
then cooled so quickly that new
grains do not have time to form.
Glass is like a liquid frozen in
time. Because glass is so uni-
form, and usually has few or no
pores, it lets light pass through,
providing us with a whole new
appearance, different from that
of polycrystalline ceramics.

GRAIN
BOUNDARY

Figure 2-3. Features in the microstructure of a typical polycrystalline

ceramic.

Figure 2-4. Cast-glass head of Amenhotep Ii. From the early 18th dynasty of Egypt,
about 1436 to 1411, originally cast as blue glass, but weathered at the surface to a
buff color; about 1.6 inches high (Courtesy of The Corning Museum of Glass, Corning, NY.)
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Figure 2-5. Core-formed glass y

_—

amphoriskos. Probably from the
Eastern Mediterranean Sea region
in the first century sc; and similar
in style to the core-formed vessels
from Egypt dating back to at least
1400 sc; about 9.4 inches high.
(Courtesy of The Corning Museum of
Glass, Corning, NY.)
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The glaze development we discussed earlier, which dated back to
about 3500 Bc, was the first step in making objects from glass. By around
2500 Bc, Egyptian potters had developed a special type of glaze we call
faience. They ground up common sand into a powder and mixed it with
wood ashes and natron. Natron is a material, found in some dried lake
beds, that contains the chemical element sodium. Wood ashes contain the
chemical element potassium. Although the ancient potters had never
heard of potassium or sodium, they learned from trial and error that these
materials acted as fluxes to reduce the melting temperature of the sand.
When such materials were painted onto the surface of a pot and fired, a
smooth glassy coating resulted.

Sometime between 2000 and 1000 Bc, pottersdearned that they could
melt faience-type mixtures in an earthenware container and pour this
molten glass into another shaped clay container (a mold). After cooling,
the clay could be removed to reveal the cast glass object.

Early glassworkers also learned to make hollow glass containers that
were quite beautiful. The workers molded a core from a mixture of dung
and wet clay into the shape they desired for the inside of their hollow
container. After drying the core, they wrapped hot strands of semimolten
glass around the core. They probably did this by sticking a piece of ceramic
into the molten glass and pulling out a flexible strand of hot glass, similar-
ly to the way candymakers pull taffy. Working quickly, they were able
to wind different, colored strands of glass around the core before the
glass cooled enough to become rigid. The glassworkers then

reheated the glass-wrapped core until the glass was again soft _
and used a tool (probably ceramic) to press the glass strands - \

. \ -
together to form a continuous, smooth surface. After the Y717/074 Z]]flq/ e

ceramic cooled, the clay/dung core was scraped out to leave a {

hollow glass container. dcts

owned by pharaohs, high priests, and aristocrats. Glass did not Glassblowing was invented dur-
ing the time of the Roman
Empire, about ap 50..

Glass was precious to the early Egyptians and was only

become available to the general populace until around Ap 50,
during the time of Julius Caesar, when the art of glassblowing
was invented somewhere along the Syrian-Palestinian coast.
Glassworkers learned to attach a blob of molten glass to the end of a
long hollow tube and blow gently through the tube to produce a thin
bubble of glass. Hollow glass containers could now be formed quickly and
efficiently, and glass became available to nearly everybody. Through
the centuries, glassmaking became another important traditional
ceramics industry for the production of containers, tableware, eye-
glasses, and eventually windows.
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MODERN CERAMICS

Earthenware, stoneware, porcelain, bricks, tiles, glass, and cements all
have become traditional ceramic materials that are still vital today in
virtually every part of the world. They are still made from natural materials
dug out of the ground. But important changes began to unfold in the
1800s that have led to whole new classes of ceramics made using specially
purified, or even synthetic, starting materials and that accomplish things
traditional ceramics never could do. These new ceramics, referred to as
modern ceramics, fine ceramics, or advanced ceramics, paved the way to our
modern civilization.

Piecing the Puzzle Together

The history of modern ceramics is a bit like a puzzle that involves fit-
ting many pieces together to reveal the whole picture. The discovery of
electricity, early advances in chemistry, and the invention of the automo-
bile all contributed to this ceramic puzzle. Even people’s ancient search for
the magic to create their own precious gems, such as rubies and diamonds,
played a role in the development of modern ceramics.

Electricity. The need for special materials arose from discoveries about
electricity. Remember the story of Benjamin Franklin’s experiment in the
late 1700s with a kite and lightning? At that time, scientists could see
electricity, but they had no idea how to create or control it. The 1800s
were a great century for electrical discovery and invention. Scientists
learned not only how to generate and store electricity but also how to
guide this mysterious force through metal wires to energize lights
and other devices. Along the way, they also learned that ceramics,

«-——-/\ especially glass and porcelain, did not conduct electricity. This

. ~
Aadlaz, lﬂtq/ & property made ceramics excellent insulators to keep electricity

from going places it wasn’t wanted. Existing traditional ceramic

dc 5 materials, however, couldn’t keep up with the needs of a

world steadily filling with electrical appliances and devices. It

Profassin Af\r;_lj_g\?:;neu“ stthe was time for new, improved ceramic materials: the first piece of
Museum of Natural History in the ceramic puzzle.

Paris surprised the world by

unveiling synthetic rubies. Chemistry. In the 1800s, scientists also began to understand

some of the basic principles of chemistry. They learned that all
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matter is composed of tiny parts, called atoms, which in turn are
made up of smaller parts called electrons, protons, and neutrons. The atoms
are the basic building blocks of matter, the chemical elements. With their
new knowledge, the scientists figured out how to identify exactly what ele-
ments were in a substance (its chemical composition) and how those elements



were arranged physically to give the substance its
unique shape and qualities (such as
microstructure). Learning about chemical compo-
sition and microstructure helped the scientists to
understand the relationship between how a sub-
stance acts and what it's made of. They discov-
ered that impurities—extra elements that don't
belong—in the materials from which ceramic
objects were made could cause problems in the
ceramics themselves. For example, iron oxide
(which we all know as rust) in clay gave ceramics
made from that clay a reddish or brownish color
and also made the ceramics less effective as elec-
trical insulators. On the other hand, white porce-
lain and glass, which didn’t contain iron, worked
much better as electrical insulators.

Ceramic engineers and chemists began to
experiment with the chemical makeup of the raw
materials from which ceramics were made. They
learned how to refine these materials to remove

impurities such as iron and also how to create, or Figure 2-6. Single-crystal sapphire boule being “grown” by the
. cpe s . Verneuil process. The colorless, clear boule will be cut into slices
SyntheSIZe/ artificial new raw materials. These and ground and polished into watch faces for Rado watches;
Chemical advances were another important piece Sapphire is much harder and more durable than glass and

incredibly resistant to scratching. (Courtesy of the Rado Watch Co., Ltd.,
of the ceramic puzzle. Lengnau, Switzerland.)

Precious Gems. Our age-old dream of creating

precious gemstones, such as ruby and sapphire, added other pieces to the
puzzle. Once scientists began to understand chemistry, they learned that
ruby and sapphire are made from a special combination of aluminum and
oxygen atoms that is described scientifically as aluminum oxide (Al,03) and
usually referred to by ceramists simply as alumina. Chemists found out
that ruby is red because it contains a tiny amount of chromium along with
its aluminum oxide. There’s a bit of aluminum oxide in the Earth’s crust
(called corundum), but we rarely see it as the gem-quality crystals of ruby or
sapphire that we so admire.

In the nineteenth century, researchers tried to change corundum into
gems by heating it to a high temperature. They failed. Others tried chemical
synthesis—building the gems from scratch. In 1837, the French scientist
Marc Antoine Augustin Gaudin heated a chemical compound called
ammonium alum (which turns into aluminum oxide when it’s heated) with
a high-temperature torch. He actually did produce some small crystals of
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corundum, in much the same way that sugar crystals form along a string
left hanging in a glass of sugar water as the water evaporates; but the
crystals were not gem quality, not good enough to be used in jewelry.
Many alchemists, scientists, and entrepreneurs tried diligently throughout
the 1800s to synthesize gems, but no one was successful. Then, in 1902,
Professor A.V.L. Verneuil of the Museum of Natural History in Paris sur-
prised the world by unveiling synthetic rubies.

Verneuil used chemistry to synthesize a pure powder of alumina with
a little chromium oxide, the building blocks of ruby. He then trickled the
powder carefully through the flame of a special torch that burned hydro-
gen and oxygen at an extremely high temperature—high enough to melt
the ceramic powder. The melted alumina particles landed on a pedestal-
shaped holder onto which Verneuil had placed a small piece of ruby called
a seed crystal. Verneuil kept the flame very steady and slowly moved the
pedestal away from the torch flame. Magically, a rounded, transparent single
crystal, a boule (or ball) of ruby “grew” around the seed crystal on the top
of the pedestal. Later, Verneuil created blue sapphire by adding another
chemical, titanium, along with some iron, to the alumina powder. Since
then, ceramists have obtained a whole range of other artificial gemstones
in many different colors by adding various chemicals to an alumina
starting powder.

Verneuil’s rubies attracted international attention. Within a few years,
artificial gemstones and other products, including “jewel” bearings for
watches and scientific instruments, were common. Nearly 440,000 pounds
(about the weight of 73 three-ton elephants piled one on top of another)
of such stones were produced in the world every year before the invention
of the quartz watch dramatically reduced the need for jewel bearings.

The process for making single-crystal alumina has changed quite a bit
now. Much larger gems of higher quality than those grown using the
Verneuil method are made by new techniques, such as the heat-exchanger
process developed in the late 1960s. In this process, the alumina powder is
put into a crucible made of the exotic metal iridium and melted above
2060°C in a high-temperature furnace. The bottom of the crucible is
cooled to below the melting temperature of the alumina by flowing heli-
um gas underneath it. If the procedure is followed properly, a single crystal
of sapphire begins to grow from the bottom of the crucible and continues
to grow until the whole crucible of melted alumina has solidified into one
single crystal. Early sapphire crystals made this way measured two inches
in diameter, but crystals now can be made more than 12 inches across.
We've come a long way from Verneuil’s first success. Single crystals are



Figure 2-7. Enormous sapphire single crystal. This 13.4 inch diameter, 143 pound sapphire crystal
was grown by the heat-exchanger process. (Courtesy of Crystal Systems, Inc., Salem, MA.)

now used not only for gems and bearings but also for lasers, communica-
tions equipment, and even the bar code readers in grocery stores.

High-Temperature Furnaces. Single-crystal growth is pretty exotic and
was certainly one of the earliest modern ceramics technologies. The
Verneuil work demonstrated that ceramics with special characteristics
could be made from pure, chemically synthesized powders, especially if
high temperatures could be reached. Achieving high temperature in an
enclosed furnace chamber, though, was a much more difficult task than
melting particles of powder in a torch. Considerable engineering of fur-
naces ahd the development of new ceramic furnace-lining materials
(refractories) became a priority during the early 1900s. Another piece of
the ceramic puzzle fell into place.

The Automobile. The spark that really advanced ceramic technology
and contributed the next important pieces to the modern ceramics puzzle
was the invention of the automobile. Early automobiles, such as those
developed by Daimler and Benz in Germany in the 1880s, needed a simple
way to ignite the tiny fire that powered their internal combustion engines,
much as a match needs to be struck against a special surface to start it
burning. Spark plugs provided that magical flash of fire.

A spark plug consists of a ceramic electrical insulator shaped like a
tube, with a metal pin inside it and a separate metal case partly surrounding
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it. The metal case contains a hook that bends around the pin to form what
is called an air gap. When a car’s engine is running a high-voltage spark
jumps across the air gap of the spark plug like a miniature bolt of lightning
and ignites a mixture of fuel and air inside the engine cylinder. The small
explosion that results pushes a piston and provides mechanical power to
the engine. These actions create a really severe environment for a ceramic
to survive. The ceramic insulator is exposed to high voltage (about 8000
volts), high temperature (bursts to about 4000°F) alternating with cool
temperature, and shock waves from the fuel-air explosions. Early 1900s
glass and ceramics could not reliably survive these severe conditions. In
those early days of the automobile, driving 50 miles was a great adventure,
usually resulting in at least one breakdown to replace a spark plug.

Extensive research and development were conducted between about
1903 and 1940 to achieve ceramics that provided longer life and durability
in both automotive and aircraft spark plugs. This laid the groundwork for
the rapid emergence of modern ceramics. It involved incremental changes
in the spark plug insulator composition from a traditional porcelain made

with naturally occurring raw materials to high-alumina composi-
tions made with chemically synthesized powders. The transition
sounds easy, but it actually required entirely new technologies in
powder synthesis, shape fabrication, fabrication equipment, and
manufacturing scale-up.

The first porcelain spark plugs were fabricated on a potter’s

wheel from pottery compositions that had previously been adopted

T wu,. for other types of electrical insulators. The porcelain was fabricated
/ "% from the naturally occurring raw materials clay, flint, and feldspar. The
' clay allowed the mixture of powders to become pliable, like potter’s
clay, when water was added. These spark plugs were not reliable.
Researchers determined that additions of alumina powder improved
electrical properties and increased durability/reliability. As alumina pow-
der was added and clay deleted, however, the mixture no longer became
pliable with the addition of water, so traditional pottery-shaping tech-

niques did not work. Alternate techniques were developed, through
which the shape was achieved by adding an organic binder (glue) to the
powder and compacting the mixture under pressure inside a shaped cavity,
a method similar to the dust-pressing technique developed for tile in
England. The powder compact then could be removed from the cavity,
machined to a final shape, and fired in a furnace to remove the organic

Figure 2-8. Automotive spark plug showing some of the metal parts and the white alumina
ceramic insulator. (Photograph courtesy of Delphi Automotive Systems, Flint, MI.)
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binder and transform the compact of powders into a dense, strong ceramic.
As the years passed, these new processes were refined, and even automated,
to meet the high production rate required for automobiles and aircraft.
Even by 1920, large quantities of spark plugs were being fabricated. AC
Spark Plug, for example, reported producing about 60,000 spark plugs per
day just for World War I aircraft requirements. By 1949, over 250 million
spark plugs were produced per year worldwide, and by 1997, more than 1 bil-
lion per year rolled off the assembly lines worldwide.

Achieving high-temperature furnaces mentioned earlier,
was one of the challenges that had to be overcome in spark

plug development. Porcelain powder compacts became solid, A
dense ceramics when heated to around 2382°F (1300°C). dlﬂdZiﬂg/ '/
However, as the percent of alumina increased, the temperature B
requirement went beyond the capability of existing production /'dC[ 5
furnaces. For example, 80% alumina required heating to about

2600°F (1427°C), and 95% alumina required a furnace to oper-

ate above 2950°F (1621°C). New technology was successfully The first porcelain

developed to design and build production furnaces to reach spark plugs were fabricated on a
these temperatures, adding another key piece to the puzzle. potter’s wheel!
Powder Processing. The final piece of the puzzle was to By 1920, AC Spark Plug

was producing 60,000 spark

achieve a method that could produce, at low cost, thousands
plugs per day for

of tons of pure ceramic powders such as alumina. Large-scale World War | aircraft.
chemical production of alumina powder had been developed
by Bayer (the same company that introduced aspirin) clear By 1949, over 250 million
back in 1888, to supply aluminum oxide raw material for alu- automotive spark plugs were

. . . produced per year. Today, more
minum metal production, but the Bayer powder contained too than 3 million are produced each
many sodium impurities to be useful for the new ceramics. day worldwide.

Finally, by about 1936, scientists succeeded in producing high-

purity, low-cost alumina powder on a large scale.

Alumina Spreads to Other Modern Applications

Once the powder synthesis, composition, and fabrication challenges
were solved, high-alumina ceramics became the standard for spark plugs
that last for thousands of hours and are one of the most reliable products
we can buy. Besides their superior electrical-resistance behavior, high-alumina
ceramics also proved to be more resistant to wear, erosion, and corrosion
than traditional ceramics. This overall superiority led to a wide variety of
products, including abrasives and grinding wheels; wear-resistant tiles for
industrial and mining equipment; labware resistant to acids and bases;
seals; pump parts; and even bullet-resistant armor. Alumina has been so
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each year.

successful that production reached a level of approximately five million
metric tons per year by 1995, enough to make a solid block the size of a
football field and nearly 1000 feet high. Pretty incredible!

N The Explosion of New Ceramics and
.
<
amazing .
/‘dca. to be emulated for numerous other advanced ceramic materials

Ceramic Uses

Alumina was the pioneer of advanced ceramics, the model

-that followed. The lessons ceramists had learned from creating

More than five million metric products with alumina ceramics were applied to engineering all
tons of aluminum oxide products
are manufactured in the world

of the later ceramic compositions. Whole families of ceramics
were invented: magnetic ceramics; high-strength, high-tempera-
ture ceramics; piezoelectric ceramics; special optical ceramics.

/i@ THE MAGIC OF CERAMICS

“Designer ceramics” soon began to fill every demand of electronics,
communications, medicine, transportation, aerospace, power generation,
and pollution control.

OVERVIEW: INTO THE FUTURE

What a dramatic impact the evolution of ceramics has had on civi-
lization. In the past 100 years alone, our knowledge of ceramic materials
has exploded. We now understand some of the behavior that baffled
mankind for centuries. We can design and engineer ceramics, and combine
ceramics with other materials, to solve just about any problem or challenge
we encounter.

We owe a debt of gratitude to the new advanced, or engineered,
ceramics for many of the remarkable products that we now take so much
for granted—products such as radios, color televisions, fiberglass, lasers,
ultrasonics, microwave and fiberoptic communications devices, advanced
jet aircraft, home computers, and cellular phones. We’ll discuss these
in later chapters, along with important uses of advanced ceramics in
the fields of medicine, automobiles, the Space Shuttle, and energy and
pollution control. First of all, though, let’s look at the aesthetic qualities
of ceramics, the magic and beauty that has enhanced human existence
for centuries.
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CHAPTER 3

eauty has its own kind of magic, and some of the world’s
most beautiful creations have been crafted in ceramic

materials. The exact date and circumstances of the first PRODUCTS AND USES

piece of “ceramic art” are not known, but archaeologi- Deﬁf‘mme tia
own glass
. . . . . Greek vases
cal discoveries suggest that it was a vessel or figurine Sculptures, figurines
Chinese porcelain
hand-formed from damp clay and hardened in the sun. Islamic glass and tiles
Venetian glassware
Such items probably were not intended as art but ARG
Carved glass and cameos
Slip cast ceramic art
Sgraffito
Glass and enamels
hunting. In this chapter, we explore the origins and evo- Class flowers

Faceted synthetic gemstones

instead as religious articles to assure fertility or successful

lution of beauty in ceramics and look at a small sam-

pling of the wide variety of beautiful ceramic art forms.
EARLY CERAMIC ART

Eastern Mediterranean Ceramics

By 5000 Bc, decorated pottery was being crafted in the parts of Asia
Minor presently occupied by Turkey. Potters decorated this pottery after it
had been fired by painting on simple designs with a reddish pigment over
a lighter colored clay slip. The pigment and slip were made by mixing the
selected color of powdered clay with water to turn the mixtures into thin
pastes that could then be smeared or painted onto the surface of the
porous pot. Some of the clay particles soaked into the pores with the water,
allowing the clay decoration to adhere to the pot. The decorations were
geometric patterns, similar to cave wall paintings from the same region.

Decorated pottery also has been found at many sites in ancient
Mesopotamia and Egypt estimated to date back to roughly 5000 to 4500
BC. Mesopotamia extended along the valleys of the Tigris and Euphrates
Rivers from the east end of the Mediterranean Sea to the Persian Gulf and
has sometimes been referred to as the Cradle of Civilization. Egypt was
another important early center of civilization along the fertile flood plains
of the Nile River. The people from these regions, too, made clay-based
earthenware, which they clay painted with simple designs and,
occasionally, with animal and human figures. They also used a technique




Figure 3-1. Musrussu the Dragon. One of the 575 animal figures depicted in glazed tile on the Ishtar Gate, which was constructed in
Babylon around 580 8c under the rule of Nebuchadnezzar Il. (Reprinted by permission of the Detroit Institute of Art, Detroit, MI.)
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called incising, which consisted of scratching a pattern or design into the
surface of the pot. For further variation, potters could apply their clay
paint into the incised design. If you were to look at some of these old
pots in a museum and compare them to the simple, undecorated con-
tainers from much earlier years, you would see beauty evolving in the
new earthenware.

A big step in the evolution of beauty in pottery coincided with the
dawn of the Bronze Age, around 4500 to 4000 BC. As discussed in Chapter
2, bronze could be formed into delicate, thin, contoured shapes. Potters
tried to mimic these shapes, opening up new options for beauty in their
creations. New kilns that could fire the earthenware at higher temperature
were a big help because of the resulting increased strength and decreased
porosity. The new two-chamber kilns also opened up more options for dec-
orations. Previous single-chamber kilns had caused any decorations
applied before firing to wash out or fade. With the two-chamber kilns, the
pots could be isolated in a separate compartment away from the direct



flames in the fire box. Clay pigments could now be painted on before
firing and would retain their color and sharp edge definition of designs,
resulting in increased contrast between the pot and the decoration. This
contrast made the decorations more visible and dramatic.

The next spectacular additions to ceramic beauty
were glazes and faience, followed by the creation of
whole articles crafted from glass. As also discussed in
Chapter 2, early glazes emerged from efforts dating back
to around 3500 BC to emulate the precious blue stone
lapis lazuli. Blue glazes on pottery, tile, and brick were
widespread in Egypt, Mesopotamia, and Asia Minor by
2000 Bc. Special glazes containing lead were developed
sometime between 1750 and 1170 Bc in Babylon. The
lead acted as a flux, to allow the glaze to form at a lower
temperature. Pigments that lost their color at higher
temperatures could now be used, resulting in brighter
colors and a larger variety of colors. Lead glazes could be
applied over the prefired ceramic or even over a higher-
temperature glaze, opening up a whole new realm of
artistic creativity. By the 8th century Bc, another glaze
additive was discovered, this time by the Assyrians in
Persia. This additive, tin oxide, yielded an opaque white
glaze that could actually hide the underlying brown or
reddish clay earthenware, so that the ceramic piece

appeared much lighter in color. Glazes could now really

. Figure 3-2. Classical Greek vase. This 17 inch high
show off their true colors! vase is from 510 to 500 sc and was probably used as
a storage jar. The side shown depicts a mythical
Two famous examples of glazed ceramics in ancient combat scene. The other side depicts Apollo, the god
of light and music, standing between his mother and
sister, playing a kithara. (Courtesy of the Utah Museum of Fine

Gate built in Babylon under the reign of King A" Sdlttake City UT. Photograph by jim Frankoski)

Mesopotamia were the Tower of Babel and the Ishtar

Nebuchadnezzar II (604 to562 BC). The Ishtar Gate was about 34.5 feet
high and adorned with 575 tin-glazed tile figures of real and mythical ani-
mals. The most important animal figure was probably Musrussu the drag-
on, which served the chief Babylonian god Marduk (Baal). Musrussu was
portrayed with the body and head of a serpent, the front legs of a lion, the
hind legs and talons of an eagle, and the neck and mane of a bull.

Greek and Roman Ceramics

The rise of Greek civilization around 1000 Bc had a favorable influ-
ence on all of the arts, including ceramics. The Greeks believed strongly
that community, religion, and art were closely linked, and art was an integral
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part of their daily lives. Greek pottery richly
depicted scenes of daily life and mythology. The
pots were wheel-thrown and painted with a slip
containing very fine particles of clay. Additional
detail was achieved by scratching through the
painted image to reveal the color of the underlying
earthenware. Early pots (about 1000 to 530 Bc) had
black scenes bordered with decorative geometric
and floral designs, all on a red or yellowish back-
ground. Later pots (about 530 to 330 BC) presented
red figures with other colors on a black background.
Each of these Greek styles illustrates a story in a
dramatic contrast of colors. Interestingly, the
Greek potters chose not to use glazes.

By 250 Bc, the classical Greek civilization had
begun to decline and was eventually absorbed into
Roman civilization. By 150 Bc, the Roman Empire
completely encircled the Mediterranean Sea and
extended north into England. The Romans
gleaned ideas and technology from many cultures

Figure 3-3. Blown glass from the Roman empire. txamples from  and spread them widely. One of the most impor-

the first through fourth centuries Ap, showing some of the shapes
and colors of glass vessels produced by early glass blowers.

tant of these technologies was glassblowing. Early

(Courtesy of The Corning Museum of Glass, Corning, NY.) glassblowers became versatile craftsmen. They
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blew glass vessels in numerous shapes, sizes and
colors. Some vessels were blown into the open air and either took a natural
(free-form) shape or were contoured with ceramic or metallic tools, while
still hot and soft, into other creative forms. Others were blown into shaped
molds, so that the glass bubble deformed to duplicate the shape of the
inside of the mold. Glass molding opened a wide range of creative oppor-
tunities. Some artisans engraved inside the molds elaborate scenes, which
were then embossed into the glass during blowing.

Ceramics in the Far East

China was another early center of civilization. Just as in the
Mediterranean region, the earliest ceramics were earthenware, and the ear-
liest decorations were painted on with clay or iron oxide (rust) pigments.
Produced in the agricultural regions along the Yellow River in northeastern
China around 5000 Bc, these pots were “coil-built,” using washed and
strained fine particles of clay deposited by the Yellow River. Potters formed
the moistened clay into coils and stacked the coils in rows on top of a flat,
circular clay base. As coils were added to the stack, the potter pressed them



together by hand and then shaped the pot by tamping or beating the outside
with a wooden paddle, while holding a wood block on the inside to retain
the container’s shape. The surface of the pot was then rubbed (bur-
nished) with a smooth tool, giving the ceramic piece a smooth, polished
surface before firing. Variants of this technique are still used today by
artisans in many parts of the world.

Early Chinese pots were adorned with spirals, checkered and dotted
patterns, fish, frogs, deer, and snakes, but very rarely with human faces.
The decorations probably had specific religious or ritual meanings, because
many of the early Chinese pots have been found in burial

sites, although some decorated urns also have been found at
ancient home sites.

Black pottery (from the Longshan Pottery Culture)
became popular in China sometime between 3000 and 2000
BC. This pottery seems to have been prepared using a fast-
moving wheel and was similar in color, shape, and decora-
tion to earlier black pottery from several Mediterranean
regions. Longshan pottery was exquisitely refined and
eggshell thin. Chinese ceramists created the rich black color
by firing the pots under special “reducing” conditions that
involved restricting the amount of oxygen in the kiln by
plugging the air holes—much the same way we char a steak

T
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by putting the lid on our barbecue grill and closing the air

vents. Firing under reducing conditions is still commonly
done today to obtain special visual effects.

Just as it had in Europe, the Bronze Age strongly influ-
enced ceramics in China. As mentioned in Chapter 2,
ceramic designs began to mimic bronze, and ceramic ware
became a low-cost alternative to bronze. High-temperature

Figure 3-4. Neolithic Chinese storage jar. Painted
earthenwatre jar, 11 inches high, from the Yangshao
culture, Banshan cultural phase of Gansu Province.
Coil-built with buff clay, covered with orange slip,
and decorated with black pigment. Decorations
limited to the upper portion because the lower
portion was designed to be placed firmly into the
ground. (Courtesy of The International Museum of Ceramic Art
at Alfred, NY. A gift of Chaoling and Fong Chow, 1992.)

kilns, sp/ecial clays such as kaolin, and high-temperature glazes led the
Chinese potters along a different path from that followed by Western pot-
ters, resulting in an incredible legacy of innovations and ceramic creations
unique to the East. The Chinese developed and refined stoneware and
porcelain and centuries later exported these ceramics to other countries.
On the other hand, they imported glass and lead glaze technologies.

Ceramics in the Americas

The earliest pottery in the Americas was found in Ecuador and is esti-
mated to have originated around 3000 Bc. Because North and South
America were isolated, ceramics there don’t seem to have been influenced
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Figure 3-5. Seated figure from Colima, Mexico. Fourteen inch earthenware figure from about Ap
200, found in a shaft tomb in western Mexico. Pottery figures were commonly buried with the dead
as shamans (priests) to protect from evil spirits or as companions to participate in the activities of
the afterlife. (Courtesy of the Utah Museum of Fine Arts, Salt Lake City, UT. Photagraph by Jim Frankoski,)

by any other cultures until European explorers arrived after ap 1500.
Before that, all of the American pottery was earthenware shaped by
hand, decorated with slips, and fired in rather simple kilns. The
potter’s wheel was never developed in the Americas, and glazes
were relatively unknown.

In spite of their limited technology, ancient Americans
managed to create highly distinctive decorations, as well as
numerous shapes and styles of pottery. For example, the absence
of the potter’s wheel led them to a greater variety of imaginative,
free-form and noncircular shapes than were produced by early
Mediterranean and Chinese potters. A popular style was hand-sculpted
containers shaped like animals whose heads served as pouring spouts and

Figure 3-6. Mayan urn. One of two matching urns, dated from ap 500 to 800, found in a tomb in
the central Petén-Tikal/Uaxactun region of Guatemala. This 14.5 inch high earthenware urn depicts
a Mayan god with swirling scroll eyes, fish fins on the cheeks, and filed teeth. The frame of beads
around the face represents a cave, indicating that the god is in the underworld. (Courtesy of the Utah
Museum of Fine Arts, Salt Lake City, UT. Photograph by Jim Frankoski.)
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Figure 3-7. Tang Dynasty camel. Earthenware
with chestnut and three-color glazes, this 25.3
inch high camel was buried in the grave of a
Chinese aristocrat sometime between ap 618 and
906. (Courtesy of the Utah Museum of Fine Arts. Photograph

by fim Frankoski. Gift to the museum from Professor and Mrs,
. Lennox Tierney and the Friends of the Art Museum. )

legs as supports. Another imagina-
tive style of container had a hollow

stirrup-shaped carrying handle arching
over the top, with a pouring spout built

into the handle. Other earthenware creations
were in the images of important gods. Most of
the ceramic works were decorated with highly
stylized animals, insects, persons, gods, and geo-
metric designs, usually painted in a dark color on a
light background.

THE MIDDLE AGES

A dramatic decline in all forms of ceramics and
ceramic art in Europe began in about the 5th century Ap and continued to
about the 11th century. These years made up the period we now refer to as
the Dark Ages or Middle Ages. Some stagnation also occurred in other areas
of the world between about Ap 200 and 600. Even China had an unsettled
period between the Han Dynasty (which ended in ap 230) and the Tang
Dynasty (which started in Ap 618), although stoneware and glazes contin-
ued to improve. The Tang Dynasty began many centuries of reasonable sta-
bility in China that encouraged the refinement of ceramics. About the
same time, Islam arose in the Middle East, leading to a period of stability
that also encouraged innovations and creativity in ceramics.

Chinese Ceramics during the Middle Ages

The Tang Dynasty in China, strongly influenced by the spread of
Buddhism from India, was a period of peace, tolerance, and substantial
interaction and trade with other cultures—a time of great economic pros-
perity and wealth. It was a perfect environment for ceramic creativity to
flourish. Incredibly beautiful ceramic items were crafted, but they were not
necessarily considered art at the time by the Chinese. These creations gen-
erally had a deeper, spiritual meaning that was an integral part of the
Chinese philosophy of life. Today, however, we value Chinese works as art
treasures. Some of the most spectacular ceramic items during the Tang
Dynasty were commissioned by wealthy aristocrats. Their purpose was to
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Figure 6-3. Silicon chip “brain” in a small hand-held calculator. The chip was mounted onto a
glass-fiber-reinforced plastic strip, connected by tiny wires to conductive metal circuits, and potted
(enclosed) in a protective layer of plastic. Part of the plastic has been cut away to reveal a portion
of the chip. The battery and liquid crystal display, both containing ceramic materials, also are
shown. (Photo by D. Richerson.)

advanced rapidly, especially the ability to put more electrical components
on each silicon chip. By the early 1970s, silicon chips one-tenth of an inch
square each contained thousands of electrical components and were com-
plex enough to be the brain inside a hand-held calculator. This electronic
innovation became known as large-scale integration (LSI). The market
reached around $2 billion by 1974.

From then on, technology progressed at breathtaking speed. Very
large-scale integration (VLSI), with more than 3 million transistors on a sil-
icon chip, was introduced in the 1980s. Such a chip, no larger than your
thumbnail, could be designed with all of the electrical circuits necessary
for a computer that previously had filled a whole room. This chip, known
as a microprocessor, is the magic inside (the “Intel Inside”) our desktop
computers and all of the other electronics equipment we use every day,
including our fax machines, photocopiers, printers, microwave ovens,
automobile electronics control systems, digital cameras, and heart pace-
makers. Now chips with 16 million transistors are commonplace. Ceramics
are absolutely essential in these chips and to the many steps involved in
making them, as we'll discuss in the next section.

Ceramics and the Electronics Age Ql\
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THE ROLE OF CERAMICS IN IC TECHNOLOGY

Inside a Silicon Chip

How do scientists fit 16 million transistors, plus all of the electrical
conducting paths, insulators, resistors, and other electrical devices, into an
integrated circuit the size of a fingernail? They start by making each device
incredibly tiny, about one twenty-millionth of an inch across (about 500
nanometers). These devices are built up on the surface of a slice of single-
crystal silicon, layer after layer. A single chip can have more than 20 layers,
all interconnected like a three-dimensional maze.

To imagine the complexity of an IC, think of a 20 story building filled
with thousands of apartments. Each apartment is full of electrical wiring
and different appliances such as refrigerators, toasters, and hair dryers.
These appliances are like the individual devices in the microchip, each
requiring its own special electrical connections and input, yet all intercon-
nected to the main electrical wiring of the whole building. Now, imagine
the network of pipes and plumbing for distributing water; this is like
another network of devices, forming a separate circuit but also necessary to
the overall duties of the integrated circuit. Finally, imagine all of the hall-
ways and doors. These represent another circuit.

Now shrink all of the electrical wiring, plumbing, halls, electrical
switches, faucets, and doors in our 20 story building down to the size of a
fingernail, but squashed and compacted to leave no open spaces. This
incredibly compact structure is a pretty good illustration of the complexity
of a modern IC. The electrical wiring, plumbing, and halls represent the
complex electrical paths in the IC. The electrical switches, faucets, and
doors represent all of the microswitches and control gates that route the
electrical current through the IC. The millions of appliances represent the
individual electrical devices built into each IC. Engineers who design ICs
select which devices to build in, according to the desired use of the IC: in a
desktop computer, a calculator, a talking toy, or a breadmaker. We’ll discuss
soon how engineers make an IC, but let’s talk a little about the materials
inside an IC, especially the ceramics.

Most of the materials in an IC are semiconductors, meaning they can
block electricity under some circumstances and conduct electricity under
other circumstances, as discussed earlier. They can act as tiny microswitch-
es to route electricity through the IC to perform tasks such as storing infor-
mation (computer memory) or going through a complex sequence of
mathematical calculations (calculator or computer).

Some materials, such as silicon and germanium, are natural (intrinsic)



semiconductors, because they have a narrow band gap; not much energy is
needed for electrons to jump the energy gap and let electricity flow. Some
materials, including silicon and germanium, can be made into special
“designer” (extrinsic) semiconductors by adding tiny amounts of other
chemical elements, such as boron and phosphorus. This addition is called
doping. Doping with boron makes extra electrons available in the silicon,
so that electrical conduction can occur more easily by the flow of these
extra negative charges. Doping with phosphorus causes a deficiency in the
number of electrons, which is the same as making positive charges (electron
holes) available for conduction. By using natural and doped semiconduc-
tors, engineers can design just about any electrical behavior they want.
However, they must also separate the different electrical circuits and
devices from each other with an electrical insulator. This separation is an
important role for thin films, or layers, of ceramics.

We identified three basic categories of materials at the start of this
book: metals, ceramics, and organics. Into which of these categories do
semiconductors used in ICs fit? They’re clearly not organic, but the choice
between metal and ceramic is more difficult. Silicon, for example, is shiny
and looks metallic, but the atoms are bonded together in exactly the same
way as in diamond, which is usually used as one of the classical examples
of a ceramic structure. Germanium also has the same crystal structure as
diamond. So, from an atomic-structure point of view, these semiconductor
materials are more like ceramics. If we can reasonably consider these mate-
rials as ceramics, then most of an IC chip is

made up of ceramics.

Making Integrated Circuits
with Ceramics

The fabrication of ICs is a $150 billion-per-
year business and the heart of the huge $15 tril-
lion electronics market. Ceramics are involved
in just about every step in making ICs. The fol-
lowing paragraphs describe briefly how an IC is
fabricated and the role of ceramics.

The first step in IC fabrication is to pro-

duce a very pure, perfect single crystal of sili-

con. Remember our discussion in Chapter 2 on
the growth of ruby crystals by the Verneuil
method, by dropping alumina powder through
a high-temperature torch and building up a

Figure 6-4. Two single-crystal silicon rods, showing 1960s
fabrication capabilities; a large polished wafer about 8 inches in
diameter, showing early 1990s capability; and several chips
mounted in ceramic packages. Note the mirror polish on the large

wafer. (Large wafer provided by MEMC Southwest, Sherman, TX. Photo by
D. Richerson.)
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single crystal boule? This method was tried with silicon but didn’t result in
a perfect enough crystal. Gordon Teal and John Little of Bell Laboratories
developed a different method that worked. They melted the silicon in a
container (crucible) made of high-purity fused silica ceramic (the material
that Hale initially tried for making telescope mirrors), which was very sta-
ble and didn't contaminate the silicon at the melting temperature, above
2560°F. Once the silicon was melted, a single crystal of silicon was touched
to the top surface of the melt, allowing silicon atoms from the melt to
deposit. If the silicon crystal was very slowly pulled away from the molten
silicon, a single crystal rod of silicon was produced, similar to the one
shown in Figure 6-4.

In the early 1960s, when ICs were first
being developed, the largest single crystal of
silicon that could be grown was about 1 inch
in diameter. The technology has come a long
way. Now, highly perfect single crystals of sili-
con can be grown 12 inches in diameter and
40 inches long.

The second step in IC fabrication is to
slice the single-crystal rod into wafers about
25 thousandths of an inch thick and to grind
and polish these wafers to an incredible
degree of flatness and smoothness (note the
mirror finish of the wafer in Figure 6-4). This
shaping is necessary because the devices that
will be formed later at and on the surface of
the wafer are only 20 millionths of an inch

Figure 6-5. Silicon carbide wafer boats (above) and a wafer (500 nanometers) across. Even the tiniest
boat loaded with silicon wafers and supported on a silicon . . .
carbide paddle (below). (Photos courtesy of Saint-Gobain/Norton scratch or pore will dlSI‘llpt the formation of

Industrial Ceramics, Worcester, MA.)
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these devices. All the precision slicing, grinding, and polishing are done
with ceramics.

The polished silicon wafers are carefully cleaned to remove even the
tiniest particle of dust or lint, loaded onto a ceramic carrier called a wafer
boat, placed on a long-handled flat ceramic paddle, and inserted into a
ceramic-lined furnace. The boat, paddle, and furnace lining usually are
made of silicon carbide, because it can withstand the temperature in the
furnace and doesn’t contaminate the silicon. The desired dopant to give
the silicon wafer just the right semiconductor characteristic is also loaded
into the furnace. When the furnace is heated to the right temperature, the
dopant diffuses (soaks) into the surface of the silicon.

We now have the silicon base or substrate for our chip, but we still
have to build the many layers of transistors and other devices and the
ceramic electrical insulators separating them. This layering is done by
repeatedly etching (dissolving) away a microscopic pattern of some of the
silicon and depositing other ceramic materials in its place, layer by layer.
The etching is done using a special process known
as photolithography. The silicon is coated with a
light-sensitive polymer. Light is projected through
a lens and a mask (a cutout pattern) to shine the
pattern of the particular layer of devices onto the
silicon chip. The polymer struck by the light
becomes sensitized, similarly to the Fotoform glass
discussed in Chapter 4. The sensitized polymer
and a tiny depth of silicon underneath can now be
etched away by an acid. Since the devices must be
accurate to about 20 millionths of an inch, the
mask and lens must be very accurate. The lens, for

example, is made of low-thermal-expansion fused

Figure 6-6. Vacuum chuck used to hold a silicon wafer in
silica glass and costs about $2 million. position during various high-temperature vapor deposition steps.
Approximately 12 inches across, showing outline of position of
silicon wafer. (Photo courtesy of Saint-Gobain/Carborundum Structural
Ceramics, Niagara Falls, NY.)

The etching step is followed by a deposition
step, to fill the device material into the spaces
etched out of the silicon. Sometimes, this deposition is done by chemically
reacting gases to deposit the desired material; other times, it’s done by
sputtering, knocking atoms off the surface of a target and letting them rede-
posit on the etched silicon wafer. These are all high-temperature processes
that require ceramic furnace linings and support structures.

The photolithography, etching, and deposition processes are repeated
with different materials for each type of device in each layer, until all of the
layers of the IC have been formed. This process is amazing and complex.

Ceramics and the Electronics Age Qf\
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Figure 6-7. Close-up of a 1960s silicon wafer after deposition of devices, with the tip of a sewing
pin for size comparison. (Photo by D. Richerson.)

Any mistake made in any step ruins the whole wafer. Since each wafer con-
tains hundreds of individual ICs, a ruined wafer is an expensive loss.

A complete description of the design and fabrication of ICs would
take many pages and go into scientific details well beyond the scope of this
book. The intention of this brief description was to show you how amaz-
ing the silicon chip really is and also to show that the silicon chip—and all
of the electronics products made with silicon chips—wouldn’t be possible
without ceramics.

Now What Happens with the Silicon Chip?

Now that we have a silicon chip, what do we do with it? How is it
mounted into a piece of electronics equipment? We already saw one exam-
ple in Figure 6-3. The silicon chip was mounted onto a thin sheet of plastic
reinforced with glass fibers. The chip next was connected by tiny wires to a
pattern of metal circuits painted onto the plastic and leading to the bat-
tery, keyboard, and liquid-crystal display. A liquid polymer then was
poured over the chip and wires and allowed to harden, just like an epoxy
glue starts out as a liquid and then hardens: A silicon chip can be damaged
by moisture in the air and so must be completely encapsulated.

Plastic encapsulation works fine for small ICs in calculators, but not
for larger ICs in computers or other equipment that runs continuously.
The ICs build up a lot of heat, enough to actually ruin the IC. Since plastic
holds in heat, an alternate material must be used, one that can carry the
heat away from the chip. Aluminum oxide is the material most commonly
used, but not only to protect the chip from moisture and carry away heat.
Engineers have found a way to build metal wiring right into the alumina



to form a solid hybrid package, a wonder of miniaturization that rivals the
miniaturization in the IC. A cross-section diagram of a hybrid package is
shown in Figure 6-8. The hybrid package consists of many layers of alumi-
na, which is an excellent electrical insulator, inter-

laced with all of the metal electrical-conduction 4 "= =
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. . Figure 6-8. Schematic illustrating the construction of a hybrid multilayer ceramic
become solid but flexible when package for mounting silicon chip integrated circuits (From E. Ryshkewitch and D.W.

dried. This mixture, called a slurry Richerson, Oxide Ceramics, 2nd Edition, General Ceramics, Inc., Haskell, NY, 1985.)
or slip, is a fluid like buttermilk

or eggnog. The slip is poured onto a large, flat surface and spread out with

a knife blade to a flat, thin layer and allowed to dry. After it’s dried, the

material is a mixture of ceramic particles and the flexible organic material

and referred to as a tape. It

looks a little like the very
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Figure 6-9. Schematic showing the complexity of a 23 layer hybrid multilayer
ceramic package. (Courtesy of IBM, Hopewell junction, NY.)

a little liquid is printed onto the tape in the type of circuit patterns shown
for the different layers in Figure 6-8. This metal paste also fills the holes
that were punched. The different layers of tape, with their printed metal
patterns, are now stacked and gently heated under slight pressure, to cause
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Figure 6-10. Examples of hybrid multilayer ceramic
packages. (Photos courtesy of Kyocera.)

the organic binder in the tape to bond the layers of
tape together. The large ICs for mainframe computers
require more than 20 tape layers.

The layers of tape are still just a bunch of ceramic
and metal powder particles held together with an
organic glue, just as if you mixed sand or dust with
white glue. Before the hybrid package can be used for
ICs, it must be converted to a solid ceramic interlaced
with conductive metal channels. This is done by care-
fully burning off the organic binder material and then
heating the ceramic to a very high temperature (typi-
cally over 2900°F). If heated correctly, the resulting
ceramic contains no pores, and the internal metal
“wires” are continuous. As shown in Figure 6-8, there’s
even a recessed area built into the package, sized just
right to hold the IC.

The hybrid IC package is a miracle of miniatur-
ization that required many innovations in materials
and fabrication technology. A hybrid package built in
the 1960s could hold only one chip and provide the
internal electrical wiring for only a few hundred devices.

LCCCERERLLE L

Figure 6-11. Magnified view of a vintage 1975 silicon chip brazed into a ceramic package. Note
the faint image of the devices on the silicon chip and the tiny wires connecting the chip to the
ceramic package. (Photo by D. Richerson.)
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Figure 6-12. Cutaway of an IBM mainframe computer thermal conduction module, showing silicon
chips on a hybrid IC package. Helium is circulated through the metal housing to carry away heat
produced by the ICs. (Photo courtesy of IBM Microelectronics, East Fishkill, NY.)

Now, hybrid packages such as the IBM mainframe computer module illus-
trated in Figures 6-12 and 6-13, can house 133 powerful chips, each
containing millions of devices. A 1988 version of this IBM module was
about three and one-half inches square and one-fifth of an inch thick. It
contained 33 layers, about 350,000 metal-filled holes between layers, 427
feet of internal metal wiring, and 1800 brazed-on pins for external connec-
tions. The IBM module contained over 100,000 separate electrical circuits
in all and generated so much heat that it required an elaborate cooling
system. This hybrid package, plus the 133
silicon chips, replaced a whole room full of
equipment required to do just a fraction of I
the same computations 20 years earlier. ...;;g;;';’,f;}’;’r’ﬁgﬁ}%rf’,i%;{?},;I

)
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OTHER ELECTRICAL USES
FOR CERAMICS

As you can now see, integrated cir-
cuits and hybrid packages wouldn’t be
possible without ceramics. These technolo-
gies have profoundly affected our lives, in
everything from our personal computers to
the mainframe computers that handle
transactions of banks, airlines, and the

Figure 6-13. IBM mainframe computer IC package. Bottom and top view
of IC package, showing the 1800 pins for electrical connections and the
Internet. As important as ICs and hybrid 121 logic and array silicon chips. The package and chips fit into the IBM
thermal conduction module. (Photos courtesy of IBM Microelectronics, East Fishkill, NY.)
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packages are, though, ceramics have many other important electrical
applications. Let’s explore some of these other applications.

Ceramic Electrical Insulators

Ceramics and glass have been used as electrical insulators since the
discovery of electricity. Glass and porcelain were commonly used during
the 1800s, and—as you learned in Chapter 2—alumina became important
by the mid 1900s for spark plugs in motor vehicles and airplanes. Since
then, these and other ceramics have been used as electrical insulators in
just about every device that operates on electricity. You'll find them in
radios and televisions, ‘all household appliances, and nearly all motors,
communications equipment, microwave systems, computers, industrial
and medical equipment, and aerospace and military systems.

One of the oldest uses of ceramic insulators is to insulate power lines
that transport electricity from the hydroelectric dam or power-generation
plant to our homes. Next time you drive through the countryside, take a
closer look at the high towers that support the high-voltage electrical-
transmission wires. The wires never touch the towers but instead are
attached to large ceramic insulators. These ceramic insulators must be able
to withstand very high voltage and also must be strong enough to hold
the weight of the wires, even during a heavy wind ot snow storm. Once
the electricity reaches our home, ceramic insulators line electrical outlets

Figure 6-15. Medium sized electrical insulators of aluminum
oxide. (Samples from Coors Ceramics, Golden, CO. Photo by D. Richerson.)

Figure 6-14.(left) Small aluminum oxide electrical insulators
for various electrical applications fabricated by Western Gold
and Platinum, Belmont, CA, circa 1980. (Photo by D. Richerson.)



and light sockets, not only to protect us from getting shocked but also to
give extra protection against fire.

Another important use of ceramic insulators is for substrates or
mounting brackets to which other electrical components are attached. The
plastic reinforced with glass fibers shown earlier, in Figure 6-3, is an exam-
ple of a substrate, and many of the small
parts shown in Figure 6-14 are ceramic =2
mounting brackets. As mentioned before,
ceramics are often used because they can
carry heat away more rapidly than plastic
can. Alumina works fairly well and is
used, for example, to mount all of the = il ln__i'-:,r;jiz‘-ﬂ
electronics systems in our automobiles. :
Some products, such as some laser parts,
require ceramic materials that carry away
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heat even better than alumina can. .
Beryllium oxide and aluminum nitride

both conduct heat away at least four Figure 6-16. Diamond substrates in copper frames. Diamond and copper

. . are superior heat conductors and effectively carry heat away from high-
times faster than alumina—nearly as fast power silicon chip integrated circuits. (Sample from Saint-Gobain /Norton Advanced
. . . Ceramics, Northboro, MA. Photo by D. Richerson.)
as metals. But the champion is diamond:
Diamond carries away heat five to ten

times better than do the best metals.

Dielectric Ceramics and the Capacitor

Ceramic capacitors are electrical devices required in virtually every
piece of electrical equipment. More than one billion are produced each
day. The capacitor is actually a special type of electrical insulator called a
dielectric. Even though it won't let electrons flow through, a dielectric is
still affected by electricity. One side of the ceramic becomes more positive
and the other side more negative, which is where the name dielectric
(“two-electric”) comes from. This movement of electrical charge to oppo-
site sides (poles) of the ceramic is called polarization, and is illustrated in
Figure 6-17. It allows the ceramic to store electricity, which is one of the
important tasks of a capacitor.

A capacitor is made up of alternating layers of ceramic and metal.
When electricity is passed through the metal layers, the ceramic becomes
polarized. Some ceramics work better than others. Alumina shows very lit-
tle polarization, which is why it’s such a good insulator. A special ceramic
called barium titanate (made up of atoms of barium, titanium, and oxygen)
polarizes thousands of times more than alumina and is very effective in
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capacitors. In fact, barium titanate has
played an important role in miniatur-
I+ clectrode ization. The radio is a good example. A
typical transistor pocket radio in the
- _ T _T - -_T - 1970s contained around 10 capacitors

+ + + + - 4+ - + + . . .
+ + made with barium titanate. Each of

T+ +++ ++ ++++ T+ .

these capacitors was around three-
eighths of an inch in diameter. In
1940, the best dielectric ceramic for
capacitors had only one five-hun-

I - clectrode

Figure 6-17. Schematic illustrating the shift in distribution of electrical charge ~~ dredth the polarization of barium
in a dielectric ceramic during polarization. Note that the positive charges move . : : :
toward the negative electrode and the negative charges move toward the titanate. A capacitor made with this

positive electrode. (lllustration from D.W. Richerson, Modern Ceramic Engineering, Marcel Dekker,  material would be much too la[ge to fit
NY, 1992.)

into a portable radio.

Capacitors can do other tasks
besides storing electricity. Some can block direct current and allow
alternating current to pass; others allow some frequencies of electromag-
netic signals—such as radio waves—to pass, and block others. Take a look
at the dial of your radio. The numbers you see represent different frequen-
cies of radio waves. Early radios used capacitors to allow the listener
to “tune in” to the various broadcast stations. New radios use even
better dielectric ceramics. '

Cellular Phones

Another important use for
dielectric ceramics is in cellular
phones, where they act as a block
filter. A cellular phone receiver is
constantly bombarded by
unwanted signals (radio waves, TV
waves, and so forth), as well as

the telephone signals we want Figure 6-18. Multilayer ceramic capacitors. Multilayer
. . ceramic capacitors are fabricated similarly to multilayer
to receive. Each of the signals, packages. Layers of dielectric ceramic tape are coated
wanted or not, has a different with a thin layer of conductive metal and stacked. The
whole assembly is fired to produce a miniaturized

capacitor. (Samples from AVX Ceramics Corporation, Myrtle Beach,
SC. Photo by D. Richerson.)

wavelength and frequency (just as
colors of light all have different
wavelengths and frequencies). The
dielectric ceramic in a cellular phone has been designed to interact with
these frequencies to allow the telephone message to pass, while “sifting
out” all of the other frequencies. This wasn’t an easy task to accomplish.
The first successful block filter was over 8 inches long, definitely too big
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Figure 6-19. The role of the ceramic block filter in a cellular-phone. The cellular phone antenna
picks up multiple signals from many wireless communication devices. The ceramic block filter selects
the desired signal by preventing undesired signals from entering the receiver of the phone. (lllustration
prepared by John Estes, Motorola Component Products Group, Albuquerque, NM.)

and heavy to be used in a mobile
phone. Block filters only became
small enough to use in cell phones
in the 1980s, but cellular phones
are everywhere now.

Ceramic Superconductors

You've probably read in the

newspaper about ceramic supercon-

ductors sometime since the first

Figure 6-20. Comparison of an early block fiiter (top,
made mostly of metal) with later miniaturized ceramic

one was discovered, in 1987. The block filters. (Photo courtesy of Motorola Component Products
’ Group, Albuquerque, NM.)

scientific community was excited

because the new ceramic superconductors had the potential to operate at
much lower cost than previous, metal-based superconductor materials. The
new ceramics offered new hope for a large reduction in electrical loss, or
wastage, during transmission and storage of electricity; for low-cost nuclear
magnetic resonance (NMR) medical scanners affordable to more people for
the diagnosis of cancer and other medical problems; for high-speed trains
that could ride on air, levitated by magnets; for highly efficient motors;
and for incredibly fast supercomputers.

What'’s so special about a superconductor? A superconductor has
absolutely no resistance to the flow of an electrical current. As we dis-
cussed earlier, most materials—even the best metallic conductors, copper
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and silver—have some resistance to the flow of electricity. The electricity

has to work a little to get through these metals, which wastes some of the
electrical energy and also produces heat. Electrical resistance is like fric-
tion. Tie a string to a small block of wood. Pull the block of wood across

your cement driveway or a piece of sandpaper. It doesn’t pull very easily,
because there’s a lot of friction. Now pull the block of wood across a sheet
of very smooth glass. It pulls much more easily, because the friction is
greatly reduced. This is like the flow of electricity through copper or silver.
The resistance is greatly reduced, but still there. Now if you could bring the

Figure 6-21. Ceramic superconductor wire and
experimental electrical transmission line.

(Photographs courtesy of American Superconductor Corporation,
Westborough, MA, and Pirelli Cavi S.p.A.)
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block of wood up on the Space Shuttle, take it for a space
walk where there’s no air or gravity, and push it off into
open space, there would be no friction. This would be
comparable to the flow of electricity through a supercon-
ductor, with absolutely no resistance or loss or heating.

Ceramic superconductors offer lower cost than earlier
superconductors. Materials become superconductors only
at a very cold temperature. The first superconductor,
mercury, discovered in 1911, had to be cooled to about
-460°F before it became superconductive. The only way
to reach this incredibly cold temperature was to dunk the
mercury in liquid helium, which is very difficult and
expensive to produce and wuse. The ceramic
superconductor discovered in 1987 caused so much




excitement because it became superconductive at only -294°F, which is
above the temperature of liquid nitrogen (-321°F). Liquid nitrogen can be
prepared easily and sold at low cost.

A tremendous amount of research and development has been conducted
on ceramic superconductors since 1987. One of the biggest challenges has
been to make wire that’s flexible and doesn’t break easily. This has been
achieved by mixing the ceramic with silver to form a composite wire that’s
ductile like a metal, yet retains the superconductivity of the ceramic when
cooled with liquid nitrogen. As shown in Figure 6-21, experimental electri-
cal-transmission line has been made with this ribbon-shaped wire.
Superconductive ceramics also have been built into experimental motors,
antennas, microwave devices, and magnetic shielding.

NATURE’S MAGNETS

Ceramic materials can also be magnetic. Magnetic ceramics are
important in tape recorders and even in the recording tape itself, in loud
speakers, in all of the motors that power the accessories in a car (wind-
shield-wiper motors, power seats, power windows, and so forth), and even
in the linear accelerators (“atom smashers”) used by physicists to study the
tiny particles that make up an atom.

Magnetism was first observed many centuries ago in the naturally
occurring ceramic material magnetite. Ancient travelers learned to use mag-
netite as a compass for telling directions, but the force of mag-

netism wasn’t understood until after the electron was discov-

ered and scientists understood the structure of an atom. These Tl S
scientists learned that electrons travel in pairs in orbits around d”fd ZIﬂlq) A
the nucleus of the atom. The two electrons in each pair are AN
spinning, similarly to the way the Earth rotates about its axis. dc [5
This spin gives each electron a magnetic characteristic, a mag-

netic moment. However, the two electrons in an orbit spin in More than 1.3 billion pounds
opposite directions, so that the magnetic moments are in oppo- E:f:;’;fﬁ:;:‘::mw:f:i:;':ii:j
site directions and cancel each other. If only one electron is in 1997.

present in an orbit, though, the magnetic moment doesn’t

cancel, and the atom shows magnetism. The primary chemical

elements with these unpaired electrons are iron, cobalt, nickel, and man-
ganese. As a result, some metals and ceramics containing these atoms are
magnetic, like magnetite, which is made up of iron and oxygen atoms.

The modern age of ceramic magnets began in 1946, when J.L. Snoeck
of Philips Laboratories in Holland synthesized ceramics with strong magnet-
ic properties. He made these magnets similarly to the way that aluminum

Ceramics and the Electronics Age QS\



Figure 6-23. Ceramic
magnet for a microwave
device. (Photo by

D. Richerson.)

i 9 THE MAGIC oF CERAMICS

oxide and other polycrystalline ceramics are
made: by starting with a powder, pressing the
powder into the desired shape, and then firing
the part to a high temperature. After they'd
been fired, though, the materials still were not
strong magnets. All of the little magnetic
moments were pointing in every possible
direction, mostly canceling each other. The
secret found by Snoeck was to place the poly-
crystalline ceramic between two very strong

magnets, which forced most of the tiny mag-
netic moments to line up in one direction,

just like when you hold a magnet under a
piece of paper with iron filings sprinkled on

Figure 6-22. Ceramic loudspeaker
magnets. The magnetic field top: the iron filings all line up. The general
between the magnets is strong
enough to suspend one in midair.
(Magnets from General Magnetic Company,
Dallas, TX. Photo by D. Richerson.) Once some ceramic magnets have been

term used for a ceramic magnet is ferrite.

magnetized, they retain their magnetism

extremely well. These are referred to as permanent magnets or hard ferrites.

Approximately 1.2 billion pounds (545 million kilograms) of hard ferrite

ceramic magnets were produced in 1997 and used in motors for electric

toothbrushes and knives, power accessories in automobiles (such as power

seats and windshield-wiper motors), speakers, atom-smashing linear
particle accelerators, and household magnets.

Other ceramic magnets can be magnetized and demagne-
tized readily by changing the direction of an applied mag-
netic field. These soft ferrites are important in television,
radio, touch-tone telephones, communications, electronic-
ignition systems, fluorescent lighting, high-frequency
welding, transformer cores, and high-speed tape and disk
recording heads. Approximately 120 million pounds (54.5
million kilograms) of soft ferrites were produced in 1997.

Some of the earliest computers used tiny, soft-ferrite rings
such as those shown in Figure 6-24 for storing information. Each

little ring had three copper wires going through the hole in the mid-
dle. The flow of electricity through the wires was controlled so that each
magnet could be independently programmed with the positive pole in
either one direction or the opposite direction, which allowed storage of
one piece of information. You can imagine how large and complex these
early computers were.



Figure 6-24. Tiny ceramic magnets used in early computers, some shown on a dime for size comparison. (Photos by
D. Richerson.)

OVERVIEW: WHAT WILL THE FUTURE BRING?

You've probably been surprised by all of the electrical uses for ceramics
and the dramatic effect they’ve had on our daily lives in this Age of
Electronics. Ceramics will have an even bigger effect in the future.
Computer capabilities are doubling every 18 months, as scientists and
engineers learn how to make smaller and smaller integrated circuits and
other electrical devices. We have amazing things to look forward to in the
future, made possible by advanced electronics: powerful computers that
will operate our industrial machines, communications systems, airplanes,
and just about everything else better than they are today; more “smart”
items, from toys to machines, that will interact directly with us through
electronics; widespread use of virtual reality; cars that don’t require drivers;
medical devices built into our bodies or clothes, to continuously monitor
our health, especially our heart; and maybe even computers that can
communicate directly with our brain cells.

We left one of the most fascinating electrical characteristics of ceram-
ics out of this chapter: piezoelectricity. Piezoelectricity defines the magical
ability of some ceramics to convert back and forth between pressure—
movement or vibration—and electricity. This unique property is playing
an important role in allowing us to interact directly with machines and
the world around us. The next chapter is dedicated to all of the incredible
ways piezoelectric ceramics are already working for us.
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CHAPTER SEVEN

e wide range of ceramic electrical characteristics that we

discussed in Chapter 6 is pretty amazing, but the most

magical of all electrical properties of ceramics is
piezoelectricity. Piezo means pressure, so piezoelectricity
means “pressure electricity.” Remarkable piezoelectric
ceramics can actually convert back and forth between
pressure and electricity. If you apply a pressure to a
piezoelectric ceramic, even as slight as by breathing on
it or talking to it, the ceramic will give off an electrical
pulse. This behavior is used in microphones, underwater
sound-detection hydrophones, and pressure- and vibra-
tion-detecting sensors. On the other hand, if you apply

a voltage, the piezoelectric ceramic changes shape and

PRODUCTS AND USES

Microphone
Loud speaker
Hydrophone sonar
Fish finder
Ocean floor mapping
Non-destructive inspection
Ultrasonic cleaners
Actuators
Motors, transformers
Sensors
Wheel balancers
“Smart” skis
Quartz watches
Buzzers, alarms
Musical instuments
Musical greeting cards
Lighters and igniters

either exerts a pressure on whatever it’s touching or starts to vibrate.

This reaction makes possible the quartz watch, the ultrasonic

cleaner, medical ultrasound imaging, and an enormous number

of other important products.

We’ll discuss these applications and many others in this

chapter. You'll probably be surprised to learn how often you

encounter piezoelectric ceramics every day. Before we talk

about applications, however, let’s briefly review the history of

piezoelectric ceramics.




THE HISTORY OF PIEZOELECTRIC CERAMICS

Some natural crystals are piezoelectric. Probably the most familiar to
you are quartz and tourmaline. Quartz crystals are special to many who
believe that these crystals can pick up good vibrations from the cosmos
and channel them to benefit a person’s health and well-being. Quartz also

Figure 7-1. Variety of piezoelectric parts and assemblies. (Photo courtesy of Edo
Corporation Piezoelectric Products, Salt Lake City, UT.)

has been an important semiprecious
gemstone throughout history, in the
form of purple amethyst. Tourmaline
also is an important gemstone, usual-
ly occurring in shades of red, pink,
and green.

The phenomenon of piezoelec-
tricity was probably first observed by
some Stone Age hunter making a
stone axe or spear point, when he
struck a piece of quartz with another
stone and saw a spark. The first writ-
ten description, however, was by
Pierre and Jacques Curie, in 1880.
They studied natural crystals of
quartz and tourmaline and other
crystals they grew in the laboratory
from water-soluble salts. One was
sugar and the other was called
Rochelle salt and had especially
strong piezoelectric behavior. You
can easily grow small crystals of
sugar at home. Simply stir a couple
teaspoons of sugar into a couple
tablespoons of water. The sugar
grains will get smaller and smaller
and disappear, but the sugar is still
present, dissolved in the water. Set
this sugar-water solution aside for a
few days in a shallow, uncovered

dish. The water will evaporate, and sugar crystals will form on the bottom

of the dish.

Although the Curies learned about the magical ability of piezoelectric

crystals to convert between pressure and electricity, they didn’t come up

with any practical uses for the property. Practical applications did start to
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show up in the early 1900s. For example, scientists learned that different-
sized slices of quartz vibrated when exposed to different frequencies of
radio waves, which led to an improved way to tune radios to different
broadcast channels. A little later, piezoelectric

crystals were used in phonographs. Cement

Damping cloth

By 1930, thin slices of Rochelle salt were
used in microphones. The piezoelectric ceram-

ic was attached to a diaphragm, like the top of
a drum, but much smaller. When a person
spoke into the microphone, the sound waves
from his or her voice caused the diaphragm to

4

vibrate at the same wavelength and frequency

N t——
I
-l oo eEm————

Supports
Low sounds have longer wavelengths (more and contacts

as the sound waves, much the way your ear
drum vibrates to the sound waves hitting it.
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Perforated cover

Diaphragm

Piezoelectric
ceramic

distance between their peaks) than high

Figure 7-2. Schematic of a piezoelectric microphone. (Reprinted with

sounds and thus fewer vibrations per second. permission of Morgan Matroc Ceramic Division, Bedford, OH.)

You can demonstrate this for yourself by plac-

ing your fingers against your Adam’s apple (larynx) and humming first a
high pitch then a low pitch. You can feel that the vibrations are smaller for
the high-pitched hum.

The diaphragm in a microphone amplifies the vibrations from the
sounds entering the microphone and transmits them to the piezoelectric
ceramic. Each combination of sounds produces a unique pattern of vibra-
tions that push against the ceramic. The piezoelectric ceramic converts
these tiny pressures into a unique electrical signal that matches the unique
pattern of vibrations. This electrical signal can then be stored or transmit-
ted to a speaker where it’s converted back to the original, unique pattern of
sound waves by means of a piezoelectric ceramic or a magnetic device
(using a ceramic magnet). Piezoelectric ceramics are especially good at pro-
ducing higher-pitched sounds, so they’re usually used for the “tweeter”
speakers in your stereo, whereas ceramic magnets work best for the lower-
pitched “woofer” speakers.

All of the early piezoelectric materials were single crystals. In 1941,
R.B. Gray obtained a patent on a piezoelectric polycrystalline ceramic
called barium titanate (made up of atoms of barium, titanium, and oxygen).
This was a major breakthrough as the polycrystalline ceramic was stronger
and more durable than single crystals, cheaper to make, and not soluble in
water like Rochelle salt. An early use of barium titanate was for fish finders.
Improved polycrystalline piezoelectric ceramics were developed during the
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1940s, culminating in the invention, in 1954, of lead zirconate titanate
(PZT) by Bernard Jaffe. This material, made up of atoms of lead, zirconium,
titanium, and oxygen, had especially strong piezoelectric behavior and
opened the door for hundreds of new applications.

As scientists and engineers became more familiar with piezoelectric
ceramics, they found a wide range of imaginative ways to use these
remarkable materials.

¢ As with the microphone, they could use piezoelectric ceramics to
detect vibrations, even those as minute as sound waves.

® They could apply an alternating current, such as the electricity you
get every day when you plug in your TV or toaster, to a piezoelectric
ceramic to make it vibrate.

¢ If they applied a direct current, such as from a battery, they
obtained a controlled amount of mechanical deflection (movement, shape
change) of the ceramic. The amount of deflection could be controlled from
millionths of an inch to tenths of an inch by the amount of voltage
applied, the thickness of the piezoelectric ceramic, and the number of lay-
ers of ceramic that could be built into a stack.

* They observed that sometimes the electrical input forced the piezo-
electric ceramic to vibrate at its natural frequency (like a rubber band
vibrates when you pluck it) and either emit sound, like the vibrating string
of a guitar, or create movement that could be used as a measurement of
time, like in a quartz watch.

® They learned ways to apply a controlled amount of pressure or a
sharp blow to the piezoelectric ceramic and produce a high-voltage spark
that could ignite a fuel, as an alternative to a spark plug.

* Much more recently, they learned that piezoelectric ceramics could
convert unwanted vibration into electrical energy that can be removed, as
heat as in the “smart skis” marketed by the K2 company.

The rest of this chapter presents many different uses for piezoelectric
ceramics that rely on these different ways piezoelectricity works.

UNDERWATER USES FOR PIEZOELECTRIC CERAMICS

The ability of a piezoelectric ceramic to vibrate when the electricity is
turned on or, conversely, to detect vibrations and convert them into elec-
trical signals, makes possible many underwater applications such as
hydrophones, sonar, devices for tracking schools of fish, precision



speedometers for boats, and even equipment for mapping the bottom of
the oceans. Let’s look at some of these underwater applications and how
piezoelectric ceramics make them possible.

which were important during the Second World War for
detecting enemy submarines and monitoring other ships
from submarines. Remember the old submarine movies? A
submarine would have all its engines off, and the crew
would be listening electronically for sounds made by

other submarines or ships. Hydrophones were the devices Underwater explosives
detectors

that made this clandestine listening possible.

As shown in Figure

UNDERWATER USES FOR
Hyd rophones PIEZOELECTRIC CERAMICS

An early use for piezoelectrics was in hydrophones, Hydrophones

Decoys and homing beacons
Boat speedometers

Fish finders

Ocean floor mapping devices

Rubber cover 7-3, a hydrophone con-
sisted of a stack of piezoelectric crystal
Oil slices (usually lithium sulfate) immersed
Crystal stack in oil inside a sealed rubber-and-metal

housing. Being water soluble, the lithium

sulfate couldn’t be immersed directly in

water. Sound waves from the engine of
Housing another submarine or a surface ship
would travel through the water and
strike the hydrophone. The piezoelectric
crystals detected the pressure of these
sound waves and gave off electrical sig-
nals that could be amplified and shown
visually on the screen of an oscilloscope

Figure 7-3. Schematic of a hydrophone.
(Reprinted with permission of Morgan Matroc
Ceramic Division, Bedford, OH.)

(similar to a small television screen), just as portrayed in the submarine
movies. The way the signal looked and acted let the submarine crew esti-
mate the type of ship they’d spotted, its direction from them, and the
direction it was moving, although not its distance from them.

Sonar

Sonar, which stands for “sound navigation and ranging” was an
improvement over the hydrophone. It was developed to detect, as well as
to determine the distance of, underwater objects such as another subma-
rine, even with its engines off, or the hull of a surface ship. Sonar can be
compared to the navigation technique of a bat or to the radar gun used by
police to catch speeding motorists. Certain types of waves sent out from a
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device travel through the air (in the case of the bat or radar gun) or water
(in the case of sonar) until they hit a solid object. Some of these waves
bounce off the object and come back, to be detected by the sender.

In the case of sonar, sound waves are emitted. A sound wave is pro-
duced by applying a pulsed electrical input to a piece of piezoelectric
ceramic. Each electrical pulse causes the ceramic piece to distort, or bend,
which produces a sound (acoustic) wave in the water. A piezoelectric
ceramic used in this way is called a transducer. Each wave spreads out and
travels through the water, just like a wave spreads out and travels away
from a pebble that you drop into a pond. When the waves run into a solid
object, they reverse direction and head back to the transducer. Now the
transducer acts like a hydrophone and converts the pressure from the
waves back into electrical pulses. Because the ship’s crew knows the speed
of sound in water, they can precisely calculate the distance from them to
the object. Sonar works as the eyes of the submarine, just as a pulse-echo
system replaces the eyes of a bat in total darkness.

Decoys

Because sonar gives us a way to detect and track both underwater and
surface ships, it has great military value. Of course, every military device
seems to have a counter-device designed to defeat it. How do you defeat a
piezoelectric device? With another piezoelectric device. A piezoelectric
“pinger” is spherical and sends out an acoustic signal in all directions.
Pingers can be released by a submarine or ship to act as decoys to send
false signals to enemy ships. A pinger also can be used as a “homing” or
directional beacon.

SP,Leoareee....

Figure 7-4. Hemispheres of piezoelectric ceramic to assemble into spherical pingers (Photo courtesy of Edo Corporation Piezoelectric Products, Salt

Lake City, UT.)
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Boat Speedometers

A device similar to sonar, except with two stacks of piezoelectric
ceramic slices oriented perpendicular to each other, is used as a speedome-
ter for boats and ships.

Called a doppler sonar
velocity system and
mounted on the bot-
tom of the ship, this
device sends ultrasonic
vibrations to the bot-
tom of the body of
water and uses the
reflections to calculate
the speed of the boat.

It can even correct

for ocean currents. T ) .
Figure 7-5. Doppler sonar velocity system. Measuring

Accurately measuring approximately 6 inches in diameter, the system can measure

the speed of a ship to a precision of 0.2 inches (0.5
the Speed of an ocean- centimeters) per second. (Photo courtesy of Edo Corporation Piezoelectric

going vessel always has Products, Sait Lake City, UT)

been a challenge. The

piezoelectric device is a big improvement over the previous system: drag-
ging a rope with knots tied at regular spaces and counting the number of
knots that pass a floating object during a certain time.

Fish Finders

Another category of piezoelectric ceramic devices that operates in the
same fashion as sonar is used for finding and tracking schools of fish. Fish
finders have been in use since the late 1940s and have dramatically
increased the efficiency of the world fishing industry, unfortunately even
resulting in overfishing in some areas.

Underwater Explosives Detectors

Explosive mines are a major threat to ships during wartime. Sonar can
detect a mine, but conventional sonar aims a beam in only one direction
at a time. When large clusters of sonar-like transducers are assembled in a
circular array, as shown in Figure 7-6, they can search in all directions. The
whole array is about 5 feet (1.5 meters) high and over 10 feet (3 meters) in
diameter and contains hundreds of piezoelectric transducer stacks. The
array is suspended underwater from a ship. Reflections from any object
encountered by sound waves sent out by the array of transducers are
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Figure 7-6.(right) Array of
sonar transducers for
searching for underwater
explosives. (Photo courtesy of Edo

Corporation Piezoelectric Products,
Salt Lake City, UT)

Figure 7-7.Sequence used to assemble a single transducer stack for the array shown in Figure 7-6. (Photo courtesy of Edo Corporation
Piezoelectric Products, Salt Lake City, UT.)
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detected by the array and analyzed by a computer to determine the posi-
tion and size of the object and whether it is stationary or moving.
Minesweepers can then move in to check suspicious objects.

Ocean-Floor Mapping Devices

Piezoelectric transducers are also important tools for mapping the
ocean floor and searching for oil-bearing formations beneath the sea.
Piezoelectric transducers bounce sound waves off the ocean floor and
record the reflected waves to allow calculations of the water depth.
Mapping is repeated over a wide area, and the results are combined to
construct a three-dimensional image of the ocean floor. To search rock



Figure 7-8. Ocean-floor contour map from a piezoelectric profiler. (Photo courtesy of Edo Corporation Piezoelectric Products, Salt Lake City, UT.)

formations underneath the ocean floor for oil, much stronger sound
waves than can be produced by a piezoelectric transducer are necessary.
These stronger waves are produced by air cannons set off at the surface
of the ocean. The waves still bounce, or reflect, off the ocean floor, but
they also continue into the rock formations and send back reflections
from each rock layer, to be detected by piezoelectric transducers.

INDUSTRIAL USES FOR PIEZOELECTRIC CERAMICS

Piezoelectric ceramic materials have become very important for a
wide variety of uses in industry. Some of these uses include inspecting
solid materials such as steel for hidden internal defects, cleaning oil and
debris off as-fabricated parts before they’re assembled into a product,
mixing difficult-to-mix liquids and even ceramic slurries, and precision
controlling industrial machines.

Nondestructive Inspection Devices

Suppose you’re a construction engineer and you've just bought
some 8 inch thick beams of steel to build a bridge. From your plans for
the bridge, you know that any pores, cracks, or other defects larger than
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one-quarter of an inch will lead to disaster. You can inspect the surface of

the beams visually, but how do you look inside the beams without cutting

into them? One effective approach that lets you “see” inside an object
without tearing it apart is called ultrasonic nondestructive inspection (ultra-
sonic NDI).

INDUSTRIAL USES FOR
PIEZOELECTRIC CERAMICS

Nondestructive inspection
devices

Ultrasonic cleaners
Mixers

Emulsion preparation
equipment

Actuators for industrial
machines

Ultrasonic machining
equipment

Motors

Transformers

Ultrasonic NDI works just like sonar. A ceramic piezoelectric
transducer is placed against the surface of the object—in this
case, our steel beam—and caused to vibrate. The sound waves
produced by the vibrations travel through the steel beam and are
detected by another piezoelectric transducer. If the steel has any
internal defects, they will interrupt the sound waves, whereas
steel without flaws will allow the sound waves to pass through.
Scanning the transducer back and forth allows the whole steel
beam to be inspected. Ultrasonic NDI is used extensively to
assure the quality of materials for construction and for many
industrial applications. It has even been used to continuously
monitor the thickness and quality of paper coming out of a
papermaking machine.

Ultrasonic Cleaners

Nondestructive inspection is only one of numerous impor-

tant industrial uses for piezoelectric ceramics. Have you gone to the jewel-

ers lately to have your rings or watch cleaned? Ultrasonic cleaning is a
familiar piezoelectric task. High-intensity ultrasonic waves reverberating
through a container of water or other fluid cause bubbles to form at the
surface of anything immersed in the fluid. The formation of these bubbles
produces a vigorous cleaning action. Ultrasonic cleaning is standard for

many industrial processes and now is often even used in our homes for

cleaning such items as jewelry and dentures.

Equipment for Mixing and for Making Emulsions

Often two liquids, or a liquid plus solid particles (such as a ceramic in

a slurry, or a slip), must be mixed to the best uniformity possible.

Ultrasonic waves from a ceramic transducer, such as in an ultrasonic

cleaner, turn out to be one of the most effective ways to obtain a very

uniform mixture.

The ultrasonic concept has been effective for helping manufacturers

form emulsions, which are stable mixtures of two liquids that are not solu-

ble in each other such as most oils and water. Normally, a mixture of water
and oil will separate after standing for a while, and the oil will rise to the
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surface; that’s why it’s necessary to shake salad dressing before serving it.
But a true emulsion is such a fine mixture of the oil and water that they do
not separate. A good example is a hand lotion or some shampoos.
Ultrasonic vibrations and bubble generation help to form a true emulsion
by breaking down the oil droplets into such tiny globules in the water that
they don't re-form into larger globules and float to the surface.

Actuators and Positioners

A different industrial use for piezoelectric ceramics is as an actuator or
positioner, to precisely control the movement or position of a manufactur-
ing machine or even the end product. When a piezoelectric ceramic is used
as an actuator, it isn’t vibrated. Instead, a direct current of electricity is
applied, causing the piezoelectric ceramic to change shape. How much the
piezoelectric ceramic moves, or deflects, depends on the size and shape of
the ceramic piece or stack and on the amount of electricity applied. Very
tiny movements, down to millionths of an inch—much more precise than
those that can be achieved by conventional actuators—can be created in
this way. Such a degree of control is necessary in some machining opera-
tions, in positioning a laser beam, and in controlling robotic movements
during precision manufacturing.

Direct-current, rigid-motion piezoactuators are used in many other
ways in industry and in the products of industry. One interesting use is for
tiny microswitches and pressure-sensitive valves, often as safety features so
that a piece of equipment will shut down if it begins to operate outside its
normal safe range. Another category of uses for piezoactuators is in mea-
surement equipment, to make sure that manufactured items are the right
shape and size to fit into precision products. The piezoactuator allows the
equipment to make the tiny movements necessary to measure down to
millionths of an inch, whereas mechanical devices such as calipers can
only measure accurately to thousandths of an inch.

Recent advances in piezoactuator materials and designs have
increased the range of movement from millionths of an inch to tenths of
an inch, which has opened up many new application opportunities.
Hundreds of patents are applied for each year for innovative new actuator
applications in many different fields. The technology has even been
applied to cameras, in the form of a piezoelectric autofocus actuator motor.

Ultrasonic Machining Equipment

Cutting or machining a complex shape into wood or a metal is fairly
easy; but it’s difficult and expensive to cut the shape into a piece of rock or
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ceramic, because the ceramic is so hard and resistant even to scratching.
An ultrasonic method has been invented that’s almost like cutting out
cookies in your kitchen. First, a metal tool is made that looks like a cookie
cutter but has the outline of the shaped part you want to make. The tool is
attached to a piezoelectric transducer and caused to vibrate. A liquid con-
taining tiny particles of a hard ceramic powder, such as diamond or silicon
carbide, is flowed over the surface of the tool. When the “cookie cutter”
tool is brought into contact with the part, the ceramic particles in the lig-
uid vibrate between the tool and the part and slowly cut a hole through
the part in the shape of the tool.

Transformers

Different types of electrical equipment in industry run on different
amounts of electricity, and so the electricity coming into a manufacturing
plant must be either stepped up (increased) or stepped down (decreased) as
needed. This is done with a transformer, which is usually made with expen-
sive coils of copper wire. A transformer that can step up or step down a dc
electrical source can also be made with piezoelectric ceramics. The trans-
former is fabricated by bonding thin strips or stacks of piezoelectric ceramics
together in a special way, so that electrically stimulating one stack, which
causes it to deform, will cause even greater deformation in the second
stack. The second stack then gives off ‘a higher voltage than the original
voltage applied to the first stack. For example, one transformer was
designed so that a 10 volt input produced a 400 volt output. Increasing the
input to 30 volts resulted in an output of 2400 volts. The whole trans-
former measured only 2.75 by 0.39 by 0.09 inches (7 by 1 centimeter by
2.5 millimeters), much smaller and lighter than a comparable coppet-coil
transformer. Another advantage of the piezoelectric transformer is that it
can perform in a magnetic environment that would interfere with a
coil transformer.

PRESSURE AND VIBRATION DETECTION WITH
PIEZOELECTRIC CERAMICS

Vibration is often a sign that a problem is present or that a piece of
equipment is on the verge of failing. Piezoelectric ceramics are often used
as sensors to detect the onset or degree of vibration. The vibrations are tiny
pressure pulses that cause the piezoelectric ceramic to generate an electrical
signal. The electrical signal can be monitored continuously by a simple
microprocessor, or by a computer programmed to set off an alarm or acti-
vate a switch to shut off the equipment if a critical level of vibration is
detected. Such sensors are used on aircraft, in motor vehicles, and for



various kinds of industrial equipment. They allow the user to shut down
the equipment for maintenance before a much-more-expensive and dan-
gerous catastrophic failure occurs.

e e

PRESSURE AND VIBRATION
DETECTION BY
buy new tires is a “spin” wheel bal- PIEZOELECTRIC CERAMICS

ancer. The mechanic mounts the tire
on the wheel and places it on a
machine that spins the tire at about the
same speed the tire would be moving
on the highway. If the tire and wheel Impact sensors
are balanced (if the weight’s distrib-
uted evenly around the axle), no
vibrations show up. If the tire plus wheel are out of balance, the machine
will shimmy and shake, just like your car would on the highway, and the
piezoelectric sensor will detect the vibration. The mechanic then attaches
lead weights at points around the rim of the wheel until the sensor mea-
sures that the vibration is reduced to acceptable limits. A tire that isn’t
properly balanced will vibrate against the road and wear irregularly, reduc-
ing tire life and causing a safety hazard.

One use of piezoelectric vibration
detection that we all encounter if we

Vibration sensors
Wheel balancers

“Smart” contact sensors

Another safety application for piezoelectric sensors is in automotive
airbags. The sensor can detect an impact, and
it can be set to discriminate whether the
impact is severe enough to deploy
the airbag.

An area of great interest cur-
rently is smart contact sensors. These
sensors “feel” the pressure of con-
tact and send an electrical message
to a computer chip that will cause
some sort of action. You can
probably imagine all kinds of
uses for such sensors in robots, indus-
trial machines, artificial hands, and

virtual-reality devices. Figure 7-9. Low-cost, miniature sensors for detecting impact
or vibration. (Photo courtesy of Edo Corporation Piezoelectric Products, Salt
Lake City, UT)

VIBRATION PREVENTION

Piezoelectric ceramics not only help detect vibration where it isn’t
wanted; they also can prevent it. The most important such application is
in vibration-free tables for the photolithography steps used in making

Piezo Power



[ ———s{licon-microchip integrated circuits.

USES FOR VIBRATION Other uses include reducing the vibra-
PREVENTION BY

PIEZOELECTRIC CERAMICS tions in aircraft structures, skis, and

baseball bats.
Vibration-isolation tables

"Smart” skb Active Vibration Control for

Aircraft structures requiring Microchip Production
vibration reduction

Baseball bats Vibration is a big problem in the

fabrication of integrated circuits. As

we discussed in Chapter 6, the pho-

tolithography steps must produce details only about 20 millionths of an
inch (500 nanometers) across. The slightest vibration will blur the pat-
tern being projected through the photolithography lens and result in
microchips that don’t work. Vibrations from cars and trucks passing by,
airplanes flying overhead, workers walking in the room, and all other
sources must be completely eliminated. The table on which the photolith-
ography is conducted has two sets of piezoelectric devices mounted in its
legs. One set detects any vibrations trying to travel up the legs of the table
and sends a signal to a computer that controls a second set of piezoelectric
actuators farther up the legs of the table. The computer calculates automat-
ically just the right amount of electricity to apply to each actuator on each
\ table leg to produce just the right amount of pressure to cancel out and
stop the vibrations. Each actuator can apply forces up to about

1000 pounds (455 kilograms), which can handle just about
any level of vibrations short of a major earthquake. This

L"-\.

use of piezoelectric ceramics is referred to as active
vibration control.

Vibration Reduction in
Aircraft, Skis, and Baseball
Bats

Another vibration-control system
using piezoelectric ceramics was developed originally for
aircraft and military applications but has been adapted for
snow skis and baseball bats. When you’re zooming down
a hill at high speed on your skis, especially on hard
snow, your skis start to vibrate (chatter) and lose
some of their contact with the snow, decreasing
your control of the skis. The K2 Company (a
maker of ski equipment) and Active

Figure 7-10. Piezoelectric ceramic stacks such as
those used in an active vibration-isolation system
for the semiconductor industry. (Photo courtesy of Edo .
Corporation Piezoelectric Products, Salt Lake City, UT.) Control eXpe rts (a deSIgn er and
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maker of piezoelectric devices) have come up
with a piezoelectric solution. They build a
piezoelectric ceramic module, shown in
Figure 7-11, into each ski. A module is made
up of three pieces of piezoelectric ceramic,
each about the size and shape of a small snack
cracker, embedded along with some electrical
wiring in a sheet of plastic. When the skis
start to vibrate, the piezoelectric ceramics in
the module convert some of the vibration to
electricity, which flows into the electrical
wires. These wires are made of a material that
isn’t a particularly good conductor of electrici-
ty (it has some electrical resistance, like the fil-
ament in a light bulb), so the electricity is con-
verted to heat. This conversion of vibration to
electricity to heat essentially dampens, or
erases, close to 40 percent of the vibration,
allowing your skis to hug the snow and you
to maintain an increased level of control.
These skis even have a tiny, ceramic light-
emitting diode built into the piezoelectric
module, which lights up when electricity is
flowing, so that you can see when your “smart
skis” are working!

These “smart” skis are clever. Who
knows what engineers will come up with
next? Maybe they’ll put the electrical wiring
in your ski boots and have a plug-in that con-
nects your boots to the piezoelectric module
in your skis, to help keep your feet warm
while you're skiing.

The same active vibration-control con-
cept used for the skis works for baseball bats.
You've probably hit a baseball or softball and
felt the sting of the force and vibration on
your hands. A piezoelectric module built into
the bat gets rid of a lot of the sting. Before
long, piezoelectric modules may be built into
tennis rackets, golf clubs, and maybe even
jogging shoes!

Figure 7-11. Piezoelectric module for a K2 ski. (Photo courtesy of Active
Control eXperts (ACX), Inc., Cambridge, MA.)

Figure 7-12. Skier wearing K2 “smart skis.” (Photo courtesy of ACX, Inc.,
Cambridge, MA.)
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OTHER USES FOR . . . . )
PIEZOELECTRIC CERAMICS distortions in telescope mirrors. In the next chapter, we'll talk

Quartz watches
Buzzers, alarms, and pagers

Musical greeting cards

OTHER USES FOR PIEZOELECTRIC CERAMICS

There are still many other ways that piezoelectric ceramics are used,
but we’ll only talk about a few more in this chapter: the quartz watch,
devices in which the ceramic gives off a sound that we can hear,
lighters and igniters, and actuators to counteract temperature

about some very important medical applications of piezoelectric
ceramics, along with other surprising uses for ceramics in the
field of medicine.

Musical instruments Quartz Watches
Lighters and igniters Perhaps the most common piezoelectric application is in
Telescope-mirror correction the quartz watch. A quartz watch contains a small slice of quartz
actuators

crystal, cut in just the right way to make it piezoelectric.

P 9 THE MAGIC oF CERAMICS

Connected to the battery in the watch, the slice of quartz
vibrates at a constant frequency (thousands of vibrations per second).
Each of these vibrations is equal to a tiny unit of time. Using these
vibrations, the quartz watch accurately measures time and is much more
dependable than old-fashioned mechanical watches, with their springs,
levers, gears, and bearings.

Noisemakers and Beautiful Music

Remember our little experiment earlier in this chapter, when you felt
the vibrations on your Adam’s apple as you hummed high and low?
Sounds you hear are simply vibrations. Vibrations with the peaks of the
waves close together (short wavelength, high frequency) are high pitched,
like the sounds made by an opera singer reaching high C or the notes that
result from the keys on the far right of a piano keyboard. Vibrations with
the peaks of the waves farther apart are lower pitched, like those made by
the cello in the orchestra rather than the violin. How do we get different
pitches of sound? In stringed musical instruments, the sound is controlled
by the diameter and length of the string. Small diameter, short, tightly
strung strings produce high notes. Strings that are bigger in diameter,
longer, and strung less tightly produce lower notes. In bells, chimes, or
tuning forks, the pitch is controlled by the size of the instrument itself. For
example, if you've ever listened to a bell choir, you know larger bells pro-
duce lower sounds.

Engineers have learned to produce a complete range of sounds with
piezoelectric ceramics by carefully controlling the size and shape of the
ceramic piece and the way that electricity is applied to it. In one case,



they’'ve designed the ceramic to give off the jarring sound of an alarm
clock, to make sure we don'’t roll over and go back to sleep, or the harsh
sound of a smoke alarm, burglar alarm, or seatbelt buzzer. In another case,
they've designed the ceramic to produce a clear, pure musical sound that
can rival that from the best musical instruments. By making a separate
ceramic piece for each note in the musical scale and having a separate elec-
trical switch for each, designers can create the sound of a musical instru-
ment or a whole orchestra. This idea has even been miniaturized to make
possible musical greeting cards and toys that require only a small battery.

Lighters and Igniters

The first piezoelectric effect that was seen by cave dwellers—the spark
given off when a piece of quartz was struck with a rock—is now used for
lighters and igniters. Many lighters, for example, contain a burnable fuel
that’s ignited with a tiny piece of piezoelectric ceramic measuring only
about 1 by 1 by 3 millimeters. When you “flick your Bic,” a tiny metal pis-
ton is pushed against a spring, away from the ceramic piece, then released
and forced by the spring to strike the piezoelectric ceramic with a sharp
blow. The blow causes the piezoelectric ceramic to give off a spark that
ignites the lighter fluid. This same concept is used for charcoal-grill
lighters. The lighter produces a small impact and pressure that results in a
small spark.

Ceramic cylinder

N -
N

Figure 7-13. Schematic of a spark generator. (Reprinted with permission of Morgan Matroc Ceramic Division,
Bedford, OH.)
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Using a larger piece of ceramic and higher pressure can produce a
very large, high-voltage spark. The spark generator shown in Figure 7-13,
designed as an alternative to a spark plug in a gasoline-burning engine,
produced a 21,000 volt spark by squeezing a couple of half-inch-square
pieces of piezoelectric ceramic together with a pressure pulse of about 7000
pounds (3180 kilograms).

Actuators for Correcting Temperature Distortions in
Telescope Mirrors

In Chapter 5 you learned that temperature variations in large tele-
scope mirrors cause distortions that can blur the image the astronomer is
trying to observe. New, thin mirrors have been designed with an array of
piezoactuators attached to the back side. These actuators can be computer
controlled to slightly change the shape of the mirror, counteracting any
distortions caused in the mirror by temperature changes, and thus improv-
ing the quality of pictures that can be taken of distant galaxies.

OVERVIEW: PIEZOELECTRIC CERAMICS
TRANSFORMING OUR LIVES

Piezoelectricity seems stranger than truth. Ceramics that can convert
from electricity to pressure and vice versa have introduced the world to
microphones and phonographs, to sonar and fish finders, and to a nonde-
structive way of seeing inside solid objects. They help us make integrated
circuits, act as the timekeepers in our watches, and give us advanced
warning before costly machines self-destruct. In spite of the many uses dis-
covered so far, inventors are just starting to tap the true commercial potential
of this magical technology. In the not-too-distant future, we may have
smart sensors that give most of the products we use a “sense of feel” and
the ability to make preprogrammed decisions controlled by a silicon chip.

The next two chapters discuss the enormous impact of ceramics
(including piezoelectric ceramics) in the fields of medicine and automobiles.
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CHAPTER EIGHT

n the last few chapters we've explored different properties
of ceramics—such as strength, electrical characteristics,
and optical behavior—and then discussed some of the useful
products these properties make possible. Let’s take a different
approach in this chapter. Let’s pick a single field of application—
medicine—and look at the different ways ceramics are PRODUCTS AND USES

used. You'll be surprised at the breadth of contributions e

Joint implants
by ceramic materials. Bone repair
Middle-ear implants
Probably the earliest medical use of ceramic materi- Heart valves
Eye-lens replacement

als was as the glass lenses in eye glasses, a use that goes Artificial eyes
Prosthetics

back to at least the 12th century. This was followed much

later, in 1774, by the first successful use of ceramics (porcelain) as
a replacement for teeth. Most of the applications that really can
be classified as miraculous, however, have been developed during
the last 40 years. These modern medical innovations can be divided
into three categories: (1) replacement and repair, (2) diagnosis, and

(3) treatment/therapy.

CERAMICS FOR REPLACEMENT AND REPAIR

One of the most exciting areas of medical advancement during our
generation has been the repair or complete replacement of damaged parts
of our bodies. For a replacement to be successful, the material used must be
able to perform the same function as the original body part and also must
be compatible with the surrounding tissue. These sound like fairly simple
requirements but actually are quite challenging, especially with regard to
compatibility. Many materials are toxic to tissue. Most others that aren’t
toxic instead are attacked by the body and either destroyed or encapsulat-
ed in special fibrous tissue (similar to scar tissue) that our body builds up
in an effort to isolate the foreign part that has been implanted. Some
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Figure 8-1. The Bioceramic Man. Ceramics are used from head to toe as implants, repairs, and restorations. (Courtesy of Professor Larry

Hench, Imperial College, London.)
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crystalline ceramics and glass, however, mimic the composition of bone
(which is mostly ceramic) and have proved to be the most body-compatible
materials found so far. These biocompatible ceramic materials are referred
to as bioceramics.

The story behind early bioceramics work in the United States is inter-
esting. A young ceramic engineer named Larry Hench, at the University of
Florida, was working on semiconductor switches for nuclear weapons. On
his way to an Army materials conference in 1967, he sat next to a colonel
who had just returned from Vietnam. The colonel complained about the
thousands of soldiers who were having limbs amputated because their
bodies were rejecting metal and plastic implants. He admonished
researchers for working on tools of destruction rather than tools of healing.

Inspired to action, Hench proceeded to win a grant from the U.S.
Army in 1969 to explore ceramic materials for their compatibility with tis-
sue. He started his studies with rats, which respond to medical procedures
in much the same way that people do. Within two months he had identi-
fied a glass composition (based on calcium and phosphorus, the major
constituents of bone) that bonded to bone and tissue better than any pre-
vious material. This new material became known as Bioglass.

Bioceramics are now successfully implanted in our bodies as solid
parts, porous parts, and coatings. Those that actually bond with our bone
and tissue are called bioactive. Bioglass and polycrystalline ceramics with
similar composition to Bioglass, such as a ceramic called hydroxyapatite, are
the most successful bioactive ceramics. Some of these compositions are
actually slowly absorbed by our body as they are replaced with natural
bone and tissue. Other ceramic materials, such as alumina and zirconia,
don’t bond to our bone and tissue but are neither toxic not attacked by
our body and rejected. These inert ceramics also have become important as
implants, especially for the replacement of damaged or worn out joints.

Dental Ceramics

The first recorded attempt to use ceramics as replacements for teeth
was in about 1774, in Paris, France, by a dentist, Nicholas Dubois de
Chémant. Before that time, many other materials had been used to replace
teeth, including ivory, bone, wood, animal teeth, and even teeth extracted
from human donors. These prior tooth replacements weren’t particularly
effective, because they quickly became stained and invariably developed a
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bad odor. Dubois de Chémant saw pottery of the new porcelain that
Europeans had just learned how to make and marveled that the appear-
ance was so similar to that of natural teeth. He collaborated with Josiah

Figure 8-2. Translucent alumina orthodontic brackets.
(Fabricated by Ceradyne, Inc., Costa Mesa, CA. Photo by D. Richerson.)

Wedgwood, who, you may recall from
Chapter 3, was prominent in establishing
porcelain manufacturing in Britain. The
resulting porcelain teeth were a big
improvement over the previous materials.

Since 1774, and especially during
the past 40 years, dental ceramics have
been refined to duplicate the color and
translucency of natural teeth and to pro-
vide higher strength. Not only have
ceramics been used for tooth replacement
and for dentures, but new restoration

techniques, such as veneers, inlays, and crowns, have been developed.
A veneer consists of a thin layer of ceramic, usually bonded to the visible

surface of front teeth. An inlay is a filling. A ceramic inlay provides a

natural-colored alternative to repairing a cavity with a silver-tin-mercury
filling. A crown is a hollow ceramic cap, or shell, that completely covers

the outer surface of a tooth.

Figure 8-3. Comparison of metal (left) and ceramic orthodontic brackets. (Photos courtesy of 3M Unitek Corporation, Monrovia, CA.)

}ZZ) THE Macic oF CERAMICS



Ceramics also are gaining importance in the field of orthodontics (the
aligning of teeth that are crooked and out of place). To align teeth, an
orthodontist cements a bracket onto each tooth and stretches a metal wire
across the brackets to apply a steady pressure to push the teeth into place.
The brackets traditionally have been metal, but the bright metal is so readily
visible that some people are reluctant or embarrassed to have orthodon'gic
braces. Initial attempts to replace the metal brackets with ceramics weren’t
successful. The stress caused when the orthodontist cinched up the wire
was too great, and the ceramic usually broke. However, during the early
1980s, sapphire brackets were successfully introduced, and soon translu-
cent polycrystalline alumina brackets followed. These ceramic braces, which
are much less visible than metal braces, are now highly popular.

Hip and Other joint Implants

If you've ever suffered damage or deterioration of your joints, espe-
cially the hip joint, you understand how much disability and suffering
such problems can cause. Hip replacements were pioneered using a metal
rod (stem) with a metal ball on one end. The stem was forced down the
center of the leg bone (femur) and glued in place. The ball then fit into a
plastic (usually the common polymer polyethylene) cap that was glued
into the hip socket. However, these implants weren’t considered a long
term solution. Both the metal and plastic would slowly wear, and the
resulting wear particles would cause irritation and inflammation. Within
about 10 years, either the pain would become too great or the joint would
freeze up and stop working; the implant would have to be replaced.
Another problem also sometimes required replacement of the implant. The
glue between the metal stem and the leg bone would fail, and the rod
would come loose.

Ceramics have helped solve problems with hip replacements.
Implants now last much longer than 10 years. Of the 950,000 hip replace-
ments performed every year, about 250,000 are ceramic hip implants. The
first problem-solving step was to replace the metal ball with transforma-
tion-toughened zirconium oxide, one of the new high-strength, high-
toughness ceramics discussed in Chapter 5. Studies in Europe, Japan, and
the United States in the 1980s showed that a ceramic ball was more
body-compatible than metals and provided a harder, smoother surface
that decreased wear. Another step was to cut grooves in the metal stem
and coat them with a bioactive ceramic. This ceramic stimulated bone and
tissue growth into the grooves and reduced the chance of the stem coming
loose from the leg bone. Some new stems aren’t even made of metal;
instead, they’re made of a composite of carbon fibers in a polymer matrix.
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This composite is a lot lighter and doesn’t set
off the metal detector at the airport! The latest
innovation, which was just approved by the
Food and Drug Administration (FDA), is a
ceramic ball that can fit directly into the hip
socket without requiring a polymer cap.

Major progress has been achieved during
the last few years on other ceramic joint
replacements, including the thumb, knee, big
toe, and shoulder. Doctors still are learning
about and perfecting these procedures, but

Figure 8-4. Hip replacement and other medical applications for such techniques are likely to become as

ceramics. (Photo courtesy of Kyocera.)
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common in the future as hip replacements
are now.

Bone Restoration

Many medical conditions such as severe fractures can result in gaps or
voids in your bone that prevent proper healing. Surgical procedures have
been developed to take bone from another place and graft it in to fill gaps
and replace damaged or diseased bone. Around 500,000 bone grafts were
performed in 1994. Initial bone grafts were of two types: autograft and allograft.
To autograft, the surgeon harvested bone from another place in the body
to fill in for missing or damaged bone. Because autografts required a com-
plex and expensive surgical operation, they often caused complications
such as excess bleeding, chronic pain, deformity, and infection.
Allografting used bone from a cadaver, which increased the risk of infec-
tion and also the potential that a patient’s body would reject the graft.

A ceramic alternative to both the autograft and the allograft was
introduced during the early 1980s and granted FDA approval. This ceramic
material was developed by Interpore International of Irvine, California,
and called Pro Osteon. Pro Osteon is made starting with natural coral
(from the ocean), which has a pore structure very similar to that of bone.
The coral is chemically modified in the laboratory, using heat and pressure,
to change its chemical composition to the hydroxyapatite composition
proven to be compatible with human tissue. The Pro Osteon is supplied to
hospitals as small porous blocks that can easily be trimmed and shaped by
a surgical team to fit the defect they’re correcting in your bone. Within a
week, your tissue and bone start to grow into the pores of the Pro Osteon.
Within a couple of months, most of the implant has been replaced or
interlaced with your own bone and tissue, and your bone is as strong and
resilient as it was before the injury.



Figure 8-5. Stimulation of bone growth around teeth by PereoGlas. The photograph on the left
shows a large recess in the bone between the teeth. The photograph on the right shows that bone
has grown into the recess after packing with particles of Bioglass (PereoGlas). (Photos courtesy of U.S.

Biomaterials, Alachua, FL.)

Middle-Ear Implants

Many people have hearing loss caused by disease or damage of the
tiny bones (ossicles) that transmit sound vibrations from the ear drum to
the inner ear. Plastic and metal replacements for these parts were tried
without success; they either failed to bond to the ear drum or were
attacked by the body and coated with fibrous tissue, which kept the sound
waves from getting through. Then, U.S. Biomaterials, of Alachua, Florida,

Figure 8-6. Four different sizes of Bioglass middle-ear
implants. (Photo courtesy of U.S. Biomaterials, Alachua, FL.)

successfully used Bioglass
developed by Larry
Hench at the University
of Florida. The Bioglass
bonded to both soft and
hard tissue and wasn’t
rejected by the patient’s
body. Thanks to a recent
modification, surgical
teams can now shape
Bioglass implants during
surgery to the precise
contours of the ear.

Medical Miracles QS\



}@ THE MAGIC OF CERAMICS

Heart-Valve Implants

A common heart ailment is an aortic valve that doesn’t close properly
with each beat of the heart. This poorly functioning valve allows
blood that should be flowing out of the heart to leak back in, reducing
the amount of blood flowing from the heart with each beat. A ceramic
mechanical heart valve has been successfully developed by the
Medical Carbon Research Institute of Austin, Texas. The valve is made of a
special carbon material called pyrolytic carbon and works a bit like a door
with a spring attached. The valve (door) opens with each heart beat
but closes between heart beats. Medical (pyrolytic) carbon also is effective
for bone replacement.

Eye Repairs

We’ve used eye glasses for centuries to correct our vision from the
outside, but glasses don’t help if the inner parts of our eye are damaged or
diseased. Researchers have made major strides in recent years toward finding
ways to repair or replace eye parts. For example, the lens is the transparent,
curved part of our eye that lets light in and focuses images onto the back
(retina) of the eye. Sometimes the lens gets damaged, and sometimes it just
gets clouded over—the condition called cataracts—as we get older. Until
fairly recently, these conditions resulted in restricted vision or blindness.
Now, surgeons can take out the damaged lens and replace it with a ceramic
lens crafted of transparent aluminum oxide.

The laser has been an important innovation for eye repair. As we get
older, our eyes change shape and our vision becomes blurred. This prob-
lem can be corrected by eye glasses, but many of us would prefer not to
wear glasses. A new medical procedure uses a laser to reshape the lens of
our eye and restore our perfect vision, without glasses. Other laser procedures
can repair problems inside our eyes. For example, sometimes the retina of
our eye comes loose (detached retina), which can cause blindness. Without
having to cut the eye open, a doctor can shine a special laser through the
lens and actually “weld” the detached retina back into place. Another
inner eye problem is bleeding. If a tiny blood vessel inside our eye breaks,
blood can flow onto the retina and permanently destroy the tiny vision
receptors. If this condition is caught quickly enough, a laser can be used to
seal the blood vessel to stop the bleeding, and even to clean up (burn off
or vaporize) some of the blood that flowed onto the retina. These proce-
dures are now widely available and have restored or retained the sight of
many people.



Ceramics also are used as orbital implants (otherwise known as artifi-
cial eyes). Previously, artificial eyes simply filled a person’s eye socket, but
they weren’t connected, or bonded, to surrounding tissue. If you had a
“glass” eye, when you looked at something, your good eye would rotate to
track the object, but your artificial eye would stay in one position. Now
ceramic orbital implants actually bond to tissue in the eye socket, so that
your artificial eye can follow your good eye to track an object.

Prosthetic Devices

Medical researchers have made amazing progress
toward perfecting artificial legs, arms, and other prosthetic [ E—

devices in recent years. Ceramics are playing an increasingly USES OF CERAMICS IN
important role, in the form of high-strength fibers for rein- MEDICAL DIAGNOSIS
forcing polymers. The fiber-reinforced composites have a CAT scanners
very high strength-to-weight ratio, which means that very Ultrasound imaging

lightweight but strong prostheses can be designed and con- equipment

structed from such materials. A new and exciting direction Endoscopes

for development in this field holds great potential: integrat-
_ p ) 8 pe ) & Optical instruments
ing ceramic sensors into prostheses to provide a “sense of

touch” and limit unwanted interaction with objects. This Electronics
technology is still at an early stage of development, but Computers
piezoelectric sensors and other types of ceramic sensors look Communications networks

very promising.

DIAGNOSTIC USES FOR CERAMICS

Ceramics are used extensively by doctors to help diagnose our ail-
ments. Every hospital, clinic, and laboratory has virtually tons of glass con-
tainers to store blood and tissue samples and grow bacterial cultures;

porcelain and alumina labware for chemical analyses;
and electronics equipment—such as X-ray
machines, spectroscopes, electrocardiographs,
oscilloscopes, computers, and ultrasonic

imagers—that rely on electrical and optical
ceramics. These ceramic uses are fairly obvi-
ous and probably not surprising to you, but
some special uses aren’t so obvious, yet
make possible some of the most important

medical diagnostic tools: CAT scans, ultrasonic

imaging, and endoscopes.

Figure 8-7. Alumina ceramic part used in blood-separation

equipment. (Sample fabricated by Coors Ceramics, Golden, CO. Photo by
D. Richerson.)
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CAT Scans

The CAT scanner is a miraculous piece of equipment that allows
doctors to see a remarkably clear and detailed view of our inner organs
without having to cut into our bodies. Figure 8-8 shows some images taken
with a CAT scanner. You can clearly see the brain, lungs, and other soft tis-
sue organs as well as bones.

CAT stands for computer-aided tomography and is often referred to sim-
ply as CT. CT uses X rays, a powerful computer, and a special ceramic

called a scintillator. You've probably had a regular X-ray examination,
either in the doctor’s or the dentist’s office. The doctor places an enclosed
sheet of photographic film on one side of your body (or teeth) and shoots

Figure 8-8. Examples of CT images, showing the high resolution that can be achieved with ceramic scintillators. (Photos
courtesy of GE Medical Systems, Milwaukee, W1.)
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Figure 8-9. Schematic of a CT scan system. X rays pass through the body and are detected by an
array of ceramic scintillators and analyzed by a computer to reconstruct an image of a cross-section
view of the body. (Courtesy of General Electric Medical Systems, Milwaukee, WI.)

a broad beam of X rays through from the other side. The X rays that get
through your body expose the film. Lots of X rays get through muscle and
soft organs, but many fewer get through bone, so that the film is exposed
in different amounts. This regular X-ray approach gives a pretty good
image of your bones but not a very good image of your soft organs.

CT goes a step farther, as illustrated in Figure 8-9. In this case, a thin
(rather than broad) beam of X rays is passed through your body and
detected on the other side. Instead of film, though, a grid or miniature
checkerboard of small slices of a ceramic scintillator is used as the detector
(Figure 8-10). The scintillator ceramic is a special phosphor that glows
when hit by X rays, just like the fluorescent rocks shown in Chapter 3
glowed under an ultraviolet light. The stronger the intensity of the X rays
getting through your body, the brighter the glow of the scintillator.
Attached to the back side of each tiny piece of ceramic scintillator is a
photodiode that can convert the light into an electrical signal that varies
according to the brightness of the glow. This electrical signal is fed as
digital information into a computer.

The X-ray source and the detector are rotated around your body,
slowly moving from your head to your feet until every inch of your
body has been scanned from all directions. All of the differences in X-ray
intensity detected by each little scintillator piece are gathered by the com-
puter and reconstructed into a three-dimensional map of your body. The
doctor can then instruct the computer to show the reconstructed image of
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Figure 8-10. Transparent ceramic scintillator material and other scintillator parts (Samples supplied by
GE Medical Systems, Milwaukee, WI. Photo by D. Richerson.)

any cross section of your body on a television screen, like the pictures
shown in Figure 8-8. Although CAT scans are expensive, they give doctors
an enormous amount of information that previously was available only
through exploratory surgery.

Ultrasonic Imaging

Ceramics are also the heart of the medical ultrasound scans that doctors
use to show a mother the baby developing in her womb. The “ultrasound”
consists of ultrasonic waves generated by a ceramic piezoelectric transducer
similar to those discussed in Chapter 7 for nondestructive testing.
Electricity coming into the transducer causes it to vibrate, producing
sound waves that travel into the woman'’s body. Some of the sound waves
are reflected by any new surface they encounter (such as a bone or organ);
others continue through the body. The reflected waves are detected by the
ceramic piezoelectric transducer and converted to electrical signals that
can be changed into an image and shown on a screen.

Endoscopy

Forty years ago, the only way a doctor could diagnose an internal
medical problem was through major exploratory surgery. Now, doctors can
use not only CT and ultrasonic imaging but also endoscopy. Endoscopes can
be used to examine the inside of the colon (your large intestine) and the
female reproductive system, especially to search for cancer. They’re also
important for directly locating, and even surgically correcting, knee damage,



problems in the abdominal cavity (such as gall bladder, appendix, or an
unknown source of internal bleeding), and even the insides of your blood
vessels and heart valves.

A diagnostic endoscope is essentially a flexible tube that the doctor
can insert into your body and look through. Since the inside of your body
is dark, the endoscope must have a light source, so part of the tube is filled
with glass optical fibers attached to a bright light. Other glass optical fibers
are attached on one end to an eyepiece that the doctor looks through, and
on the other end to a glass lens at the end of the endoscope. Some endo-
scopes have a built-in mechanical manipulator like a miniature robotic
hand, surgical tools like a scalpel, and even a channel for flowing water or
air, so that the doctor has an unobstructed view through the lens. Because
an endoscope can enter your body through normal openings such as your
mouth or rectum or through a small incision, the endoscope is a big help
to your doctor in accurately diagnosing internal ailments without the risk
and long recovery time of major invasive surgery.

TREATMENT AND THERAPY

Ceramics are important in just about every aspect of medical
treatment, from surgery to physical therapy to the manufacture of
pharmaceuticals. They’re even important in cancer treatment,
dialysis, and heart stabilization with pacemakers.

e |
USES OF CERAMICS IN

CERAMICS IN MEDICAL MEDICAL TREATMENT AND
THERAPY

Surgical lasers
Tools for traditional surgery

Microspheres for
cancer treatment

Dialysis equipment

Laser Surgery Devices for unblocking

As we discussed in Chapter 4, ceramics are an integral part
of most lasers. The list of laser uses in medicine is growing every
year. Lasers are already well-established for eye surgeries, and they
also have been approved recently for dental work, as a painless
alternative to the dental drill. Another area gaining in popularity
is skin repair. The outer layers of your skin that have been
damaged by years of exposure to the sun actually can be vapor-
ized by the laser, allowing fresh tissue and skin to grow back
in their place.

blood vessels
Physical therapy equipment
Pacemakers
Respirators

Pill presses

Pharmaceutical
metering devices

Microbeads for live-cell
encapsulation

Traditional Surgery

Ceramics are used in traditional surgery for everything from scalpels
to endoscopes to high-intensity lighting for operating rooms. Scalpels
made of ceramics are very sharp and cut smoothly and evenly. Doctors
have even attached a scalpel to a piezoelectric transducer to produce an

Medical Miracles



ultrasonic scalpel that gives unprecedented control and precision
in delicate operations.

Endoscopic surgery has really grown in importance in recent
years. Many of you have probably had endoscopic knee surgery to
repair cartilage or ligament damage from jogging, football, or ski-
ing. The doctor makes a small incision on one side of your knee,
through which he or she can insert the endoscope to inspect the
damage and guide the surgery. The surgical tools are inserted
through one or more separate incisions. Another breakthrough
has been endoscopic gall-bladder surgery. Every year, surgeons
seem to come up with a new endoscopic procedure that reduces

surgery time, avoids having to completely cut open the patient,
Figure 8-11. Fixture for . .
high-intensity lighting in reduces the risk of the operation, and greatly decreases recovery

operating rooms. (Sample time and discomfort.
supplied by Coors Ceramics,

Golden, CO. Photo by . .
D. Richerson.) Removing potentially cancerous polyps from the colon is another

important endoscopic procedure. Polyps are small outgrowths that can
grow on the inside of your colon. They’re often a first step to cancer
and so should be detected as soon as possible and removed. The doctor
looks inside your colon with a fiber-optic endoscope to locate and
examine polyps. The endoscope has a tiny ceramic tool (an electrical
insulator) at the end, tipped with a thin spiral of metal paint (see

Figure 8-12. Alumina for gall-bladder surgery. (Samples fabricated by Lone Peak Engineering, Draper, UT. Photo
by D. Richerson.)
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Figure 8-13) specially
designed to get hot
when electricity is
passed through it. A
metal wire to carry
electricity goes through
the endoscope and the
ceramic tool and is
connected to the metal
spiral. When the doctor
sees a polyp through

Figure 8-13. Variety of medical ceramic parts, some used for
surgery. (Samples supplied by Coors Ceramics, Golden, CO. Photo by D. the endoscope , he or

Kicherson.) she touches the base
of the polyp with the metal spiral and turns on an electrical switch. The
spiral heats up and burns off the polyp, cauterizing (closing off blood ves-
sels to prevent bleeding) the wound at the same time.

Radioactive Glass Microspheres for Cancer Treatment

Radiation is effective for destroying cancer cells, but unfortunately it
also Kkills normal cells. Doctors are faced continually with the challenge of
delivering radiation to our bodies to kill the cancer cells while minimizing
damage to surrounding healthy cells. Traditionally, doctors have destroyed
cancer cells by irradiating them from the outside of a patient’s body with a
beam of high-intensity gamma rays, but that method can’t avoid damaging
the healthy tissue that the beam must go through to get to the cancerous
tumor. Dr. Delbert Day and his co-workers at the University of Missouri-
Rolla have developed an alternative approach that shows great promise.
They use tiny radioactive glass spheres instead of gamma rays, in an innov-
ative approach to the battle against cancer. This treatment has been so
effective that some liver-cancer patients who normally would survive less
than six months are now still alive and healthy after six years.

Day and his associates discovered how to make tiny microspheres of
glass, about one-third the diameter of a human hair, that can be made
radioactive in a special way. Rather than emitting beams of radiation that
penetrate long distances, the glass spheres emit radiation that can be con-
trolled to reach out only short distances, such as one to ten millimeters (less
than one-tenth of an inch to less than one-half inch). This feat is accom-
plished by controlling the chemical composition of the glass spheres. In
addition to controlling the distance that the radiation can reach out around
each sphere, the University of Missouri-Rolla team also has been able to
control the length of time that the glass microspheres stay radioactive.
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Figure 8-14. Radioactive glass microspheres for cancer treatment. The size of the microspheres is compared with that of a human hair.
(Scanning electron microscope photo courtesy of Delbert Day, University of Missouri, Rolla.)
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Interesting, you say, but how can these radioactive microspheres be
used? Suppose you’re diagnosed with liver cancer. The doctors run a
CAT scan to map out the size of tumors in your liver. They calculate
how far the radiation from microspheres trapped in the tumors would
have to reach out to attack all of the cancerous tissue with minimum
attack on surrounding tissue. They then place an order for these
“designer” microspheres. When the microspheres are delivered to the
doctor, they’re placed in a fluid and injected into your femoral artery,
the blood vessel that leads directly to your liver. Tumors are blood hogs;
they take a large percentage of the blood flow to an organ. The radioac-
tive microspheres (about 5 to 10 million) enter your liver and are fil-
tered out of the blood by the tiny blood vessels (capillaries) in the
tumor, where they start to do their work.



Glass microspheres give doctors important advantages in the fight
against cancer. By delivering the radiation directly to the inside of your
tumor, they can apply a radiation dose five to seven times higher than is
possible with externally applied gamma radiation and without side effects
or discomfort. Usually, you need to undergo only one treatment lasting
two to four hours, compared to chemotherapy that lasts for weeks and has
severe side effects. The glass microspheres kill the tumor and completely
lose their radioactivity in three to four weeks, and they don’t appear to
have any adverse side effects.

Approved in Canada and Hong Kong, glass microsphere radiation treat-
ment for liver cancer is expected to be approved soon in the United States,
Europe, and China. Radioactive glass microspheres are also being explored for
treating kidney cancer and brain tumors. Similar radioactive glass micros-
pheres, but that are biodegradable and gradually dissolve, are being evaluated
as a treatment for theumatoid arthritis.

Dialysis

Dialysis is a medical procedure
that keeps you alive if your kidneys no
longer work. Your body is like a com-
plex chemicals factory. Oxygen from
the air you breathe and the food you
eat is processed by your lungs, stom-
ach, and other organs and carried by
blood cells to every cell in your body.
Tiny chemical reactions take place in
your cells to fuel your muscles and
other systems. These reactions give off
chemical by-products that are toxic to
your body and must be removed. Many
of these toxins are carried by your
blood to your kidneys, where they are
filtered out and discharged in urine.

If your kidneys are damaged by
accident or disease and stop working,
you will die. Dialysis is a medical pro-
cedure that can keep you alive until

either your kidneys heal or you receive

. . . . Figure 8-15. Piezoelectric ceramic parts for medical applications. Samples at
a kidney transplant. During dialysis, Jjower left and right, with wires connected, are for kidney dialysis bubble

detectors. Dark samples left of center are for physical therapy. (Photo courtesy of Edo

blood from your b Ody is circulated Corporation Piezoelectric Products, Salt Lake City, UT)
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through the dialysis machine to be purified and then returned back into
your body. A major danger during dialysis is that air bubbles will get into
your blood and trigger a heart attack or stroke. To prevent such crises,
piezoelectric ceramic transducers are set up on each side of the tubing car-
rying the blood, one to continually send sound waves through the tubing
and blood, and the other to continuously monitor those sound waves. Any
nonuniformity in the blood flow, such as a bubble, dis-
rupts the steady stream of sound waves between the
ceramic piezoelectric transducers and sets off an alarm.

| Unblocking Blood Vessels

Buildup of fatty deposits in blood vessels restricts
blood flow and is a major cause of cardiovascular
(heart, lung, and circulatory system) distress. Studies
have demonstrated that a piezoelectric device that’s
essentially a “microjackhammer” can be inserted into a
clogged blood vessel to successfully erode away fatty
coatings and open up the blood vessel. This procedure

Figure 8-16. Miniature piezoelectric “jackhammer” for has the potential to be cheaper, simpler, and safer than
unblocking blood vessels. (Photo courtesy of Edo Corporation

Piezoelectric Products, Sait Lake City, UT.)
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present surgical techniques.

Physical Therapy

Ultrasound medical treatment was introduced in Germany in the late
1930s and in the United States in the late 1940s. Ultrasonic vibrations
cause a slight increase in the temperature deep inside your muscles and in
the ligaments that connect these muscles to your bones. The heat pro-
motes healing, increases flexibility, and decreases pain.

The most common ultrasonic therapy is called heat and stretch. When
you're injured or have surgery such as knee repair, your muscles and joints
become very stiff and painful to move. Your therapist will force you to
bend and stretch farther and farther, until you get back your original range
of motion. This stretching is normally a slow and painful experience, but it
can be speeded up and made less painful with ultrasound therapy. The
therapist places a small, hand-held instrument with a built-in, flat ceramic
piezoelectric disk roughly one to one and a half inches (2 to 4 centimeters)
in diameter against the injured region. The ultrasonic vibrations from the
piezoelectric ceramic deep-heat the tissue, all the way to the muscle-bone
connections, to a temperature of 102° to 117°F (39 to 47°C). This heating
makes tissues such as collagen more pliable and increases your range of
motion during stretching exercises. The more quickly you can regain your
range of motion, the more quickly you can return to normal activities.



Similar levels of ultrasound heating have been shown to reduce pain
from muscle spasms and to ease the symptoms of bursitis and tendinitis.
Ultrasound therapy also has been helpful in treating lower-back injuries
and pain, in enabling calcium deposits in soft tissue to be reabsorbed into
the body, and in breaking down scar tissue.

Ultrasound has been successful for a variety of other treatments.
Driving anti-inflammatory drugs (such as cortisol, salicylates, and dexam-
ethasone) through the skin to the inflamed underlying tissue has been one
success. For example, cortisol was driven to a depth of 2 to 2.4 inches (5 to
6 centimeters) in skeletal muscle. Some success has been demonstrated in
destroying cancer tissue with high intensity‘ultrasound. Conversely, low-
intensity ultrasound, resulting in a temperature rise of only about 0.9° to
2.4°F (0.5 to 1.35°C) has increased blood flow and aided in healing.

Ceramics in Pacemakers

Your heart is an amazing organ. It beats at a constant speed day after
day, year after year. Sometimes, though, especially as you get older, your
heartbeat can become dangerously fast. Doctors have learned that mild
electrical shocks to the heart can slow it down to a normal speed. A pace-
maker is a device that can be surgically implanted into your chest to con-
tinually release electrical pulses to control your heart rate. Ceramic materi-
als are important parts of every pacemaker, working as electrical insulators
and capacitors and also as glass seals to keep body fluids from getting
inside the pacemaker. Even the outer case (enclosure) of some pacemakers
is now made of a ceramic (such as alumina), because ceramics are more
compatible with our bodies than other materials.

Ceramics in Respirators

The field of medicine has seen amazing advances in recent years
toward keeping alive people who are not able to breathe on their own
because of severe injuries, disease, premature birth, or complex surgical
procedures. A key piece of equipment in this battle is the respirator. It
breathes for the person by forcing small “gulps” of air or oxygen into the
lungs. To do this, the respirator machine must have a little valve that slides
back and forth with each breath of air. This valve must move smoothly
and without the use of a lubricant (such as oil), must have such a small
clearance between the moving parts that air doesn’t leak out, and must
slide back and forth millions of times without sticking or wearing. Ceramics
such as alumina can meet these challenges.
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Pharmaceutical Uses for Ceramics

Have you ever wondered how pills are made?
They’re made from powders that are pressed at
high pressure in metal dies. The die is shaped like
a toilet-paper roll but much smaller. A measured
amount of powder of the desired pill composition,
mixed with a little gluelike binder is poured into
the hole in the center of the die. Metal rods are
pushed into the hole from both ends, under
enough pressure to make the powder and binder
stick together to form a solid pill. The finished pill
then is pushed out of the die by the bottom rod,

Figure 8-17. Alumina ceramic oxygen-valve cylinder and piston

and the cycle is repeated. Pill presses work at light-

for metering oxygen flow in a respirator. (Sample fabricated by Coors ~ Ting speed to make many pills each minute. The

Ceramics, Golden, CO. Photo by D. Richerson.)
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inside of the hole in the die often is lined with a
hard ceramic material to increase the life of the die and prevent metal par-
ticles from scraping off and discoloring the pills. Other parts of the press,
such as the device that controls the amount of powder metered into the
die for each pill, also are sometimes made of ceramics.

Live-Cell Encapsulation

New important applications of ceramics in medicine are being report-
ed each year. One exciting possibility for the future is live-cell encapsulation,
to implant genetically engineered cells into the body as biotech “factories”
to produce chemicals such as insulin. The foreign cells must be protected
from the body’s immune system, yet allowed to exchange nutrients and
waste products and to secrete their manufactured chemicals. Edward Pope
of Solgene Therapeutics,
in Westlake Village, CA,
has demonstrated that
healthy pancreatic islets
(cells that produce
insulin) encapsulated in

sol-gel silica ceramic
microbeads and implant-
ed in diabetic mice can
successfully produce the
insulin needs of the mice.

Effort is underway to see Figure 8-18. Pharmaceutical metering device for measuring

. . . pill powders into tooling for pressing into pills. (Sample fabricated
if this works in humans. by Coors Ceramics, Golden, CO. Photo by D. Richerson.)



Figure 8-19. Sol-gel ceramic microbeads for live-cell encapsulation. (Photo courtesy of Solgene Therapeutics, Westlake Village, CA.)

OVERVIEW: MEDICAL MIRACLES YET TO COME

Ceramics have had a profound impact on medicine just during the
present generation. Such uses for ceramics as in the glass-microsphere
treatment of cancer, laser surgery, endoscopic diagnosis and surgery, and
high-resolution CT scans not only seem magical but also are truly miracu-
lous. You can look forward to many more ceramic medical breakthroughs
during the next generation. Radioactive glass microspheres for liver cancer
treatment will be approved in the United States and will lead to similar
treatment of other cancers. Joint implants other than hips will be refined
and become as commonplace as hip implants. Genetic engineering will
continue to grow and will use ceramics as well as plastics for the live-cell
encapsulation of miniature biotech factories in our bodies. And someday,
ceramic sensors and advanced electronics probably will continually moni-
tor our health and provide feedback, by way of a miniature telemetry
transmitter to a hospital computer that can alert a doctor if dangerous
symptoims arise.

The next chapter follows the same theme as this chapter: exploring
the uses of ceramic materials in a particular field. The automotive field has
been selected, which seems to be nearly as important to many people as
their health.
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Ceramics and the
Modern Automobile




CHAPTER NINE

ost of you ride in cars every day and don’t realize the
number of ways ceramic materials are used in them. As

you learned in Chapter 2, ceramic spark plug insulators

” i PRODUCTS AND USES
played a critical role in the development of early cars,

Spark plugs
but now ceramics are used in at least a hundred ways, Oxygen sensors
Catalytic converters

from the electronic engine control-system to the motors Electronic engine-control systems
Water-pump seals
that run the power seats to the sensors that tell how ARCEansitionce comp S Senit
Turbocharger rotors
Sensors
Thermal insulation
Fiber-reinforced composites

much gas you have in the gas tank. They are the heart

of your catalytic converter pollution-control system, Diesel glow plugs
Diesel injector timing plungers
which has saved the world from 1.5 billion tons of air Diesel cam follower rollers

pollution since 1976. They are the source of light for the

instrument panel, the key material in the sensors that tell you
whether your car is healthy or not, and an important part of your
car’s sound system. Modern automobiles wouldn’t be possible
without ceramic materials. This chapter will introduce you to uses
for ceramics under the hood, in the passenger compartment, and
in other areas of your car and also describe some of the ways that
ceramics are used to manufacture cars.

CERAMICS UNDER THE HOOD

When asked where ceramics are used in the engine or other places
under the hood of their car, most people say in spark plugs but can’t think
of even one other use. Maybe the reason is that the white alumina ceramic
insulator in a spark plug is easily visible, whereas all of the other ceramic
parts are hidden inside the engine, the water pump, the air-conditioner
compressor, the pollution-control system, and other places. Let’s take a
closer look to see where and why ceramics are presently being used under
the hood of gasoline- and diesel-powered motor vehicles. Then we'll look




every day.

at some new ways that automotive engineers are trying to use

SoLs \ ceramics to decrease the amount of fuel that cars use, to fur-

d’”{d z lhﬂ/ | <0 ther cut down on the air pollution given off, and to make the

More than three million spark
plugs are produced in the world

cars run longer with less maintenance.

Oxygen Sensors and Catalytic Converter

By 1970, high-quality spark plugs had engines purring,
and the world’s roads and highways were buzzing with auto-

mobiles, trucks, and buses, especially in and around major
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cities. Motor vehicles also were producing 200 million tons of
pollution per year in the United States alone. Americans came to realize
that automobile pollution was turning our major cities into respiratory
death traps. In response to this severe health hazard, the U.S. Congress
passed The Clean Air Act in 1970, with the intent of reducing pollution
emissions from automobiles and other vehicles by 90 percent. The devel-
opment of oxygen sensors and catalytic converters, both completely
dependent on ceramics, enabled car manufacturers to meet that goal in
less than 10 years.

All automobiles with standard internal-combustion engines in the
United States, Europe, and Japan are now required by law to have oxygen
sensors. Mounted in the exhaust manifold, an oxygen sensor continually
monitors the oxygen content of the combustion gases that leave a car’s
engine. This residual oxygen content indicates how efficiently the fuel is
burning and the engine is running. The oxygen sensor not only detects the
oxygen content of the hot gases leaving the engine but also sends an elec-

[ —————
GASOLINE SAVER

trical signal to the electronic engine-
control system. If the signal indicates

that the engine is not operating at peak
Ceramic oxygen sensors

actually increase gas mileage )
by about four miles per system then readjusts the amount of

gallon. air that’s mixed in with the fuel, so

efficiency, the electronic engine-control

that the engine again works under
optimum conditions. Fortunately, the conditions that produce minimum
pollution also result in peak gas mileage. The oxygen sensor gives, on aver-
age, about four extra miles per gallon of gasoline, probably enough for five
to ten trips to the grocery store on each tank of gas.

The key element in an oxygen sensor is a special type of electrically
conductive zirconium oxide ceramic. Rather than conducting electrons the
way a metal does, this special zirconia conducts oxygen ions. An oxygen
ion is an oxygen atom that has picked up two extra electrons. Because it



now has more electrons than protons, it has a negative electrical charge
and can be a carrier of electricity. An oxygen ion, however, is thousands of
times larger than an electron and can't travel through metal wire; it can
only travel through special ceramics, such as the zirconia.

The special zirconia used for an oxygen sensor is fabricated into a
hollow thimble shape, as shown in Figure 9-1, and coated on the inside
and outside with a thin, but porous, layer of an electrically conductive
metal that’s chemically stable in the hot exhaust gases of your car. These
metal layers (electrodes) are connected to an electrical device that can measure
the presence and amount of an electrical voltage. Now, here’s the secret of
the oxygen-sensor. The inside of the oxygen-sensor thimble is exposed to
fresh air, which has a known content of oxygen. The outer surface is exposed
to the hot exhaust gases from the engine, which have a different content
of oxygen than fresh air. Because of this difference in oxygen content,
oxygen ions try to travel through the zirconia from the higher-oxygen side
to the lower-oxygen side, by a sort of osmosis. This results in a measurable
electrical voltage. The larger the difference in oxygen content between
the fresh air and the exhaust, the larger the voltage. Through years of
study, engineers have learned the exact
amount of oxygen in the exhaust that gives
minimum pollution and gas consumption,
so that they know the optimum voltage.
Whenever this voltage is given off by the
oxygen sensor, the electronic control system
knows that the engine is running just fine.
If the voltage changes, the electronic control
system is programmed to cause the fuel-air
mixture to change until the voltage comes
back into an acceptable range.

_ : _ Figure 9-1. Oxygen-sensor ceramic pieces and assembly. (Samples from
The second key to motor-vehicle pollu AlliedSignal Filters and Spark Plugs, Fostoria, OH. Photo by D. Richerson.)

tion control is the catalytic converter. A

catalytic converter consists of a ceramic

honeycomb substrate coated with a thin layer of a catalyst and mounted in
a metal chamber that funnels all of the hot engine exhaust gases through
the coated honeycomb. A cutaway cross section of a catalytic converter is
shown in Figure 9-2. A catalyst is a material that encourages chemical reac-
tions to occur but is not involved in the reaction and is not consumed.
The catalyst is specially designed to cause the pollutants carbon monox-
ide, nitrogen oxide, and unburned hydrocarbon compounds (soot) to be
chemically converted to harmless water, nitrogen, and carbon dioxide.
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Figure 9-2. Cutaway view of a catalytic converter. (Photo courtesy of Corning, Inc., Corning, NY.)

The ceramic honeycomb substrate in a catalytic converter must have

thin walls, contain many cells, and also resist the frequent and drastic tem-

perature changes that occur inside an automobile engine. The thin walls

and numerous cells are necessary to provide a large surface area, to assure

Figure 9-3. Ceramic honeycomb substrate for a
catalytic converter. (Sample from Corning, inc., Corning, NY.
Photo by D. Richerson.)
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that a high percentage of the pollu-
tants are decomposed. Modern
ceramic substrates have about 350 to
400 cells per square inch (54 to 62
cells per square centimeter) and a
wall thickness of about 0.0055 inch
(0.14 millimeter). They are a marvel
of manufacturing technology. A com-
plete substrate is shown in Figure 9-3,
and a close-up showing the small size
of the openings and the thinness of
the walls is shown in Figure 9-4.

Normal ceramics can’t with-
stand the thermal shock imposed by
the rapid thermal cycles of the cat-
alytic converter, especially when you
start your car on a cold winter
morning. To solve this problem,
Corning, Inc. developed a material,



called cordierite, with near-zero thermal expan-
sion. Since 1974, over 350 million cordierite
ceramic-honeycomb catalytic converters have
been installed in cars, trucks, and buses and
have reduced pollution by 1.5 billion tons.
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has increased enormously in the past 30 years,
the overall pollution level is much lower than [L5% . PATATATAY
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in the early 1970s, before the oxygen sensor
and catalytic converter were installed in our
cars. New developments in catalytic converters,
oxygen sensors, and high-temperature ceramic
particle filters (to filter out the smoke and soot
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from diesel engines) should further decrease Figyre 9-4. Close-up view of cordierite ceramic honeycomb. (Photo by
pollution emissions from motor vehicles. At > fherson)

the rate technology is progressing, these com-

bined ceramic systems might someday be so efficient that they — — S T ——————

could actually make the emissions coming out of our cars SAVING OUR AIR
cleaner than the air entering our engines. What a dramatic Automotive catalytic
change that would be; we could use our cars to cleanse our air! converters have reduced
pollution by 1.5 billion tons
Electronic Engine-Control System since 1974.

Experimental systems have

demonstrated zero
and all of the electrical systems in a motor vehicle, including pollutant emissions.

The brain that coordinates and manages engine control

the spark plugs and the oxygen sensor, is the hybrid ceramic Motor-vehicle pollution
electronics system. This system consists of half a dozen modules control will be a $38 billion
made up of complex silicon chip integrated circuits, plus other business by the year 2000.

ceramic and semiconductor devices mounted on the surface of

thin sheets of aluminum oxide. As shown in Figures 9-5 and 9-6, the alu-
mina has a pattern of metal lines printed on the surface to interconnect
the silicon chips and other electrical components. Over 100 million mod-
ules are produced each year in the United States.

Central to the engine-control system is the master control module,
which is essentially a computer only about 3 inches (7.6 centimeters) wide
and 4 inches (10.2 centimeters) long. This module is mounted between the
fire wall (which isolates passengers from the engine heat and provides pro-
tection in case of fire in the engine compartment) and the dashboard in
cars, and right inside the engine compartment for marine engines, so it
must be rugged and reliable. Present master control modules are designed
for operation between -104° and +176°F (-40° and +80°C). Future automotive
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Figure 9-5. Electronic master control module, showing silicon chips, capacitors, resistors, and metal
wiring all integrated onto a thin sheet of alumina ceramic. (Sample from Delco Electronics, Kokomo, IN. Photo
by D. Richerson.)

modules will be mounted in the engine compartment and are
being designed to endure temperatures ranging from —122° to +302°F
(—50° to +150°C).

Other electronics modules, which are smaller than the master control
module, fulfill various roles in your car’s engine. The voltage-regulator
module is sealed in the generator and controls the charging of the battery.
The electronic spark-control module discerns damaging engine knock from
other engine noise and sends a signal to the master control module to
make adjustments to the engine timing.
Linked to the oxygen sensor and a heated-
wire airflow-measuring device, an air-meter
module provides signals to the master con-
trol module to adjust the air-fuel mixture. A
manifold air-pressure module calculates the
mass of air entering the engine, and a direct-
ignition module controls spark and timing.
All of these modules work together with the
oxygen sensor to Keep your car running
smoothly, help reduce air pollution, and

Figure 9-6. Master control with other electronics modules. (Samples from L il
Delco Electronics, Kokomo, IN. Photo by D. Richerson.) optimize gas mileage.
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As you can see, the hybrid ceramic electronics system in your car is
quite remarkable. Compact and amazingly durable, the modules survive
bumps and vibration, weather extremes, and even failures of other compo-
nents such as the battery, generator, and voltage regulator. The system usu-
ally performs invisibly and trouble-free for the life of your automobile.

Water-Pump and Air-Conditioner
Compressor Seals

Most of our car engines run hot enough that
they must be continuously cooled by water
pumped through channels built into the engine.
The water heats up as it flows through the engine
and is cooled in the radiator. The pump that circu-
lates water back and forth between the radiator and
the engine has a ceramic seal that keeps the pump
from leaking during each pumping cycle. The
ceramic seal is a relatively simple ring with a very

smooth surface that can seal and slide simultane-

Figure 9-7. Water-pump seals fabricated from silicon carbide,

ously. Examples of water-pump seals made of sili- for water pumps in cars and trucks. Greater than 20 million
. . . produced each year. (Samples from Saint-Gobain/Carborundum Structural
con carbide are shown in Figure 9-7. Seals were Ceramics, Buffalo, NY. Photo by D. Richerson.)

made for many years out of alumina, but many are

now made of silicon carbide, because it’s harder than alumina and lasts
longer. Some seals also have been made of silicon nitride, which is tougher
than either alumina or silicon carbide. Similar ceramic seals also are used
in the compressor of the car’s air-conditioning system.

Turbocharger Rotors

A spectacular application of advanced ceramics, involving a complex
shape (shown in Figure 9-8) and high stresses, has been for turbocharger
rotors. These rotors were introduced in 1988, in Japan, as an outgrowth of
the development of silicon nitride gas turbine engine components.
Located in the engine exhaust, a turbocharger extracts some of the energy
from the hot engine gases, which normally would be wasted, and uses that
energy to boost the power and performance of the car’s engine.

Turbochargers with metal rotors had been standard equipment on
trucks for many years and were introduced to some cars in the 1970s and
1980s. The sales appeal of a turbocharger was that the extra energy boost it
supplied would give a four-cylinder engine as much zip as a six-cylinder
engine. Drivers weren’t as impressed as the auto manufacturers expected,
though. The metal rotor was so heavy that it caused a lag, or hesitation,
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Figure 9-8. Silicon nitride turbocharger rotor that spins in an automobile up to 140,000 rpm and extracts extra energy
from the hot engine exhaust gases. (Photo courtesy of Kyocera.)

/@ THE MAGIC OF CERAMICS

when the driver stepped on the accelerator, rather than allowing the car to
immediately leap forward with maximum power. At about one-third the
weight of a metal rotor, a silicon nitride ceramic rotor could accelerate to
speed much more quickly and thus didn’t irritate the driver with hesita-
tion or lag. Turbochargers with ceramic rotors became very popular in
Japan, where approximately 30,000 ceramic turbocharger rotors were pro-
duced per month starting in 1988.

Ceramic Sensors

Many of the ceramics in your car’s engine compartment are used as
sensors, especially those ceramic semiconductor compositions that change
their electrical properties with changes in temperature or voltage. For
example, a thermistor changes electrical resistance at different temperatures
and can be used as a temperature sensor, temperature compensator, switch,
or heater. A varistor has high electrical resistance at low voltage and low
resistance at high voltage and can be used to protect electrical devices from
occasional high-voltage surges. Such ceramic materials are used in the
blower motors, the intake air sensor, the cooling-water temperature sensor,
the oil-temperature sensor, and the knock sensor.



Ceramic Fibers and Composites

Also important in the engine compartment are ceramic fibers, both as
loose bundles used for thermal insulation (like the fiberglass insulation in
vour house) and as reinforcement in polymer-matrix composites (like
those we discussed in Chapter 5). Most of the fibrous thermal insulation is
in the fire wall between the engine compartment and the passenger com-
partment. The composites are made up of glass fibers that have been
chopped into short lengths and embedded in polymers. One application is
for the frame that supports the radiator in cars such as the Ford Taurus and
Mercury Sable. Another is in the air-intake manifold, the complex duct-
work that carries the air from the radiator to each engine cylinder. This
complex-shaped manifold is expensive and difficult to make from a metal
but relatively easy and inexpensive to mold from glass-fiber-reinforced plastic.

Ceramics in Diesel Engines

Production diesel engines also use ceramics. Two such applications
are in the fuel heater (prechamber) and the glow plug. If you've ever dri-
ven a diesel car, you know that you have to wait 15 to 30 seconds after
turning on the switch before you can push the starter. This delay is the
time it takes to preheat the fuel. Diesel fuel is thicker and heavier than
gasoline and doesn'’t vaporize as easily, so is preheated with a ceramic
heater before it can be ignited with a ceramic glow plug. Both of these
devices are fabricated from silicon nitride.

Figure 9-9. Diesel fuel-injector timing plunger
fabricated from transformation-toughened
zirconia by Coors Ceramics. (Sample from

Cummins Engine Company, Columbus, IN. Photo
by D, Richerson.)

The metering of diesel fuel is also a
challenge and requires a precision fuel-
injection system. The key component of
the fuel-injection system is the timing
plunger. Timing plungers used to be made of metal
and were a major maintenance problem because they
would wear and no longer meter the fuel properly. Metal
timing plungers were replaced with silicon nitride in 1989. New
designs introduced in 1995 were made with transformation-toughened
zirconia. Approximately 3 million ceramic timing plungers have been
installed in truck engines and appear to have solved the wear and mainte-
nance problems of the prior metal parts.

Another production diesel use for ceramics is as cam follower rollers
fabricated from silicon nitride. The up-and-down motion of the pistons in
the engine must be transformed into the rotating motion of the drive
shaft. Previously, this transformation was achieved by mechanical levers
and a sliding motion. The sliding interfaces, however, wore too quickly
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Figure 9-10. Diesel-engine silicon nitride cam follower rollers. (From
Kyocera Industrial Ceramics Corporation, Vancouver, WA. Photo by D. Richerson.)

and also decreased the power from the engine,
because of friction. A ceramic roller design at Detroit
Diesel replaced the sliding metal design. The silicon
nitride rollers have reduced engine wear and
friction, resulting in longer life and improved
engine performance.

Experimental Ceramic
Engine Components

The U.S. government and, especially, the state of

California have continued to pass legislation requiring further reductions
in pollution and increases in gas mileage, and automotive engineers are
always trying to improve the engines and systems to make their compa-
nies’ cars more competitive. As we’ve discussed, ceramics have played a
major role in helping meet pollution reduction, but they also offer auto-
mobile manufacturers other important advantages that can increase

EXPERIMENTAL CERAMIC
ENGINE COMPONENTS

Valves, guides, and seats
Pistons or piston caps
Cylinder liners
Piston pins
Exhaust-port liners
Manifold insulation
Wear-resistant coatings
Thermal-barrier coatings
Alternative turbine engines

Piston bases for
Stirling engines

Rocker arms

engine performance and gas mileage: higher temperature capa-
bility, better wear resistance, greater ability to work with little or
no lubrication, and light weight. Researchers all over the world
are busily building automotive parts out of ceramics and testing
them in the laboratory and in cars. The following paragraphs tell
about some of these efforts, which will surely lead to new ceram-
ics uses under the hoods of motor vehicles.

Ceramic Valves. A valve is a piece of material that moves in
and out of an opening to either block or allow flow through the
opening. Valves are used in gasoline and diesel engines to let the
air-fuel mixture into the cylinder that houses the piston and also
to let out the hot exhaust gases after the air-fuel mixture has
been ignited by a spark from the spark plug. The valves, which
are presently made of metal, are exposed to the full force and
temperature of the exploding gas—fuel mixture. Replacing the
metal valves with a higher-temperature and lower-weight materi-
al would increase valve life and increase engine efficiency.

Ten years ago, automotive manufacturers didn’t believe that

ceramics could survive as an engine valve, but they were wrong. Silicon

nitride, the same high-strength ceramic that works so well for bearings and

cutting tools, also works beautifully for engine valves. Silicon nitride valves

have been run in high-performance race car engines, where materials are
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pushed to their limits. They have also been run in passenger cars by several
different automotive companies. The most aggressive automotive compa-
ny has probably been Daimler Benz. They've

successfully tested silicon nitride valves in "‘ﬂ
engines in the laboratory and on the road .

for hundreds of thousands of miles and have
proved that these ceramics meet all of the
reliability requirements. The only thing
keeping them from putting ceramic valves
into production is cost, but Daimler Benz is
also getting very close there. Don’t be sur-
prised to see cars with silicon nitride valves
available in your dealer’s showroom within
the next few years.

Ceramic-reinforced Pistons. Pistons are
another important candidate for ceramics,

but most companies aren’t pursuing a solid

o s hev’ lori Figure 9-11. Silicon nitride experimental automobile valves. (Samples from
ceramic plSton' Instead, t €y'1€ exploring the Saint-Gobain/Norton Advanced Ceramics, Northboro, MA. Photo by D. Richerson.)

use of ceramic particles, whiskers, or fibers as

reinforcement in aluminum alloys. The ceramic reinforcement increases
the strength and temperature resistance of aluminum, enabling manufac-
turers to substitute lightweight reinforced aluminum for heavy iron alloys
and substantially reduce the weight of the car’s pistons. The improvements
in strength and temperature capability can be quite remarkable. For exam-
ple, replacing only one-third of the
aluminum with silicon carbide

\

P
[

ceramic whiskers increased the

strength of one aluminum alloy from ﬂ]ﬂﬂZlﬂtq/

about 10,000 psi to over 90,000 psi,

and the alloy retained the increased dCtS

strength to over 750°F (400°C).

. . A mere 30 percent addition of
Other Ceramic-reinforced Metal silicon carbide ceramic fibers to

Parts. Whisker reinforcement can | ©ne aluminum alloy increases the
strength of the alloy from 10,000
be costly, so researchers have focused to 90,000 psi.

considerable attention on adding

inexpensive particles of aluminum oxide or silicon carbide, rather than
whiskers, to aluminum. Although the properties of parts reinforced this
way haven’t been as high-grade as when whiskers have been used, the
parts nevertheless seem adequate for many automotive components. For
example, aluminum reinforced with ceramic particles was made into car
engine connecting rods and proved to have higher strength and more resis-
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Figure 9-12. Ceramic-metal composite experimental automotive parts. (Photo
courtesy of Lanxide Automotive Products, Newark, DE.)
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tance to the stresses imposed by the
engine than the metal alloy currently used.

Another aluminum alloy with alu-
mina particles as reinforcement looks
promising for long drive shafts. Long
drive shafts in trucks and some planned
cars have a rotational stability problem
at high speed—that is, they start to
vibrate like a rubber band that’s been
plucked. Adding 20 percent alumina
particles makes the drive shaft about 36
percent stiffer, enough of an increase in
stiffness to keep the drive shaft from
vibrating at high speed.

Ceramic-reinforced metals have
great potential, but cost is a problem. In most cases, automotive compa-
nies won't use a new material until they can get the cost down to what
they are paying for the current material. Some innovative fabrication
processes have been developed to decrease the cost of ceramic-reinforced
metals. One process involves heating a block of the composite to a temper-
ature at which the block can be forged (deformed under pressure and heat
into a special tool that has the shape of the desired part). Another process
loosely bonds together ceramic particles into a porous preform of the
desired shape and then lets molten metal soak into the preform and fill the
pores. In this process, the ratio of ceramic to metal can be varied anywhere
from 40 parts ceramic/60 parts metal to about 80 parts ceramic/20 parts
metal, so that a whole family of materials with different properties is possi-
ble. A third process, which only works for up to about 30 to 40 percent
ceramic particles, involves heating the metal-ceramic mixture to above the
melting temperature of the metal and pouring the thick-as-molasses mix-
ture into a shaped ceramic mold to cool and become solid.

Ceramics in Experimental Diesel Engines. Diesel engines run hotter
than gasoline engines. This allows them to be more efficient but also
results in a lot of energy tied up as heat. In conventional diesel engines,
this heat and the energy it contains is lost through the cooling system and
the exhaust gases. Present diesel engines lose about 30 percent of the ener-
gy of the fuel through the cooling system and nearly another 30 percent in
the exhaust heat. Diesel engineers are trying to find ways to capture this
lost energy and put it to work to increase the power and efficiency of the
engine. Ceramics are an important focus of their efforts.



Researchers have studied ceramics extensively during the past 30
years as potential replacements for metal parts in the hottest region of the
diesel engine, the cylinder. The metal materials that currently make up the
cylinder, pistons, valves, and other parts in this hot section get too hot and
fail unless the engine is cooled with water. Also, the metals conduct heat
easily, so that much heat travels through the metal parts and is wasted.
Some ceramics can survive higher temperature than the metals and also
are poor conductors of heat. If these ceramics could be used to replace the
metals in the hot section of the engine, they would require little or no
water cooling and also would block the flow of heat through the walls of
the engine. The heat could all be concentrated in the exhaust gases, where
some of the energy could be converted to useful work by a turbocharger or
other equipment.

Cummins Engine Company, in a program funded by the Army Tank
and Automotive Command, evaluated replacing diesel-engine hot-section
parts with ceramics. They replaced the intake manifolds, intake ports,
cylinder liners, head plates, valve guides, valves, pistons, exhaust manifolds,
and exhaust ports of a diesel engine with advanced ceramics—especially
zirconium oxide, which can withstand high temperature and is also a good
heat insulator. The engine was installed in a military vehicle and actually
driven on the open road for hundreds of miles with no water cooling.
Although this program showed that ceramics can work to improve diesel

Figure 9-13. Experimental ceramic components for automotive engines. (Photo courtesy of Kyocera.)
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Magnets in the power

Magnetic head in the
tape deck

Magnetic particles in the
recording tape just as hidden. The most obvious ceramic-based material is

Magnetic and piezoelectric
ceramics in the loudspeakers Hidden ceramics include the electroluminescent lighting for

Electroluminescent lighting

Electrical devices in the radio

engines, the costs of the experimental ceramic parts were too high to be
practical in the short term for our cars. The future is still wide open for the
improvement of diesel engines with ceramics.

Ceramics in Alternate Engines. Other types of engines are being evalu-
ated as alternatives to gasoline and diesel engines to propel motor vehicles;
the goal is cars with better than 80 miles-per-gallon fuel efficiency by
about the year 2005. These alternatives include gas turbines, Stirling

engines, fuel cells, and hybrid electric systems (that combine

[ | an electric motor with an engine). All of these alternatives

CERAMIC MATERIALS IN require some ceramic parts, especially the gas turbine. In
THE PASSENGER fact, companies in the United States, Europe, and Japan
COMPARTIENT have been trying since the 1970s to develop a ceramic gas

Windows and mirrors turbine engine, but they still have a long way to go before

Magnets in the windshield- the engines will be able to compete with current car engines.

wiper motor The systems most likely to meet the 80 miles-per-gallon goal

Magnets in the power first are combinations of a gasoline or diesel engine with an
seat motor electric motor.

window motors CERAMICS IN THE PASSENGER
Magnets in the power COMPARTMENT
door locks

Some of the ceramic materials in the passenger com-
partment of your car are a lot more obvious than many of
the ones we’ve talked about under the hood, but others are

the glass used in the windows, mirrors, and light bulbs.

the instrument panel, magnets in the windshield-wiper
motors and all of the power accessories (power seats, locks,
and windows), the piezoelectric quartz crystal in the clock,
electrical devices in the radio and tape deck, the piezoelectric
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buzzers for the seat-belt alarm and the anti-theft alarm, and
the piezoelectric impact sensor for the air bags.

Windows and Mirrors

Special glass has been developed for car windows. The glass has been
treated so that its surface is under a compressive prestress. This means that
the glass is much harder to break than normal glass. The surface compres-
sive stress also causes the glass to break in a special way. Rather than shat-
tering into sharp spikes that could cause severe cuts, the glass breaks into
little blocks that are much less dangerous. You've probably seen these



pieces lying on the road after a car collision. The special glass in car win-
dows has saved a lot of lives and lessened the severity of injuries for people
who have been unfortunate enough to be in car accidents.

Mirrors also are made of glass, which is coated on the back side with a
thin, shiny layer of metal. Our mirrors are another very important safety
feature of our cars. Some modern car mirrors are even being made of pho-
tochromic glass, the glass discussed in Chapter 4 that darkens in bright
sunlight and fades when the sun goes down.

Ceramic Magnets

You're probably surprised to learn that magnetic ceramics are used in
so many different places in your car. Ceramic magnets are required in all of
the electric motors for power accessories, including the windshield-wiper
motors, power seat motors, window-lift motors, door locks, antenna-lift
motor, defogger motor, headlight door motor, heating and air-conditioning
motor, tape drive motor, and the sunroof motor. Magnetic ceramics are

AUTOMOTIVE MAGNET APPLICATIONS

Cruise Control Speakers

Windshield Wiper

Motors Antenna Lift Motor

Sun Roof Motor

Tape Drive

Defogger Fan Motor
Automatic Temperature Control

Tailgate or

Windshield Washer Pump Trunk Latch

Door Lock
Liquid Level Indicators

Economy and Pollution Window Lift Motor

Control Devices

Heating and Fuel Pump Motor

Air Conditioning
Motor

Seat Positioning Motors
Cooling Fan Motor

Speedometer,
Starter Motor Anti-Lock Brake Gauges and Digital
Speed Sensors Colck

Air Pump/Suspension
Ignition

Figure 9-14. Ceramic magnets in a typical automobile. (Courtesy of Group Arnold, Marengo, IL.)
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Figure 9-15. Ceramic windshield-wiper-motor magnets. (Supplied by Delphi Chassis Systems, Division of
General Motors. Photo by D. Richerson.)

also critical in the tape deck, the speakers, the cooling-fan motor, the fuel-
pump motor, the cruise control, the starter motor, and the antilock brakes.

Electroluminescent and Piezoelectric Ceramics
in Automobiles

Do you remember our discussion of electroluminescent lamps in
Chapter 4? EL lamps provide the lighting for the instrument panel, radio,
clock, car phone, and sometimes even the overhead lighting in many cars.

—

/chts

Every automobile has at least
15 ceramic magnets.

aAMmazing) <

EL lamps are very low-cost, use little electricity, give off no
heat, and last a long time with no maintenance.

Piezoelectric ceramics are used in several ways in the
passenger compartment of your car. The first that you proba-
bly notice when you get into your car is the quartz clock.
The second is probably the seat-belt alarm if you try to start
the car without buckling up. Piezoelectric ceramics are great
noisemakers when they vibrate at a frequency that’s audible
to our ears. Many automobile anti-theft alarms also use
piezoelectric ceramics. Another piezoelectric ceramic use is in

loudspeakers, along with ceramic magnets. Yet another important use is for
the sensor that decides whether the air bags should be set off when your

car runs into something.
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Figure 9-16. Electroluminescent lamp for the instrument panel of a car, shown before and after installation. (Photo courtesy of Durel Corp., Chandler, AZ.)

CERAMICS IN THE REST OF YOUR CAR ST SRARE D e
We still aren’t done finding applications for ceramics in YOURCAR

your car. Besides windows, other parts of the auto body make Fiberglass car-body panels

use of glass. Many cars have body panels made of plastic rein- Composite leaf springs and

forced with glass fibers. These panels are much lighter than drive shafts

metal panels and will never rust. Their low weight helps give Brake parts

new cars better gas mileage. The panels also reduce noise and Headlights and taillights

vibrations and are less expensive to make. Hoods, bumper
beams, fenders, roof panels, door panels, trunk lids, and spare-tire
carriers all have been made out of glass-fiber-reinforced plastics.

Fuel-tank-level sensors
Road-clearance sensors

. . Rear-obstacle sensors
Some composites used in cars and trucks are as fascinating

as those used in airplanes. One example is an alternative drive
shaft made of a mixture of glass and carbon fibers in epoxy or another
advanced polymer. Metal drive shafts for long vehicles, like some trucks
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Figure 9-17. Lotus Elise automobile with the body constructed of glass-fiber-reinforced polymer and brake components fabricated from
a Lanxide Automotive Company ceramic-metal composite. (Photo courtesy of Lotus Cars, Norfolk, England.)

CERAMICS USES IN
MANUFACTURING CARS
AND TRUCKS

Cutting-tool inserts
Grinding wheels
Sandpaper
Laser cutters
Welding equipment

Molten-metal casting
equipment

Heat-treatment furnaces
Sensors in robots

Electronics for automation
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and sport utility vehicles, have to be made in
two shorter sections to avoid vibration-instabil-
ity problems; they need a rigid support struc-
ture where they are attached to each other,
which adds a lot of complexity and extra parts
to the vehicle. A single-piece composite drive
shaft that doesn’t need midspan support really
reduces cost and weight.

The other advanced composite, made of
glass fibers in epoxy, is used for leaf springs.
Leaf springs are used in many vehicles, includ-
ing trailers and light trucks. They support the
weight of the vehicle resting on the axles and
absorb some of the shock when you hit a rut or
bump. Composite leaf springs weigh up to 80
percent less than steel leaf springs.




CERAMICS IN MOTOR VEHICLE MANUFACTURING

As important as ceramics are in automobiles, they’re equally important
in manufacturing parts for the automobile and in robotically assembling
all of these parts. Nearly every metal part in the automobile touches
ceramics somewhere between the raw-material and the finished-product
stages. All of the metal parts are melted in ceramic containers in ceramic-
lined furnaces, which often are heated with ceramic burners. Some parts
are cast into ceramic molds and machined to final shape with ceramic cut-
ting tools. Others are hot-rolled, stamped, and welded to form the auto

body. Ceramics are used extensively in the welding operation and
also in the final grinding and sanding operations. We'll talk

about the ways that ceramics are used in forming
metals into useful shapes in the next two chapters.

Ceramics are even important in the
synthesis and weaving of the textiles
used in the interior of your car.
They're also necessary in the chem-
ical process that makes gasoline
from crude petroleum. These

important applications of ceram-

Figure 9-18. Positioning
pins used in robotic welding )
operations, fabricated from silicon nitride ceramic. tew chapters.
(Phato courtesy of Ceradyne, Inc., Costa Mesa, CA.)

ics also are reviewed in the next

OVERVIEW: MOVING DOWN THE ROAD

Were you surprised by many of the hidden uses of ceramics in auto-
mobiles and by all of the ways ceramics are necessary in manufacturing an
automobile? Today’s automobiles wouldn't be possible without the many
magical characteristics of ceramics. But what's down the road for automo-
biles? More magic! Just imagine . . . smart suspension systems that use
piezoelectric ceramics to detect bumps in the road and automatically
adjust the stiffness of the suspension system using other piezoelectric
devices; advanced highways with cars that can navigate safely without a
driver; cars with advanced-ceramic pollution-control systems that emit
zero pollution; cars that run on hydrogen from water so that they're twice
as efficient as present cars and emit no pollution. We live in an amazing
and exciting age.
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CHAPTER TEN

ust about every process for converting raw materials into
a useful product involves heat. You've already seen many
examples of this in earlier chapters: refining, melting, and shaping
of metals; fabrication of pottery and spark plugs and most other

polycrystalline ceramics; melting and forming of glass; and

melting of ruby and cubic zirconia to make single
crystals. All of these processes need to be enclosed or
surrounded with materials that can withstand these
high temperatures and not react chemically with the
product being processed. Ceramic materials are usual-
ly the only options.

You've also learned about other places where heat

is a difficult challenge, such as inside the diesel and gasoline
engines that power our cars and inside the gas turbine engines

that power airplanes and generate electricity. Ceramics are being

PRODUCTS AND USES

Furnace linings for metals smelting
Furnace linings for metals refining
Burners and heaters
Kiln furniture
Crucibles
Molds and cores
Molten-metal filters
Heat exchangers
Extrusion dies

MOST CERAMICS MELT OR DECOMPOSE AT INCREDIBLY HIGH TEMPERATURE

COMPARED TO OTHER MATERIALS

Material Temperature(°F)

Polyethylene plastic
Aluminum metal

Stainless steel

Silicon dioxide (SiO;) (Space Shuttle tiles, crucibles for melting silicon for ICs) 3000

Alumina (Al;03) (weld nozzles, furnace linings, laser rods)
Beryllium oxide (BeO) (laser bores, electrical insulators)
Magnesium oxide (MgO) (furnace-lining material in steel making)

Hafnium carbide (HfC) (rocket-nozzle linings)

250
1220
2600

3720
4660
4750
6940
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used more and more to meet these challenges. They’re also being
used to withstand the incredibly hot fireball inside rocket motors
and to protect the Space Shuttle during its ascent into space and
its rugged reentry into the Earth’s atmosphere.

Ceramics have the unique ability to beat the heat, to survive
the incredibly high temperatures that melt or otherwise degrade
most other materials. This chapter reviews some of the ways
that ceramics beat the heat in metals processing, industrial
applications, energy conversion (power generation), and

aerospace technology.

CERAMICS FOR THE REFINING AND
PROCESSING OF METALS

Metals are still the dominant materials in our modern society, but
without ceramics we wouldn’t be able to separate the metals from their
ores, refine or smelt them to a high quality, or form them economically
into the endless numbers of shapes we require. Figure 10-1 lists the major
steps necessary to convert metal-containing ore mined out of the Earth
into a useful metal product. Let’s look at the many ways that ceramics are
used in each step, especially where high temperature is involved.

Raw-Materials Preparation

Metals are rarely found in the Earth’s crust in their pure form. Most of
the time, they’re combined with other chemical elements such as oxygen,
silicon, carbon, and sulfur and scattered throughout non-metal-containing
rock. Preparation of raw materials involves mining the rock in which the
metal is trapped, crushing and grinding the rock, and separating (concen-
trating) the metal-containing portion from the nonmetal portion. For
most metals, high temperatures aren’t involved in these crushing, grind-
ing, and separating operations. However, the equipment is continually
exposed to wear and tear caused by the chunks and particles of rock pass-
ing through the equipment. Ceramics, because they are so hard and resis-
tant to gouging and scratching, are often used as wear-resistant tiles to line
areas of the equipment that are most susceptible to wear.



METALS PROCESSING STEP

R = - TTULSa T e R ST e e I

WHERE CERAMICS ARE
FOUND IN EACH STEP

Raw-materials preparation

Ore handling and
concentration

Smelting and refining

Furnace refractories

Heat sources (burners,
heaters)

High-temperature bubblers

Molten-metal filters

Melting and holding

Crucibles
Furnace refractories
Heat sources

Heat exchangers

Shape forming

Crucibles, molds, cores
Insulation for molds
Nozzles

Extrusion dies

Pump parts

Finishing

Cutting and grinding tools
Sandpaper and loose abrasives

Cleaning and deburring
equipment

Inspection

Transducers for ultrasonic
nondestructive inspection

X-ray equipment components

Dimensional measurement
instruments

Heat treatment

Furnace refractories
Heat sources

Setter plates and fixtures (kiln
furniture)

Heat exchangers
Conveyors

Circulation fans

Figure 10-1. How a metal product is produced with the help of ceramics.
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Some processes use chemicals to help break down the ore and separate
the metal-containing portion. Ceramics are also important here because
they’re very resistant to chemical attack. A good example of a necessary
use of chemicals is for the processing of bauxite, the ore from which most
aluminum metal is obtained. After the bauxite is crushed and ground into
a fine powder, it’s mixed with water and chemicals and “cooked” in a large
pressure cooker, at about 500 pounds per square inch (psi) pressure and
nearly 300°F. This treatment actually dissolves the aluminum-containing
mineral (called gibbsite) out of the bauxite, just like water dissolves sugar or
our stomach acid dissolves food. And much like sugar forms little crystals
when the water is evaporated, the gibbsite can be separated from the water
and chemicals. The final step is to heat the gibbsite to over 2000°F in a
high-temperature oven (furnace) to convert it to a fine powder of alu-
minum oxide, which is the feedstock used to make aluminum. This step is
where ceramics especially are required.

The furnace is a little like the oven in your kitchen but much larger,
and it operates at a temperature about four times higher than your oven
can reach. Because of the high temperature, the furnace must be built out
of high-temperature ceramics such as alumina, zirconia, silica, or magnesium
oxide. Ceramics that are used to build a furnace or other high-temperature
vessel are usually referred to as refractories. The furnace is heated on the
inside by burning a fuel such as natural gas or by using ceramic electrical
heating elements similar to the heating elements inside your home electric
oven. The ceramics that make up the walls, top (roof), bottom (hearth),
and door of the furnace have several purposes: (1) to withstand the
high temperatures on the inside of the furnace, (2) to have minimum
chemical reaction with the atmosphere and materials inside the furnace,
and (3) to retain the heat produced by the fuel or electricity inside the
furnace. Examples of how ceramics do these three jobs are spread
throughout this chapter.

Smelting and Refining

The concentrate coming out of the raw-materials preparation step is
still not a pure metal. It's usually a metal or group of metals combined
chemically with another chemical element, such as aluminum combined
with oxygen as alumina (Al;O3). In the case of alumina, the aluminum
and oxygen must be separated to get aluminum metal. The process for sep-
arating the metal from the other chemical elements is called smelting.
Smelting is a high-temperature process by which the concentrate is melted,
the metal is separated, and most of the remaining chemical elements are
removed in the form of a molten scum called slag.



When you're heating soup on the stove or in the microwave oven,
you need a container, or vessel, to keep the soup from flowing all over the
kitchen. You also want a container that the soup doesn’t stick to or eat a
hole through. These requirements are the same for smelting, but the chal-
lenge is much greater because we're dealing with molten metals and slags
that will react with, or eat into, just about every material imaginable at the
very high temperatures necessary for smelting. Ceramic refractories are the
only materials that can withstand these severe conditions, and even they
are slowly eaten away.

Let’s look at how ceramics are used to smelt two of our most impor-
tant metals: aluminum and iron. About 10 million tons of aluminum and
95 million tons of steel are produced in the United States each year. Let’s
start with aluminum.

Aluminum Smelting. Aluminum requires a special smelting procedure
referred to as electrolysis to separate the aluminum from the oxygen in the
aluminum oxide feedstock. You may have heard the term electrolysis used
to describe breaking down water into hydrogen and oxygen. In the case of
water, the negative terminal of a battery is attached to one strip of metal
and the positive terminal to another strip of metal. The two strips, which
are now negatively and positively charged electrodes, are immersed in a

container of water. If enough electricity is supplied by the battery,
the hydrogen and oxygen molecules of water (H,O) are pulled
apart into negatively charged oxygen ions and positively charged
hydrogen ions. We talked a little about ions in the previous chap-
ter; an ion is an atom with an electric charge because it either has
an extra electron (or electrons) or not enough electrons. Each
negatively charged oxygen ion (with two extra electrons) moves
to the positive electrode and combines with another oxygen ion
to form oxygen gas (O3), which bubbles to the surface of the
water. Each positively charged hydrogen ion (one electron short)
moves to the negative electrode and combines with another
hydrogen ion to form hydrogen gas (Hy), which also bubbles to
the surface of the water.

The electrolysis of aluminum oxide is similar to that of
water, but is done at high temperature, instead of room
temperature, in a large chamber called an electrolytic cell. Part of
an electrolytic cell for aluminum smelting is a tank about 30 feet
long, 10 feet wide, and a little over 3 feet deep. The bottom of the

USES OF CERAMICS IN
METALS SMELTING AND
REFINING

Refractory furnace linings

Electrodes for the electrolytic
smelting of aluminum

Nozzles, valves, and troughs
for molten metal

Linings for oxygen lances
Molten-metal filters
Oxygen sensors

Equipment for removing dust
from hot flue gases

Equipment for the reuse of
waste heat

tank is lined with electrically conductive carbon (a ceramic) that’s hooked
up to the negative terminal of a direct current electricity source. This is
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the negative electrode (called the cathode), where molten aluminum goes
during electrolysis. The sides of the cell are also lined with carbon blocks
but are not hooked up to electricity. Around the outside of the carbon elec-
trode and side walls are layers of ceramic refractories, and around these is
an outer shell, or wall, of steel. The ceramic refractories keep the heat and
molten chemicals from leaking out of the electrolytic cell and protect the
steel shell from the high temperature inside the cell, just like a potholder
protects your hand when you take a hot casserole out of the oven.

During electrolysis, the electrolytic cell is partially filled with a
molten ceramic compound called cryolite (made up of atoms of sodium,
aluminum, and fluorine) at about 1760°F (960°C). Alumina powder that
was obtained from the bauxite ore is sprinkled into the molten cryolite,
where it dissolves. This molten mixture of alumina and cryolite is incredi-
bly reactive chemically and wants to dissolve anything that it touches.
Fortunately, carbon and a few other ceramic materials are resistant enough
that they can be used to line the electrolytic cell. A second electrode
(called the anode), also made of electrically conductive carbon, is connect-
ed to the positive terminal of the direct current electricity source and low-
ered from above into the molten cryolite-alumina, but not far enough
down to touch the cathode.

When a large amount of electricity is turned on, the alumina dissolved
in the cryolite is broken down into aluminum and oxygen. The positively
charged aluminum ions move to the negatively charged cathode, where
they form a pool of molten aluminum that can be removed from the cell
by opening a valve. The negatively charged oxygen ions move to the posi-
tively charged anode, but rather than bubbling off as oxygen, they react
with the carbon anode to form carbon dioxide gas. This causes two prob-
lems: First, the reaction between the oxygen and the carbon consumes
(eats up) the anode, so that new anode material must continually be fed
into the cell. Second, carbon dioxide is thought to be the major source of
global warming by the “greenhouse effect,” which you’ve read about in
the newspapers. The aluminum industry is conducting extensive research
to invent a ceramic material to replace the carbon anode, so that the
anode won’t have to be continuously replenished and the cell will give off
oxygen rather than carbon dioxide. Finding this material has been an
incredibly difficult challenge, though, because the new material must be a
good conductor of electricity, withstand the high cell temperature, and not
react with the molten cryolite.

As you can imagine, extracting alumina from bauxite ore and smelt-
ing the alumina to produce aluminum metal uses a lot of electrical energy



and gives off a lot of pollution. In contrast, making aluminum products by
recycling aluminum cans and other scrap aluminum metal uses only about
S percent as much electrical energy as is used to smelt new aluminum and
doesn’t create any carbon dioxide. Fortunately, we've made a lot of
progress in recent years in recycling aluminum. Presently, we
recycle about 3.5 million tons of aluminum each year in the
United States. And, as you can probably guess, ceramics are
used in many of the steps to make recycled aluminum products.

Iron and Steel Smelting and Refining. As mentioned ear- from aluminum oxide
lier, 95 million tons of steel were produced in the United ceramic powder.
States in 1996, but this was a small portion of the 727 million Smelting vessels are lined
tons produced worldwide. The first step to making steel is to with ceramics.
separate iron from iron ore. This is normally done in a blast Smelting consumes a great
furnace. A blast furnace is a tall, multistory vessel completely deal of electricity and gives

lined on the inside with ceramic refractories several feet thick.

Iron ore concentrate, crushed limestone (a common rock made Recycling uses 95 percent less
energy and eliminates carbon
dioxide emissions.

of calcium, carbon, and oxygen), and coke (carbon prepared
from coal) are dumped into the top of the blast furnace, and

hot air and fuel are fed into the bottom of the blast furnace. About 60 percent of alu-
minum beverage cans were

recycled in 1990.

The coke burns to form carbon monoxide, which reacts chemi-
cally with the iron ore to produce molten metallic iron that’s

R
ALUMINUM-SMELTING

Aluminum metal is produced

off carbon dioxide gas.

about 2840°F (1560°C) in temperature. Other materials in the

ore react with the limestone to form a molten slag that floats on top of the
iron because it’s lighter than the iron. The molten iron and molten slag are
removed from the blast furnace through high-temperature valves and noz-
zles (sort of like large water taps).

Surviving the continuous flow of solid raw materials, liquid metal and
slag, and hot gases through the blast furnace is a difficult challenge for the
ceramic refractories lining the inside of the furnace. Remarkably, ceramics
have been developed that can survive for six to seven years before the blast
furnace must be shut down and relined.

Most iron that leaves the blast furnace contains about 3 to 5 percent
carbon, which is okay for the cast iron in the engine of our cars but not for
the many different grades of steel required for other parts of our cars, or for
buildings, bridges, and many other products that we encounter every day.
Most of this iron is processed in a basic oxygen furnace (BOF). The condi-
tions in a BOF are at least as severe as those in a blast furnace, so the inside
must be completely lined with ceramic refractories. Rather than working
continuously, the BOF is operated in cycles that last about one hour each.
The first step of each cycle is to load the BOF with about 100 tons of scrap
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steel, 250 tons of 2370°F (1300°C) molten crude iron, fluxes (materials that
react with impurities to form slag), and other metals (needed to form the
desired steel alloy). Loading all of that material into the furnace exposes
the ceramic lining to heavy impact and abrasion from the scrap steel and
to severe thermal shock from the molten crude iron.

The second step in the BOF cycle is to force a large, hollow tube,
called a lance, from the top of the furnace into the mixture of iron, fluxes,
and scrap steel. Pure oxygen then is pumped through the lance. The oxy-
gen bubbles through the molten iron and begins to react with the carbon.

This reaction gives off heat, and so the temperature of the fur-
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A steel melting furnace is
lined with 18 to 36 inches of
ceramic refractories.

nace increases to between 2900° and 3100°F. The scrap steel
melts, the fluxes react with impurities and form a slag that floats
on the surface, and the metals mix to form the desired steel alloy.
All through the cycle, the ceramic lining is bathed in churning
molten steel and molten slag. The lining ranges from about 18 to
36 inches in thickness and is expected to survive thousands of
cycles. It's amazing that any material can withstand such severe
conditions for even a single cycle, but ceramics have met the
challenge and survived for thousands of cycles.

Although the molten metal from smelting or refining is

The ceramic lining is exposed

to the impact and abrasion of

about 100 tons of scrap steel
during furnace loading.

The ceramic lining is exposed

sometimes formed immediately into a product, it’s usually just
cast into simple, temporary shapes called ingots for later remelt-
ing or forming by other methods. Casting a molten metal into an
ingot or product is a critical step. Often the molten metal con-

steel and slag.

survive thousands
of cycles.

to the thermal shock of 250
tons of molten crude iron
during furnace loading.

The ceramic lining is exposed
for each one-hour cycle to
2900° to 3100°F molten

The ceramic lining must

tains little chunks of debris picked up from the refractories or
present in the original scrap steel. These chunks contaminate the
steel and can cause a part to be rejected or fail during use. During
the 1980s, engineers learned to make special porous ceramic fil-
ters that could survive the high temperatures of the molten met-
als and screen out the debris as the metal was being poured into
ingots or products.

One of the most interesting and effective ceramic filters for
“straining” molten metal into a casting mold is produced using a
sponge similar to the kind you may have in your kitchen. A
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ceramic slip (a suspension of ceramic particles in a liquid), similar
to those used for slip casting beer mugs and figurines, is poured into a
sponge until its pores are completely filled. This ceramic-filled sponge is
carefully dried in an oven. It’s then fired in a furnace at a high temperature
to burn out the sponge and bond the individual ceramic particles into a
solid ceramic, just like a piece of ceramic pottery or an alumina spark-plug



Ceramic magic can transform a

molten metal.

—p— ——— —— ——— ———

Ceramic molten-
metal filters were introduced about 20 years ago and have
become standard for filtering almost all molten metals. I
recently had the opportunity to tour a large cast-iron
foundry where Caterpillar produces diesel-engine castings
for trucks. All metal cast in that foundry passes through
ceramic filters. The tour guide, who had been at the
foundry for 35 years, stated that ceramic filters were the
most important innovation during the past 20 years for
improving alloy quality and reducing faulty castings.

Ceramics certainly are necessary for smelting and
refining metals. Refractories, electrodes, tap valves, and
molten-metal filters all are important, but ceramics also
are used in other ways, such as for transferring heat from
exhaust gases to preheat air going into the process (heat

any debris in the metal.

insulator is fired. The resulting part
’\ looks like a continuous network of

interconnected ceramic branches plus
aAMazing) - P

a continuous network of pore channels.
/'dct 5 Examples are shown in Figures 10-2
through 10-4. This skeletal structure is

very resistant to thermal shock and
kitchen sponge into a ceramic doesn’t block the flow of molten
that can filter 3000°F metal, but it does effectively filter out

Figure 10-2. Ceramic molten-metal filter, showing

the sponge cell structure. (Sample from Hi-Tech Ceramics,
Alfred, NY. Photo by D. Richerson.)

Figure 10-3. Assembly of ceramic refractories and a ceramic molten-metal filter. (Photo courtesy of
Vesuvius Hi-Tech Ceramics, Alfred, NY.)
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Burners
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Crucibles

tubes

CERAMICS FOR METAL and in subsequent chapters.
MELTING AND HOLDING

Thermocouple protection

Figure 10-4. Examples of various configurations and compositions of ceramic molten-metal filters.
(Photo courtesy of Vesuvius Hi-Tech Ceramics, Alfred, NY.)

exchange), helping remove dust particles from exhaust gases, and sensing
the amount of oxygen in molten steel. Reuse of waste heat and cleanup of
particles drawn along with the gases up the stack (flue) are important chal-
lenges in several steps of metals processing and in many other
industrial processes. These jobs are discussed later in this chapter

Remember the zirconia oxygen sensors that we discussed for
cars? That same technology is used to measure the oxygen content
in molten steel. Before the development of the oxygen sensor, a
steelworker had to scoop a sample of molten steel out of the fur-
nace and send it to the laboratory for analysis. That process took
about 20 minutes. Now, a ceramic oxygen sensor can be thrust
directly into the molten steel to determine the oxygen content
within a few seconds. This innovation has both improved the
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control and speeded up the process of steelmaking.

Melting and Holding

Casting is a common method for forming smelted and refined metals
into complex shapes. Sometimes, the molten metal is poured directly
through a ceramic filter into a shaped ceramic mold to cool and become a
solid metal part. Other times, metal ingots are remelted in a ceramic-lined
container (such as a crucible) inside a ceramic-lined furnace and then
often transferred to a separate, ceramic-lined furnace to be held at temper-
ature until the molten metal is ready to cast. Many melting and holding



furnaces are heated by natural gas, with ceramic radiant burners: A natural
gas and air mixture is burned inside a ceramic tube, and the heat radiates

from the tube (like the heat radiates from a fireplace or the
sun) onto the surface of the metal being melted. This type of
heating minimizes contamination of the metal.

Only a portion of the heat produced by a radiant burner
or other heat source is captured to melt the metal. About two-
thirds of the heat goes up the chimney or smokestack and is
wasted. Some of this wasted heat can be reclaimed through the
use of a heat exchanger. Most industrial heat exchangers consist
of pipes or tubes that line or crisscross the chimney, the stack,
or a chamber that holds the hot gases before they reach the

oy
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Ceramic heat exchangers can
reduce fuel consumption of a
high-temperature industrial
process by 50 percent

chimney or stack. Cold air on its way to mix with the natural gas fuel is

pumped through the heat-exchanger tubes, where it picks up heat from
the exhaust gases. The more heat that can be picked up, the less this air
needs to be heated by the burning fuel to reach a temperature high
enough to melt the metal—and the less fuel is consumed. Ceramic heat-
exchanger tubes can reduce the amount of fuel needed by about 50 per-

cent, a tremendous savings.

Other ceramics are important for melting and holding furnaces. One

ceramic application is for protection tubes to separate the thermocouples

Figure 10-5. Silicon carbide radiant burner/heat exchanger tube sections. (Photo courtesy of Schunk-INEX Corp., Holland, NY.)
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Figure 10-6. Silicon nitride thermocouple protection tubes. (metallic temperature-
(Photo courtesy of Ceradyne, Inc., Costa Mesa, CA.)

measurement devices)
from the molten metal. Another use
is associated with further metal
refining sometimes conducted in the
melting or holding furnaces, such as bub-
bling a gas through the molten metal to
remove certain impurities. For example, chlorine
gas is bubbled through aluminum to remove hydrogen,
which has a bad effect on the properties of the aluminum.

Shape Forming

Ceramics are especially important for forming metals into their final,
useful shapes. Metal can be formed by many ways into the shape needed
for a product. Some of those ways include casting from a melt, extruding,
rolling, forging, and cutting/grinding. Let’s talk about casting first, because
that process uses ceramics extensively and is one of the most cost-effective
approaches for making complex shapes such as automobile engines,
industrial equipment, parts for household appliances, and gas turbine
engine components.

Ceramics are necessary in just about every step of casting. The con-
tainer, or crucible, that holds the molten metal prior to casting is ceramic.
Pouring spouts and troughs that guide the metal from the holding furnace
or crucible to the shaped casting mold are lined with ceramics.
Thermocouples that measure the temperature of the molten metal are
enclosed in protective ceramic tubing. The molten metal is poured
through a ceramic filter immediately before it flows into the mold.

Many methods have been invented over the centuries to cast metals.
Most of them involve the use of a ceramic mold. The mold is the shaped
cavity into which the molten metal is poured. The mold must be strong
enough to hold the weight of the metal, must not shatter from thermal
shock when the extremely hot molten metal is poured into it, must not
react chemically with the hot metal, and must be easy to remove after the
metal has cooled and become solid.

Lost Wax Casting. One particularly interesting casting process that uses
ceramics extensively is investment casting, also known as lost wax casting.
Lost wax casting starts by creating a wax model of the part to be cast. The
wax model usually is produced by melting wax, pouring or injecting it
with low pressure into a shaped metal cavity, and allowing the wax to cool
and solidify. The metal cavity is constructed of multiple pieces, so that it



can be opened to remove the wax model in one piece. The wax model is

dipped into a slip (slurry) of ceramic particles suspended in water. The slip

has the consistency of paint. A layer of this ceramic “paint” sticks to the

wax, to form a thin layer of ceramic particles, after the water has evaporated.

The coated wax is dipped again, but instead of being dried, it is immediate-

ly coated with larger ceramic particles about the size of sand. This process

of dipping in the slip and then coating with ceramic sand is
repeated about six or seven times to build up a layered ceramic
coating about one-eighth to one-quarter of an inch thick
around the wax. The wax is then melted and allowed to flow
out of the ceramic shell. The ceramic shell is now a mold that
has the exact shape inside as the outer shape of the wax model.
The ceramic mold is dried and fired at a high enough tempera-
ture that the ceramic particles bond together, giving the mold
adequate strength to not break when it’s later filled with
molten metal.

Once created, the ceramic casting mold is wrapped with
ceramic-fiber insulation, heated, and filled with molten metal
to produce a solid metal casting. In some cases, a casting with
internal holes and passageways is desired, rather than a solid
metal casting. A good example is a rotor blade for a gas turbine
engine, which has a complex array of internal cooling pas-
sages. A ceramic core is used to form these complex passages
directly during casting. The ceramic core is formed separately

CERAMICS CRITICAL TO
SHAPING METALS AT HIGH
TEMPERATURE

Furnace linings and burners
Crucibles
Pouring spouts
Troughs

Thermocouple protection
tubes

Molds and cores
Molten-metal filters
Tundish nozzles
Thermal insulation

Extrusion die liners

and then placed in the mold before the metal is poured in. The metal flows

into the mold and around the core. The core is made of a special mixture

of ceramics that can withstand the temperature of casting but can later be
removed from the solid metal blade by dissolving with a weak acid that
doesn’t attack the metal. Figure 10-7 shows a mold with two blade chambers

cut open to reveal the cores in place before casting. The resulting internal

passages permit cooling of the turbine blades with forced air when the

engine is operating, allowing the engine to run at a much higher tempera-

ture than the metal can normally tolerate. The result is higher engine

power and much lower fuel consumption.

The first cooled turbine blades were achieved by an expensive process
of drilling holes in the blade after it was cast. Ceramic cores make it possible

to form the air passages directly and easily during casting. Core-formed

passages can be much more complex than drilled-in channels, and so can

lead to more efficient cooling and much greater increases in engine power

and reductions in fuel consumption. The ceramic-core technology has

been a big factor in helping keep airline fares affordable.
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Investment casting is the same
process as the lost wax process

used for making jewelry settings.

Ceramics in Steel Casting. Whereas investment casting is done
in batches typically well under one ton of molten metal, iron and
steel casting is done either continuously into ingot molds or in
large, multi-ton batches, directly from large molten-metal con-
tainers called ladles or tundishes. The bottom of the container has
a valve that can be opened and closed like a water tap, except that
this valve must withstand very high temperatures. For example,
molten metal flows from a tundish through a tundish nozzle that
has an opening about one-half to three-quarters of an inch in
diameter. Depending on the metal alloy, the metal flowing
through the tundish nozzle ranges in temperature between 2732°

and 3092°F (1500° and 1700°C). Various compositions of zirconium oxide
ceramic have survived this severe application.
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Figure 10-7. Ceramic investment-casting mold with core in place, for casting gas turbine engine
rotor blades containing intricate internal cooling passages. (Photo courtesy of Howmet Research Corp.,
Whitehall, ML.)
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Ceramics for Extrusion. Ceramics are important in other metal shape-
forming operations such as extrusion. You use extrusion every day when
you squeeze toothpaste out of the tube: You press on the tube, and tooth-
paste “extrudes” out of the tube in the circular shape of the opening of the
tube. You use the same concept

when you decorate a cake, except {____\

L
that you can change the shape of ;’! Z’ -
the opening through which you d d ’1(7/\\]/
squeeze the frosting to get different dca’
shapes. The same is done with met-
als, at a temperature that’s high ] -

A ceramic tundish nozzle must
enough to soften the metal but meter molten steel at 3000°F
below the melting temperature. The | through a three-quarter-inch hole

. ith i ilure.
heated metal is pushed, with high b ostpluggmng of et
pressure, through a shaped opening Ceramic dies can hot extrude
(extrusion die) at the end of the metal tubes and rods as rapidly as

65 feet per second.
extrusion equipment. Iron-based

alloys are extruded at very high

temperatures (around 2200° to 2300°F) and pressures (around 100,000 to
150,000 psi). Brass and copper are extruded at lower temperatures. Solid
rods and tubing in circular, square, and rectangular cross sections com-
monly are produced by extrusion.

Extrusion can be very inexpensive. The biggest concern is wear and
deformation of the extrusion die as the metal is forced through at high
temperature and pressure. If the size or shape of the opening of the die
changes, the die can no longer be used; metal extrusion dies must be
replaced frequently. Transformation-toughened zirconia (TTZ) ceramic dies
have much longer life than metal dies for some extrusion processes.

For example, one TTZ extrusion die survived more than 6000
extrusions of brass, while the previous metal dies had survived
only 10 to 50 extrusions. Each extrusion consisted of forcing a
solid billet of brass about 12 inches in diameter and 30 inches
long through a die opening three-quarters of an inch in diame-

ter, at 1650°F to produce about 65 feet of brass rod each second.

You can see how extrusion can be cost-effective, especially if the

extrusion die survives for many extrusion runs.

Finishing and Inspection

Metal parts that come out of a casting mold, an extrusion

. . . ’
die, or other metals-forming device generally don’t have the Figure 10-8. Zirconia die liner for ot extrusion

exact dimensions or surface smoothness needed for the intended of brass. (Photo by D. Richerson.)
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Figure 10-9. Silicon nitride
rolls for hot-forming rods
and tubing of non-iron
metals. (Photo courtesy of
Ceradyne, Inc., Costa Mesa, CA.)
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application. These parts require a finishing operation such as cutting,
grinding, or polishing. Ceramics are used extensively for finish-
ing metals. Silicon nitride cutting-tool inserts were discussed
in Chapter 5, and other ceramic cutting-tool inserts are dis-
cussed in Chapter 11. A cutting-tool insert isn’t normally
thought of as a high-temperature use for materials, but it
really is. When metals are shaped by machining, the
ceramic cutting tool can reach temperatures greater than
2000°F. In fact, the high-temperature stability of the ceram-
ics is what gives them a competitive edge over metallic cutting
tools. Other ceramic finishing products include grinding
wheels, sandpaper, and loose abrasives.

Ceramics are also important components in inspection tools for
metals, but these uses don’t involve high temperature. Examples of such
applications include the piezoelectric transducer for ultrasonic nonde-
structive examination that we talked about in Chapter 7, bearings and
other components in X-ray tubes also used for nondestructive inspection,
and wear-resistant surfaces on measurement instruments.

Heat Treatment

Most metals do not have optimum properties immediately after casting,
extrusion, or other shape-forming processes. They usually require at least
one additional high-temperature

treatment. For example, extrusion

USES OF CERAMICS FOR and hot rolling (to make sheet metal

HEAT-TREATING METALS
and foil) involve severe deformation

Furnace linings ) _
9 of the metal, which builds up stresses.

Burners and heating

These stresses can be eliminated by
elements

aging or annealing the metal (holding

Kiln furniture it for a while at an elevated tempera-

Heat exchangers ture). Sometimes, the metal needs to
Thermocouple protection be held at a high enough temperature
tubes for the microstructure to change.
Conveyor belts Other times, the end use requires that

the surface of the metal be harder

than the interior, and so the part is
placed in a hot furnace containing carbon or nitrogen that reacts with and
hardens the surface. Sometimes, the metal must be heated and then cooled
very quickly (quenched). All of these treatments are categorized under the
general term heat treating.



Figure 10-10. Silicon carbide segments of a conveyor belt for a powder metal sintering furnace.
(Samples courtesy of Saint-Gobain/Carborundum Structural Ceramics, Niagara Falls, NY, photo by D. Richerson.)

Heat-treating temperatures can vary anywhere from a few hundred
degrees to around 2000°F, depending on the metal involved and the objec-
tive of the heat treatment. The ceramic needs are the same as in other
high-temperature metal-processing steps: furnace linings, heat sources

such as natural gas burners and
electrical heating elements, thermo-
couple protection tubes, and heat
exchangers. However, the tempera-
tures for heat treatment are lower
than for handling molten metal.
Since the metals aren’t molten, cru-
cibles and molds aren’t required.
Instead, the metal parts require a
solid surface to rest on. These sur-
faces usually are made of ceramics
and are called kiln furniture. Other

Figure 10-11. High-temperature chain fabricated from aluminum

oxide ceramic, by Ceramic Binder Systems, Butte, MT. (Photo by D.
Richerson.)

ways in which ceramics are sometimes used for heat treating are for con-
veyor belts to carry metal parts through a tunnel-shaped furnace, and as
fan blades to circulate the hot gases inside an enclosed furnace, to make
sure all of the metal parts are exposed to the same temperature and furnace
atmosphere. Figure 10-10 shows several small silicon carbide segments of a
high-temperature conveyor belt that is 18 inches wide and 120 feet long

when fully assembled.
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CERAMICS FOR HIGH-TEMPERATURE
INDUSTRIAL PROCESSES

Many of the ways ceramics are used in industrial processes are similar
to those in metals processing: for furnace linings, high-temperature fix-
tures, burners, and heat exchangers. These parts are required in glass
production, ceramics production, chemicals processing, petroleum refin-
ing, and even papermaking.

Glass Production

Glass production is a particularly impressive example of how ceramics
are necessary in industry. As you may remember from Chapter 4, molten
glass is a universal solvent that will dissolve almost anything it touches. The
large chamber (glass tank) in which glass is melted must be lined with a
very stable, inert material that either is not dissolved by the molten glass or
is dissolved very slowly. The metals platinum, iridium, and rhodium are
extremely chemically resistant to most molten glass compositions but are
too expensive for lining a large glass tank for making window glass or glass

containers. For example, the furnace for making window glass can

have a glass-melting tank larger than a tennis court (covering
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The tank of a window glass
furnace measures over 5000
square feet and is completely

lined with ceramic blocks; such a
furnace produces more than

25,000 tons of glass per day.

around 5000 square feet of floor space) and produce more than
25,000 tons of glass per day. These large glass tanks are lined with
solid blocks of zirconia or mixtures of zirconia, alumina, and silica.
The blocks look a little like the large blocks of rock that are quar-
ried to build buildings, but they’re made by actually melting the
ceramic at incredibly high temperature [above 3632°F (2000°C)]
and pouring (casting) the molten ceramic into a mold made of
sand, graphite, or water-cooled metal.

Industrial Furnaces

Many industrial processes require a heat source at some
stage. Some examples include paint drying and window shaping in the
automotive industry, food processing, paper drying, preparation of
cement and plaster, and disposal of hazardous materials. Ceramics are
involved in several different ways. In some cases, the heat is produced by
burning a fuel. The chamber in which the fuel is burned generally is lined
with ceramics or made completely of ceramics. A good examplé is the
radiant burner, discussed earlier in this chapter, for melting aluminum.
Another type of ceramic burner is a radiant surface burner. This burner uses
a porous block, or plate, of ceramic. The fuel and air are mixed on the
back of the porous plate, pass through the pores of the plate, and burn
with a very uniform flame as they leave the plate. This type of burner
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produces very little pollution and has even been used in a fast-food

restaurant for cooking hamburgers.

Other heat sources take advantage of the electrical characteristics of
some ceramics. As you learned in Chapter 6, some ceramics let electricity
pass through, but only with difficulty. Because the electricity has to work
to get through, much of the electrical energy is converted to heat energy,
so the ceramic gets very hot. Because no fuel is being burned, this electrical
source of heating is very clean and doesn’t contaminate the materials

being processed or release any pol-

lution. Silicon carbide (with addi-
tives to give the right electrical
resistance), zirconium oxide, and
molybdenum disilicide are impor-
tant ceramics that can be used in
air for electric heating. Carbon,
such as graphite, is also an effective
ceramic for electric heating, but
carbon is attacked by air at high
temperature and can only be used

in a vacuum or in nitrogen, argon, Figure 10-12. Ceramic heaters. (Photo courtesy of Kyocera.)

or helium gas.

Chemicals and Petroleum
Processing

Ceramics are important in many ways
to chemicals and petroleum processing, two
of the largest industries in the world. In
these huge industries, ceramics are chosen
mostly for their wear resistance and corro-
sion resistance, properties discussed in the
next chapter; but many uses also require
materials that are chemically inert at high
temperatures, so again ceramics fit the bill.
The largest uses of ceramics in chemical
processing are for catalyst supports and
heat exchangers.

As you probably remember from our
discussion of the automotive catalytic con-
verter in Chapter 9, a catalyst is a material
that stimulates a chemical reaction to take

Figure 10-13. Ceramic insulators for heaters. (Photo courtesy of Rauschert
Industries, Inc., Madisonville, TN.)
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Figure 10-14. Ceramic “saddles” for chemical processing, designed to provide temperature
uniformity and controlled flow of chemicals. (Samples supplied by Saint-Gobain/Norton Chemical Process Products,
Solon, OH. Photo by D. Richerson.)

place but is not a part of the reaction. Sometimes, a heated ceramic with
lots of porosity and surface area that chemicals can touch acts as a catalyst
by giving the chemicals a place to react. Other times, the pores and
surfaces of the ceramic can be coated with a thin layer of a catalyst such
as platinum, so that the ceramic only acts as a support structure for the
catalyst. A ceramic honeycomb structure acts as the catalyst support for
the automotive catalytic converter. The ceramic catalyst support structures
for chemicals and petroleum processing are much simpler. They’re usually
just small, highly porous pellets of a special alumina-based ceramic. These
pellets are packed into a heated pipe, chamber, or container that the
chemicals are pumped through. As the chemicals pass through the pipe,
the catalyst and heat cause them to react, decompose, or distill. The
new chemicals formed by the reaction come out the other end. Ceramic
catalyst supports are used to break down crude petroleum into gasoline
and other chemicals that are then used to make many products, such as
plastics, synthetic fibers for clothing, and industrial chemicals.

Heat exchangers in the chemicals industry have the same purpose as
heat exchangers in other industries: to salvage and reuse heat that would
otherwise be wasted. For most chemicals processes, pieces of ceramics such
as those shown in Figure 10-14 absorb heat during one portion of the
process and then give back the heat in another portion of the process. This
conserves fuel and energy and helps keep the cost of the process affordable.



Ceramics in the Ceramics Industry

The ceramics industry is one of the largest customers of high-tem-
perature ceramics. It seems as if every ceramic fabrication process we've
discussed is done at high temperature: firing of pottery, firing of alumina
spark-plug insulators, separation of alumina powder from bauxite, growth
of cubic zirconia crystals for jewelry, and synthesis of silicon nitride and
silicon carbide. All of these processes require furnaces lined with ceramics
and ceramic kiln furniture to support the ceramic parts being fired in the
furnaces. Many require ceramic heaters, heat exchangers, and thermocou-
ple protection tubes.

One of the biggest advances in ceramics for ceramic processing has
been in the refractories that line the furnaces. Before about 1960, furnaces
were lined with ceramic refractory
bricks that looked similar to the
bricks used for building houses. In
these furnaces, the ceramic brick
absorbed heat while the product in
the furnace was being heated.
When a furnace constructed with
these bricks was turned on, the
bricks had to heat up at the same
time that the product in the fur-

. . Figure 10-15. Ceramic nut and bolt for high-temperature
nace was heating. This process Was fastening, such as holding high temperature ceramic

slow, and a lot of the energy in the insulation in place inside a furnace. (Samples from Coors Ceramics,
’

Golden, CO. Photo by D. Richerson.)
fuel was wasted to heat the bricks.

Also, after the firing cycle was completed, the bricks contained so much
heat that the furnaces cooled very slowly. The result was a long cycle time
to fire one batch of ceramic product.

Since about 1960, researchers have learned to make fibers from high-
temperature ceramics such as zirconia and alumina and to use these fibers as
the walls of furnaces in place of most of the brick. Some of these fibers can
withstand temperatures as high as 4000°F and insulate better than brick.
The fibers are woven into cloth, compacted into porous fiberboard, or
packed into loose bundles like the fiberglass insulation used in the walls of
houses. The fibers are much less bulky than the brick and absorb less heat.
Therefore, the furnace can be heated and cooled much more rapidly than
with brick. This speedy heating saves a lot of fuel and greatly decreases the
cycle time to fire a batch of ceramic product. As a further benefit, the
fibrous insulation is flexible (rather than rigid, like brick) and easy to
install and repair or replace.

Heat Beaters QI\



Besides being a major innovation in the ceramics industry, ceramic-
fiber linings have also been implemented in many of the other furnaces
that we’ve discussed in this chapter, resulting in enormous savings for a
broad cross section of industries.

ENERGY CONVERSION

Energy conversion is the process of extracting energy from sources
such as coal, oil, wood, wind, water, and sunshine and converting it to a
form such as electricity that we can use to heat and light our homes, run
our appliances, and do all of the other things we take for granted in our
modern society. Many of these processes, such as the burning of coal, oil,
and wood, involve high temperatures and thus benefit from ceramics.
Most of the processes we use right now to convert energy are wasteful and
produce dangerous pollution. Ceramics have the potential to dramatically
improve the efficiency of energy conversion and reduce the pollutants.
Energy production and pollution control are so important to our modern
world that a whole chapter (Chapter 12) is devoted to the ways ceramics
are contributing to these tasks.

AEROSPACE USES FOR CERAMICS

The Space Shuttle

Our journeys into the sky, and even into outer space, require the
services of ceramic materials in many different ways, but especially for

SILICA SPACE SHUTTLE TILE
STATISTICS

Must protect aluminum from
temperatures up to 2300°F

Are made of porous silicon
dioxide ceramic

Are so lightweight that a
cube 1 foot on each edge
weighs less than 9 pounds

Vary in thickness from less
than 1 inch to over 4 inches

resistance to high temperature. Probably the most familiar use of
ceramics for aerospace technology is in the Space Shuttle. The
outer surface of the Space Shuttle is covered with about 33,000
ceramic tiles that protect the underlying aluminum structure
and the astronauts from getting too hot during ascent into space
and reentry into the Earth’s atmosphere. The friction of the
Shuttle traveling at high speed through the atmosphere
produces temperatures up to about 2650°F, about double the
melting temperature of the aluminum alloys from which most of
the Shuttle is built.

Two types of carefully engineered ceramics protect the
Shuttle. The tip of the nose and the front edges of the wings,
which are exposed to the highest temperatures, are made from a
ceramic composite of carbon fibers in a carbon matrix. This com-
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posite has extremely high temperature resistance but burns if it comes in
contact with the oxygen in the air at high temperature. To protect against
contact with oxygen, the carbon-carbon composite is first coated with a



Figure 10-16. Space Shuttle during liftoff. (Photo courtesy of NASA.)
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layer of silicon carbide and then overcoated with a layer of silicon dioxide.

Most of the Space Shuttle surface doesn’t get any hotter than 2300°F
and so can be protected with tiles made of silicon dioxide (silica). You
already learned at the beginning of this book that silica is one of the most
common materials in the Earth’s crust, often found as beach sand. Silica
melts above 3100°F, so it has adequate temperature resistance; but temper-
ature resistance alone isn’t enough. We can’t just coat the Space Shuttle
with sand, or even with blocks of silica. Besides having high-temperature
resistance, the protective material must be engineered so that it's very
lightweight, can withstand severe thermal shock, can actually block the
flow of heat, and can withstand the erosion caused by moving at high
speed through the atmosphere.

Many years of research and development were needed to achieve a
silica material that meets all of the criteria for the Space Shuttle. This mate-
rial is made starting with tiny fibers of silica that are suspended in water
and poured into a porous mold. As water is sucked out through the pores
of the mold, the fibers intertwine to form a structure that holds its shape
but contains over 80 percent open space. When this structure is dried and
fired at a high temperature, the fibers bond together where they contact
each other to give the material a little strength, but all of the open
space remains, as pores filled with air. The material looks a bit like the
fine-grained styrofoam you can buy at the craft store. A cube of this
Space Shuttle tile material measuring 1 foot on each edge weighs less
than 9 pounds.

The open pores filled with air make the material lightweight but also
are an effective barrier to the flow of heat. Heat doesn’t pass easily through
this dead air space or through the silica ceramic. In fact, one surface of a
piece of this porous silica only 1 inch thick can be heated with a torch
until it’s red-hot, and you can still put your hand on the other side (only
an inch away) and not feel the heat!

The material still isn’t ready to be attached to the surface of the Space
Shuttle. It must be cut to the right size and have a glassy surface coating
deposited on it to protect against erosion and also to keep water (from
rain) from soaking into the pores. If the pores picked up rain water, the
Space Shuttle would be too heavy to take off. The coating also has another
purpose. It's specially designed to re-radiate (give off) heat into the atmos-
phere almost as rapidly as the heat is produced by friction during ascent
and reentry. Otherwise, the heat would soak slowly through the porous silica
tile into the aluminum and would endanger the lives of the astronauts
inside the Space Shuttle.
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Figure 10-17. Temperatures at various places on the surface of the Space Shuttle during ascent
and reentry. (Source: Bulletin of the American Ceramic Society, Vol. 60, No. 11 (1981), p. 1188.)

As shown in Figure 10-17, different regions of the Space Shuttle surface
heat to different temperatures. Engineers have used computers to calculate
the exact thickness of ceramic tile that is necessary to protect against each
temperature. The thicknesses range from two-tenths of an inch to four
and one-half inches. Each of the 33,000 tiles is different and is given a
code number. If a tile is damaged during a mission, its number is fed
into a computer, and a replacement tile is automatically carved from a
new block of material.

Ceramics are used in many other ways in the Space Shuttle. Some
ways are high-temperature applications, such as rocket-nozzle liners for
thrusters that allow the Space Shuttle to be maneuvered while in orbit.
Others include the advanced electronics, the pressure and temperature
sensors, the windows, and even reinforcement

for some metal parts.

Other Aerospace Uses for High-
Temperature Ceramics

The ceramic tiles covering the Space
Shuttle act as a thermal barrier. Ceramics are
used as much thinner thermal barrier coatings in
gas turbine engines to protect underlying metal
from the high temperatures inside the engine.

The most common thermal barrier coating is
zirconia. A layer only about 25 thousandths of

Figure 10-18. Ceramic rocket guidance nozzle. (Sample from Coors
Ceramics, Golden, CO. Photo by D. Richerson.)
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an inch thick can reduce the temperature of the underlying metal by about
400°F, which means that the engine can be run at much hotter temperatures
without destroying the metal. Operating the engine at higher temperature
increases the power of the engine and decreases the amount of fuel used.
Zirconia ceramic thermal-barrier coatings are now standard for commercial
and military jelt engines and are at an advanced stage of development for
industrial gas turbines for power generation.

Figure 10-19 illustrates another high-temperature use for ceramics
in aircraft engines. Aircraft engines need a spark plug or igniter to

light the fuel, just as a car engine needs a spark plug, but the
temperature in the aircraft engine is usually much higher.
The spark-plug insulator must withstand these high
temperatures, plus severe thermal shock. Silicon

nitride has proved to be a suitable insulator material.

Ceramics are important in other high-tem-

perature aircraft applications. Ceramic bearings Figure 10-19. Silicon nitride aircraft

engine igniter insulator. (Sample from
Ceradyne, Inc., Costa Mesa, CA. Photo by D.
Richerson.)

for butterfly valves and seal runners were
mentioned in Chapter 5. Other ceramic and
ceramic-matrix composite parts are under devel-
opment for afterburner components in high-speed military aircraft, for the
combustion system in the NASA supersonic transport, and for many parts
in gas turbine engines.

Figure 10-20. Various silicon nitride parts for aerospace and other high-temperature uses. (Photo
courtesy of AlliedSignal Ceramic Components, Torrance, CA,)
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OVERVIEW: HARNESSING HEAT

Heat can be our worst enemy—or it can be our best friend, if we are
able to harness it. Ceramics help to harness heat, to convert worthless ores
into valuable metals, to generate power, to process chemicals and other
products that we use every day, and to provide transportation on the Earth
and into outer space. The magical resistance of ceramics to heat will take
us places we’ve never been and help us do tasks that will lead our civiliza-
tion to new heights.
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CHAPTER ELEVEN

ardness represents the ability of a material to resist defor-
mation, gouging, scratching, abrasion, and erosion—in
other words, to resist wear. Wear is a major cause of failure for

parts in industrial equipment, automobiles, and aircraft. A

government study in the 1970s reported that wear was costing
g

the manufacturing industry alone over $25 billion every PRODUCTS AND USES
. . . Liners
year in maintenance and replacement. The cost is Seals
. ] Pump parts
undoubtedly much higher now. Guess who ultimately Oil-recovery equipment
Cutting tools
pays the costs of wear? Right, we consumers. How do Chemical-processing equipment

Papermaking equipment
Coal-handling equipment
Wire-drawing tooling
Thread guides
Sandblast nozzles

. Ore-processing equipment
Not all ceramics are hard, but those that are hard are P ' g qu'p.
Ceramics-processing equipment

extremely hard. To understand the definition of “extremely Can-forming tooling

we combat wear? With hard materials; and ceramic

materials are the hardest materials known.

hard,” we need first to learn how hardness is measured Magpnetic storage disks
and then to compare the hardness of various materials. The Bearings
hardness of a material usually is measured by pressing the
pointed end of a pyramid-shaped indentor made of diamond
against the polished surface of the material and determining the amount
of pressure (load) that's necessary to produce a dent in that surface. The
size of the dent is then measured, so that the amount of pounds per square
inch or kilograms per square millimeter of force required to cause the dent
can be calculated.

Diamond is the hardest of all known materials, which is the reason
indentors are made of diamond. A force of over 10,000,000 pounds per
square inch (7000 kilograms per square meter) is necessary to dent a dia-
mond! That’s equal to stacking about 800 six-ton elephants on a postage
stamp. The hardnesses of some other ceramics are listed in Figure 11-1,
which you can refer to as we discuss various hard ceramics and their uses
throughout this chapter. For comparison, most metals indent well below
about 500,000 psi (about 350 kg/mmz). The ceramics listed here are any-
where from two to two hundred times harder than a “hard” metal. This
explains why ceramics such as silicon nitride and zirconium oxide can be
used successfully as cutting-tool inserts for machining metals and why



aluminum oxide, silicon carbide, and diamond particles are so effective for
finishing and polishing metals. It also explains why these same ceramics
can provide many times the life of metal parts in applications

/\ where wear is a factor.
d’”d Z]”g/ < This chapter explores the various applications that benefit
L [0 from the unique hardness of ceramic materials. The chapter is
dc [5 divided into three sections: (1) the cutting of materials, (2) wear

resistance and corrosion resistance, and (3) ceramic armor.

Diamond is a ceramic and is

about 200 times harder than a THE CUTTING OF MATERIALS

hardened metal alloy.

Ceramics are used in many ways for shaping and finishing
products, especially metals. Sometimes, the ceramics used to
shape an object are in the form of particles that are bonded into a thin
wheel for cutting or into a thicker wheel for grinding. Other times, loose
ceramic particles (usually referred to as abrasives) are bonded onto paper or

cloth for sanding or are mixed with a liquid for grinding, polishing, lap-
ping (achieving a very smooth surface finish with superfine ceramic parti-
cles), ultrasonic machining, or waterjet cutting. Lapping, for example, is
used to create the extremely smooth surfaces needed for making silicon

MATERIAL HARDNESS, HARDNESS,
in pounds per square inch (psi) in kg/mm?
Single-crystal diamond 10.0-13.5 million 7000-9500
Polycrystalline diamond 10.0-12.2 million 7000-8600
Cubic boron nitride (CBN) 5.0-6.7 million 3500-4750
Boron carbide (B4C) 4.5 million 3200
Titanium carbide (TiC) 4.0 million 2800
Silicon carbide (SiC) 3.3-4.1 million 2300-2900
Aluminum oxide 2.8 million 2000
(sapphire or polycrystalline)
Tungsten carbide—cobalt 2.1 million 1500
"cermet” (94% WC-6% CO)
Zirconium oxide (ZrOj) 1.6-1.8 million 1100-1300
Silicon dioxide (5i03) 0.8-1.1 million 550-750
Borosilicate glass 0.75 million 530

(such as ovenware)

Figure 11-1. Hardness of ceramics and ceramic-based materials, as measured by the Indentation test.
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chips, computer disks, and compact disks (CDs). Coarser abrasives on a

backing are important for the automotive industry, where many pounds of

ceramic abrasives are used for every car that’s manufactured.

Waterjet Cutting

Waterjet cutting is a relatively new method for rapidly
and precisely cutting metals, plastics, composites, and ceram-
ics. Fine ceramic particles are mixed with water and blasted
under about 60,000 psi pressure through a small hole down
the center of a ceramic tube (nozzle). The water and ceramic
particles exit the nozzle as a very fine stream traveling at very
high speed. This fine stream of water and abrasive can cut
through just about any material quickly and cleanly. The

IMPORTANT USES OF
CERAMIC ABRASIVES

Auto-body finishing

Polishing of silicon chips,
computer disks, and
compact disks (CDs)

Sandblasting

Waterjet cutting

ceramic nozzle must have exceptional wear resistance. A spe-

cial tungsten carbide ceramic has been developed for waterjet
cutting nozzles. Waterjet cutting can slice through several inches of steel
and has even been used to bore tunnels through solid rock.

Ceramic Cutting Tool Inserts

Most metals machining involves cutting with a lathe, milling
machine, or other machine tool. A study in the early 1970s estimated that
there were 2,692,000 metal-cutting machines in the United States, with an
annual operating cost of about $64 billion. Those numbers are probably
small compared to worldwide machines and costs today. Key factors identi-
fied in the study that dictated the number of machines and the operating
costs were the life of the cutting-tool insert and the speed of cutting.
Ceramics have dramatically affected both of these factors.

Cutting tools in the early 1900s were made from high grades of tool
steel. They could cut only up to about 100 surface feet per minute (sfpm).
Sfpm describes the length of surface of the material being machined that is
cut by the tool in one minute. The higher the number, the faster the metal
is being machined. The development of tungsten carbide-cobalt(WC-Co)
cermets, also called cemented carbides (composites consisting mostly of
tungsten carbide ceramic cemented together with about S or 6 percent
cobalt metal), increased the cutting speed to about 400 sfpm for some
alloys. During the mid-1950s, alumina-based ceramic cutting-tool inserts
were invented that could cut metals at speeds up to 2000 sfpm (610 meters
per minute). An example was a cast-iron sleeve 6 inches in diameter that
was machined on a lathe, with the alumina tool insert shaving off a ribbon
of metal nearly a quarter of an inch wide and 0.016 inch thick. That’s
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CUTTING TOOLS

75 to 90 percent

cutting tools

per tool

Reduce machining time by

Cut metal 5 to 10 times more
rapidly than previous

Result in more parts machined

equal to removing a block of cast iron 2 by 4 by 11 inches every minute, a
remarkable advancement over steel tools and cermet tools. The alumina
cutting tools, however, were brittle and not very tough and weren't as reli-
able as desired by industrial users. The tungsten carbide—cobalt cermets
continued to be the dominant cutting-tool material.

A new, higher-strength alumina and a composite of alumina mixed
with titanium carbide ceramic particles were introduced in the 1960s,
followed by high toughness silicon nitride, transformation-

———ssssssw | tOughened alumina, and alumina reinforced with silicon carbide
AMAZING CERAMIC whiskers, in the late 1970s and early 1980s. These materials

increased the reliability of ceramic tools and allowed machining
of a much larger range of metal alloys at higher speed than was
possible with the cemented carbide tools or the earlier alumina.
With these new ceramic tools, the time to machine a metal part
could be reduced by 75 to 90 percent, because the ceramic tools
could cut 5 to 10 times more rapidly than previous tools. As a
further benefit, the ceramic tools lasted longer and could cut
more metal parts per tool insert.
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Ceramics also have been effective as coatings on cemented
carbide tools. The rate of tool wear for the cemented carbide
results from a combination of abrasion and corrosion (chemical attack due
to the high temperature during cutting). A thin coating—about two ten-
thousandths of an inch (5 micrometers) thick—of alumina, titanium car-
bide, or titanium nitride on the surface of the carbide tool decreases the
rate of corrosion and increases tool life by up to five times.

Diamond and Other Superhard Abrasives

Looking back at Figure 11-1, you can see that many ceramic materials
are at least several times harder than zirconia, alumina, silicon nitride, and
silicon carbide. Including single-crystal diamond, polycrystalline diamond,
and cubic boron nitride (CBN), they are referred to as superhard abrasives.
These superhard abrasives have been developed in parallel with the other
ceramics during the last half of the 1900s and are also importarit for the
cutting and machining of metals. Diamond has particularly captivated
peoples’ imaginations, because of its incredible hardness and also because
of its beauty as a gemstone. A whole book could be written about the
efforts of alchemists and scientists to duplicate nature and make diamond.

Diamond has been known for centuries to be a special material. The
Roman author Pliny referred to diamond in Ap 78 declaring, “Indeed its
hardness is beyond all expression....” Often thought of as a symbol of



eternity, faceted diamond gemstones are highly valued, especially for wed-
ding rings. But diamond also has become an industrial workhorse for
machining metals and ceramics and for drilling holes in the Earth to
search for oil and metal-containing ores. These industrial needs, added to
the age-old dream of creating precious gemstones, finally led to the first
successful synthesis of diamond.

Efforts to synthesize diamond date back to about 1797, when
Smithson Tennant determined that diamond consists of pure carbon.
Based on the properties of diamond and the way it was found in the Earth,
scientists believed that a combination of high temperature and pressure
would be required to synthesize diamond in the laboratory, but no one
was successful.

One researcher claimed to have produced diamonds in about 1880.
He sealed a mixture of paraffin wax, bone oil, and lithium metal in an iron
tube, which he then heated until it became red-hot. The paraffin and oil in
the tube decomposed into carbon and hydrogen, which modern scientists
estimate caused pressures of around 100,000 psi and temperature of
around 2732°F (1500°C) inside the iron tube. Most of his attempts resulted
in explosions. A few experiments, however, managed to survive several
hours at the high temperature and pressure. After the metal cooled, it was
dissolved in acid. A few tiny, shiny crystal fragments visible in the debris
turned out to be diamonds. No other researchers could reproduce his
results, though, and the diamonds were later identified as nat-

ural, rather than synthetic. Did he fake his results by putting /\

diamonds into his recipe, or did the diamonds get in as an acci- dmdz’o}i

dent? We'll probably never know, but the story does illustrate the lq Z g | *

intensity of the efforts to make diamonds in the late 1800s. dc["g
Despite many other attempts, no one succeeded in mak-

ing diamonds until Howard Tracy Hall, at General Electric Peanuts or sugar can be
Company, in 1954. He designed an apparatus that could converted to diamonds in about
reach the enormous pressure of about 3 million psi and a Szm'."'."tes s oox
million psi. (K. Nassau, Gems
temperature of 9032°F (5000°C). Hall heated and compressed Made by Man)

a mixture of graphite and iron sulfide in his apparatus and

produced small diamond crystals. By 1957, his process for syn-

thesizing diamonds was refined to the point that commercial production
began. One important innovation was the addition of nickel metal. With
the nickel present, diamond crystals could be produced from graphite in
about five minutes. Scientists later learned that any source of carbon
worked. In fact, they made diamonds from both peanuts and sugar. The
age-old quest of the alchemists had finally been realized.
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Diamond is incredibly hard but not very tough. Single crystals can be
broken easily by an impact, such as striking them with a hammer or jamming
a cutting tool too vigorously against the material being cut. A naturally
occurring polycrystalline diamond called carbonado is much tougher. Once
General Electric had learned how to produce single crystals of diamond,
they also figured out how to produce synthetic carbonado, which they
named Compax. An alternate synthetic polycrystalline diamond called
Megadiamond is produced by Megadiamond Industries in Provo, Utah.
Polycrystalline diamond compacts have become important for the machin-
ing of non-iron-based metal alloys, polymers, and composites and also as
surface coverings for industrial parts that must survive very challenging
conditions of wear.

Diamonds produced by squeezing graphite at high pressure and tem-
perature in a small, enclosed chamber are still expensive and can only be
made in small sizes. Another dream of scientists has been to deposit dia-
mond from a carbon-containing gas directly onto the surface of another
material. William G. Ebersole of the Union Carbide Corporation actually
succeeded at this task in 1952, even before high-pressure, high-temperature
methods were successful at GE, but the rate of diamond deposition was too
slow to be of commercial interest. By the late 1980s, however, scientists
had found ways to speed up the rate of deposition by over 100 times, so
that a layer a couple thousandths of an inch thick could be achieved in an
hour. This still sounds like a long time to build up such a thin layer, but it’s
fast enough to open many commercial opportuni-
ties. Diamond is so hard and durable that only a
very thin layer is needed to defeat wear and great-
ly increase the life of a piece of equipment.

Diamond coatings are now used to extend
the life of cutting tools. Some of these coated cut-
ting tools have been able to keep cutting 10 to 20
times longer than the same material without the
diamond coating. Engineers also are looking for
ways to use the diamond coatings to increase the
life of industrial equipment, by reducing wear of
critical parts. We are on the threshold of a new
revolution in wear-resistant materials. Soon,
we’ll be able to broadly and inexpensively
apply thin coatings of diamond, the hardest

Figure 11-2. Silicon carbide ceramic seals, showing the surfaces ~ Tnaterial known, to protect a wide variety of

after rough grinding and final grinding. (Photo courtesy of Saint-
Gobain/Carborundum Structural Ceramics, Niagara Falls, NY.)
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WEAR RESISTANCE AND CORROSION RESISTANCE

The cutting of metals is important, but there are many other ways
that hard ceramics can be beneficial. This usefulness is due partly to the
hardness, but also to the chemical resistance (corrosion resistance), of
these same ceramics. The combination of wear resistance and corrosion
resistance opens many opportunities in our daily lives, in industry, in cars,
and in aircraft. Let’s look first at some of the types of parts that can be
made of ceramics, and then let’s explore the use of these parts and other
parts in industries and products that are important to all of us.

Ceramic Seals

Many pieces of equipment, such as water-faucet valves, air-condition-
er compressors and water pumps in cars, main shafts in jet engines, sand
filters for swimming pools, and assorted pumps

and valves, require a seal between sliding or
rotating parts to prevent fluids from leaking.
The seals for these parts must be able to resist
wear from sliding, as well as erosion caused by
fluids containing abrasive particles and corro-
sion from various chemicals. Sometimes, they
even must work at high temperature, as do the
seals in jet engines and in pumps for molten
metals. In addition to being resistant to ero-
sion and corrosion, seals usually have to be
exceptionally smooth, to provide easy sliding

movement while still preventing leakage.
Because ceramics are so hard, rigid, and chem-

Ceramic Valves

Valves are essentially a type of seal. There are many types of valves—
rotary, ball and seat, butterfly, gate, and concentric cylinders—and each of
these has variations. One type of rotary valve is shaped like a ball but has a
hole through it, plus a handle that protrudes from the side. When the
valve is open, the hole is lined up with the pipe carrying the liquid. To
close the valve, the handle is rotated so that the hole is no longer lined up
with the pipe but instead faces the sides of the pipe.

A butterfly valve is like a door that swings open and closed. It consists
of a flattened plate or diaphragm (rather than a ball) that can be swung or
turned into or out of the path of the fluid. The butterfly valve is often used

Figure 11-3. Variety of silicon carbide seals. (Samples from Saint-
ically stable, they make terrific seals. Gobain/Carborundum Structural Ceramics. Photo by D. Richerson.)
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to control flow in larger-diameter passages such as air ducts, whereas the
rotary valve is used frequently to control flow of a liquid in pipes and
hoses. Both of these types of valve can control flow in both directions, at
any level between maximum and zero.

A gate valve slides in and out of a passage to either block or allow flow.
The gate in an irrigation ditch is a gate valve. A gate valve that definitely
requires ceramics is the slide-gate valve in a ladle holding molten steel. The
slide-gate is opened to pour molten steel into a casting mold, as we dis-
cussed in the last chapter. An example of a cylinder-in-cylinder valve is the
oxygen valve that was illustrated in Chapter 8 for hospital respirator
equipment. Another important valve is the type discussed and shown in
Chapter 9 for gasoline and diesel engines. This type of valve has a shape
that matches the shape and size of a passage or opening and can be moved
in and out of the opening. In the case of car engines, one set of these
valves opens to let a gasoline-air mixture into the cylinders to be ignited
by the spark plugs, and another set opens to let the exhaust gases out of
the cylinders.

Figure 11-4. Silicon nitride check valve balls ranging from 3/4 inch to 1 1/2 inches in diameter. (Photo courtesy of Ceradyne, inc., Costa Mesa, CA.)
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Pumps

Ceramic seals and valves are used extensively in pumps. Pumps
require a valve that allows fluid to pass in one direction only, such as a ball
and seat valve. A ball and seat valve consists of a spherical ball resting in a
tapered cylindrical opening. You can picture this by placing a tennis ball
on top of a glass. While the tennis ball is in place, fluid is either held in
the glass or prevented from getting into the glass. In the pump, pressure is
applied to the fluid in the cylinder under the ball. This pushes the ball
away from the cylinder and lets fluid flow past the ball. But as soon as the
pump cycle is over and the pressure is released, the ball drops back into
contact with the cylinder, which prevents fluid from flowing back into the
pump. A ball and seat valve is sometimes called a check valve because it
only allows fluid flow in one
direction and closes, to check
the flow, if the fluid tries to
flow backwards.

Pumps use not only
ceramic seals and valves for
wear resistance and chemical
resistance but also ceramic
bearings, plungers, rotors,
and liners. The materials for
these parts must survive severe
conditions. For example,

Figure 11-5.(top left) Silicon carbide pump parts. (Samples sup-
plied by Saint-Gobain/Carborundum Structural Ceramics, Niagara Falls, NY. Photo
by D. Richerson.)

Figure 11-6.(left) Chemicals-industry pump, completely lined
with ceramics. (Photo courtesy of Kyocera.)

Figure 11-7.(above) Alumina pump plunger bonded to metal.
(Sample supplied by Coors Ceramics, Golden, CO. Photo by D. Richerson.)
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pumps in the mining industry must handle fluids containing large
amounts of solid particles that are continually trying to gouge and scratch
the pump parts. Pumps in the chemicals and petroleum industries are sub-
jected to corrosive chemicals, often at temperatures from 100° to 800°F.
There are even pumps in the aluminum industry that pump molten alu-
minum and pumps in the papermaking industry that handle hot caustic
soda (sodium hydroxide) solutions. A pump with ceramic parts often will
last at least 10 times longer than one made of other materials.

Ceramics in the Mining Industry

The mining industry is a high-wear industry. Rock is continually
being crushed, ground, conveyed, leached, and screened in an effort to
separate the metals or other material of value from the waste rock. All of
these operations are either abrasive or corrosive. Ceramics would be great
for their wear resistance and corrosion resistance, but often they can’t be
used because they can’t withstand the impact from big chunks of rock or
can’t be fabricated into the enormous pieces of equipment needed. For
pieces of equipment that aren’t exposed to too high an impact, ceramics

are used as linings.

Tiles of ceramic,
usually alumina,
about the size of
bathroom floor
tiles are attached to
| metal surfaces with
J a glue such as

epoxy. This tech-
Figure 11-8. Silicon nitride part for a centrifugal separator, used in the R

mining industry to separate water from chunks and particles of rock. nique has been
(Sample from Ceradyne, Inc., Costa Mesa, CA. Photo by D. Richerson.) successful for lin-

ing ore chutes,
conveyors, and tanks containing corrosive chemicals. Ceramics also are
used in pumps and valves, in equipment that handles dust, and in equip-
ment that separates fine particles of rock and ore from water (such as cen-
trifugal separators in the mining industry).

Ceramics for Power Generation

Much of the electrical power in the United States is generated by
burning coal. Crushing and conveying the coal results in wear problems
similar to those in the mining industry. One especially challenging area
involves transferring coal that has been crushed into a fine powder from
the crusher to the large furnace where the coal is burned. This powdered



coal typically is conveyed by blowing it
with air (pneumatically) through tubes or
pipes. Metal pipes in some power plants

had been wearing through in about a
week. Silicon nitride ceramic lin-
ings recently were installed, and
no replacement has been required
for over a year. This situation
points out a dilemma for the
ceramic manufacturers: Sometimes
ceramics last too long! Like in the
Maytag man advertisements, there is
little or no return business.

s e . Figure 11-9. Silicon nitride
Ceramics in Papermaking Edhsctor liners and metal

holder for the pneumatic
So far we've only explored a few of the uses of ceramics in selected conveying of powdered coal.
y exp

(Photo courtesy of Ceradyne, Inc.,
industries. Most industries use ceramics in almost every step of producing  costa Mesa, ca)
a product from a raw material. Let’s pick one industry and take a more
in-depth look. How about papermaking? When you read your newspaper
or use a paper towel, do you suspect that ceramics played any role in their
manufacture? You'll be surprised at how large a role ceramics do play and

also at the complexity of the papermaking process.

The logistics of papermaking are impressive. On a typical day, a paper
mill produces around 1500 tons of paper, consumes enough electrical
power to provide all the needs of a city of 40,000 people, and uses about
65 million gallons of water (roughly equivalent to the amount that flows
over Niagara Falls in 90 minutes).* With an operation of this size, shut-
down time for maintenance is very expensive. As a result, the paper indus-
try uses ceramics extensively, because of their superior resistance to wear
and corrosion.

Figure 11-10 shows a schematic of one of the major papermaking
processes, called the Kraft process. This complex process can be divided into
four stages, or steps: (1) preparation of wood chips in the woodyard, (2)
conversion of the wood chips to pulp, (3) conversion of the pulp to paper,
and (4) recycling of chemicals, energy, and water. Let’s look at the different
things that happen in each stage and the way ceramics are involved.

Activities in the Woodyard. In the woodyard, logs are cut to workable
lengths, stripped of their bark, and chopped into chips about one inch

*Statistics and much of the discussions of ceramic applications for papermaking are
based heavily on input from Richard DeWolf, Thielsch Engineering, Inc., Rock Hill, SC.
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across. Raw logs (straight off the logging truck) first pass sideways through
a series of 6 to 8 foot (1.8 to 2.4 meter) diameter circular saws that cut the
logs into shorter lengths. The saw blades are tipped with tungsten car-
bide-cobalt cermet cutting edges. The logs then are loaded into a debark-
ing drum that rotates, so that the logs rub against each other until their
bark comes off. Finally, the stripped logs go through the chipper. The chip-
per has two main parts. One is a heavy disk that contains anywhere from 4
to 16 knife blades and spins at 1800 rpm. Next to this rotating disk is a
series of nonrotating blades, or plates. The chipper can convert a log 5 feet
long and 1 foot in diameter into chips in 2 to 3 seconds. Wear and tear on
the blades, especially the stationary knife blades is extreme. Metal blades
generally need replacement at least once a week. A composite material
consisting of titanium carbide ceramic particles reinforcing a metal can
survive for 36 days.

The wood chips are carried on a conveyor belt, or blown pneumati-
cally by air through a large pipe, to screens that separate the chips accord-
ing to size. The chips of the right size are then conveyed to the equipment
that converts them to pulp. Aluminum oxide tiles and blocks are used as
wear-resistant surfaces on screens, as liners in pneumatic conveyor pipes,
and as liners in equipment that removes sawdust.

Pulp Preparation. The next stage of the Kraft process is to convert the
wood chips into pulp. Pulp consists of individual wood fibers mixed with
water. To obtain the fibers, the glue (lignin) that holds the fibers together in
the wood must be removed. This job is done in a large pres-

Ceramic-metal composite chipper
blades can reduce a 5 foot long At the conclusion of digestion, which takes about one
log to chips in 2 to 3 seconds and
last 7 times longer than

metal blades. tents of the digester spray violently into a tank called a blow

= /\ sure cooker, called a digester, that’s typically 50 to 250 feet

diﬂ A, Z’” ﬂ / & / high and operated at 100 to 180 psi pressure. Chemicals

such as sodium sulfide and sodium hydroxide are added to

dC[ 5 help break down the glue. The chips, water, and chemicals

are heated with steam. To minimize corrosion problems,
some digesters are lined with ceramic brick.

to two hours, a valve is opened to let the pressurized con-

tank. The rapid release of pressure as the chips leave the
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digester causes them literally to explode into their individ-
ual fibers, which mix with the water and chemicals to form raw pulp. This
raw pulp is washed, in a series of steps, to separate the fibers from the
chemicals and lignin. Because the chemicals are corrosive, the large vats
where the pulp is washed and the large tanks where the pulp is stored are
lined with ceramics. Pumps, valves, and seals are necessary between each



Figure 11-10. Schematic of the Kraft papermaking process. (Printed with the permission of the

Westvaco Corporation, New York, NY.)
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CERAMICS IN
PAPERMAKING

Cutter edges

Wear-resistant liners for
chutes, screens, pipes,

washing cycle. These devices also contain ceramic parts to resist wear and
chemical attack.

After it’s washed, the pulp is brown in color, suitable for making card-
board and shopping bags but not for making white paper products. For
these white products, the pulp must be bleached. Bleaching involves treat-
ing the pulp with more chemicals, just like when you add a fabric bleach
to your washing machine. One bleach chemical and one cycle aren’t
enough to get the pulp white. Four or five cycles with strong bleaches such
as chlorine, sodium hypochlorite, chlorine dioxide, hydrogen
peroxide, and oxygen are necessary. Some of the bleaching tanks
require ceramic tile linings to protect against these strong chemi-
cals. Additional washing steps, using water, also are required to
remove the bleaches. More pumps and valves with ceramic parts
are necessary to transfer the pulp from tank to tank for these

and conveyors

Corrosion-resistant liners for
vats, troughs, sewers,

bleaching and washing steps.

The bleached pulp moves to large storage tanks that can
hold 500 to 1500 tons of stock, a mixture of about 90 percent

Coatings

Sensors

Electronics

chemical recyclers, and
bleach tanks

Pump components
Seals and valves
Cyclone cleaner liners

High-temperature
refractory linings

Foils and suction box covers

water and 10 percent wood fibers. These enormous tanks are
made of concrete (a cetamic) lined on both the inside and out-
side with ceramic tiles. The stock is diluted to about 3 percent
wood fibers and passes through beaters, or refiners, that cut the
wood fibers even smaller, to produce a smooth, uniform pulp
slurry. This pulp slurry is then further diluted with water, to
about one-half a percent of wood fibers, and finally is ready to
feed into the paper machine.

The Paper Machine. The paper machine is amazingly com-
plex, a remarkable feat of engineering. It typically takes a 20 foot
(6 meter) wide flow of the pulp slurry containing only one-half a
percent of fiber, removes all of the water, and compacts the

/2’9 THE MAGIC OF CERAMICS

wood fibers into smooth, dry paper in about 30 seconds. The
slurry enters the paper machine through a long, narrow slit that measures
just the right thickness for the pulp needed to make the particular grade of
paper. This pulp flows onto a moving sheet of clothlike fabric called the
wire. The wire is made of high-strength synthetic fibers, such as nylon,
woven into an open mesh somewhat like window or door screen. The wire
passes over ceramic slats, called foils, and ceramic plates, called suction box
covers, that contain open slots or holes. Water is sucked between the foils
and through the suction box cover holes, while the wood fibers continue
moving through the paper machine on the wire. Ceramics are important
for these steps because of their wear resistance and smoothness. The fabric



screen is traveling at nearly 80 miles per hour and could be damaged by a
rough surface or sharp edges. Suction box covers are made from aluminum
oxide. Alumina, transformation-toughened alumina or zirconia, and silicon
nitride have all been used for foils.

After passing over the foils and suction boxes, the partially dewatered
pulp (still containing about 80 percent water) moves off the wire onto a
sturdier fabric carrier called a felt and passes through a series of large rollers
(called press rolls). These press rolls compact the loosely entwined wood
fibers into a solid sheet and squeeze out more water. The primary press roll
traditionally has been made of granite rock, a
ceramic made by Mother Nature, and quar-
ried out of a mountainside as a single piece.
The largest of these rolls is over 20 feet long
and about 5 feet in diameter, with a steel
shaft through its center. Because these rolls
have occasionally failed violently, destroying
surrounding pieces of the paper machine and
sometimes injuring workers, ceramic coat-
ings on steel are being developed as a safer
alternative to granite.

Figure 11-11.(top) View of ceramic foils and suction box covers installed on a paper machine. (Photo courtesy of
Coors/Wilbanks, a Coors Company, Hillsboro, OR.)

Figure 11-12.(bottom) Aluminum oxide ceramic suction box covers being assembled for shipping and installa-
tion. (Photo courtesy of Coors/Wilbanks, a Coors Company, Hillsboro, OR.)
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Figure 11-13. Close-up view of ceramic suction box covers. (Photo courtesy of
Coors/Wilbanks, a Coors Company, Hillsboro, OR)
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Figure 11-14. Silicon nitride segments ready to
be machined and assembled into papermaking
foils. (Photo courtesy of Ceradyne, Inc., Costa Mesa, CA.)

Once the pulp has been compacted by the press rolls, it looks more
like paper but still contains a lot of water. The paper now goes through
another series of rolls that are heated to drive off the remaining water. To
be completely dried, some grades of paper must pass between as many as
120 sets of rolls. All of these heavy steel rolls are expensive to buy and to
operate. Engineers currently are testing ceramic-coated rolls that can sub-
stantially reduce the number of drying rolls and reduce costs.

Some grades of paper can be cut to the right size after drying and
packaged for shipping to stores. The better grades, such as writing and typing
paper, still have to face another important step; they must be coated with
fine particles of clay or other ceramic to give the paper extra smoothness
and brightness. The ceramic particles are applied to the surface of the
paper as a water-based slurry. The water is quickly evaporated with heaters,
some that are ceramic. Finally, the paper is cut to the desired width with
ceramic slitters and wound onto a drum or spool to be shipped and packaged.

Recycling of Chemicals, Water, and Energy. The fourth stage of paper-
making is recycling the chemicals, water, and energy. Bark, wood scrap,
and lignin are burned to heat boilers to make steam and also to generate
electricity. Chemical vapors released by this burning are condensed (cooled
and removed as a liquid) to produce turpentine and other chemicals.
Sodium hydroxide is recovered from unburned slag (called smelt) using cal-
cium oxide (“quick lime”), which is also then recovered in a lime Kiln.
Ceramics are used in a number of these operations, especially in the lime
kiln, which reaches temperatures above 1800°F. A typical lime kiln is 8 to
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Figure 11-15. Variety of papermaking ceramics. (Photo courtesy of Kyocera.)

15 inches in diameter and 75 to 350 feet long and completely lined with
wear-resistant, heat-resistant ceramic refractories.

Are you surprised at the complexity of papermaking and the number
of ways that ceramics are used? The paper industry depends heavily on
ceramics, as do most other industries, yet the ceramics are hidden, so that
most people aren’t aware of their important role.

Ceramics in the Textile Industry

Ceramics are also vital to the textile industry, especially for the manu-
facture of thread and in automated weaving machines. Automated
machines move thread at high

speed, under tension, from
spindle to spindle, so that the
thread slides over many guid-
ing surfaces. There are thou-
sands of these thread guides in a
textile plant. Thread guides
must be very smooth, so that
they don’t fray or damage the
thread. They also must be very
wear resistant, because rapidly

sliding thread can cut a notch
Figure 11-16. Alumina thread guides. (Samples from Diamonite
throu g h most metals and ceramics, about 1985. Photo by D. Richerson.)
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Figure 11-17. Glass-coated and other thread guides. (Photo courtesy of Rauschert

Industries, Inc., Madisonville, TN.)
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plastics very quickly. Alumina-based
ceramics, and sometimes porcelain or
stoneware ceramics with glass coatings,
are used for thread guides.

Ceramics for Oil-Well Drilling
and Pumping

Exploration for oil is a high-tech-
nology endeavor and uses ceramics in
diverse ways, ranging from drilling
“mud” and cement (to help prevent
the drill hole from collapsing) to com-
ponents in a down-hole telemetry sys-
tem for guiding the drill bit during
drilling. Drilling through solid rock is
accomplished with diamond crystals or
carbonado particles embedded in the
surface of a steel drill bit. The bit is

mounted on the end of a string of steel
rods, which are rotated with a high-

horsepower engine to allow the bit to grind its way through the rock. Wells
over 5000 feet deep have been drilled. Sophisticated telemetry systems are
mounted next to the drill bit as it cuts through the rock. The telemetry sys-

tem consists of sensors and a
transmitter to continually send
information to the surface, so
that the drillers know the condi-
tions at the bottom of the drill
hole. Ceramics are required for
several components in the
telemetry system, some of which

are shown in Figure 11-18.

Once a well has been com-
pleted, surface pumps are not
always able to pull the oil to the
surface. A special pump, referred
to as a sucker rod, is needed at the
bottom of the well to give the oil
a boost. This pump contains a
ball and seat type of valve.
During each pump cycle, the ball

Figure 11-18. Silicon nitride ceramic parts for
down-hole oil applications: sucker-rod balls,
impulse rotor for a telemetry system, and an

odometer wheel for down-hole measurements. (Photo
courtesy of Ceradyne, Inc., Costa Mesa, CA.)



is forced upward, away
from the seat, to allow oil,
gas, hydrogen sulfide, sul-
fur oxides, sand, and what-
ever else is mixed with the
oil to pass through, and
then is pushed back against
the seat under all of the
weight of the oil in the pipe
between the sucker rod and
the surface. The ball and
seat must withstand severe
stress and impact, as well as
abrasion from the sand par-
ticles and attack from the
corrosive fluid at tempera-
tures up to about 200°F.
Until the 1980s, no ceram-
ics could survive these
severe conditions, so steel
balls with tungsten car-

bide—cobalt seats were used.

Figure 11-19. Silicon nitride wire-drawing tooling. (Photo courtesy of Ceradyne,
Today, the balls are made of inc, costa Mesa, ca,)

high-strength silicon nitride

or transformation-toughened zirconia and provide five to ten times the life

of steel balls.

N
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Aluminum beverage cans are
produced with hard ceramic
tooling.

Other Wear-Resistance
Applications for Ceramics

Hard ceramics are used in count-
less other ways, such as for tools that
produce metal wire and form alu-
minum cans and for special coatings
on magnetic recording disks (comput-
er disks and CDs). The wire-drawing
tooling converts metal rods into various
sizes of wire through a combination

of stress, pressure, and temperature. Alumina, silicon nitride, and

transformation-toughened ceramics all have been used successfully for

wire-drawing tooling.
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Hard ceramics are required in all

CDs, computer disks, and silicon carbide whiskers all have been used
read/write and recording heads.

Have you ever wondered how aluminum beverage cans are made,
especially the pop-top openers? They’re created using a sequence of ceram-
ic tools. The tools stamp, bend, extrude, fold, and crease, and do all of the
other operations necessary to shape and seal the

____\ aluminum. These tools are exposed to high stress

. -
V717/V71 Z]}ftq/ oC and severe wear and must have hard, smooth

surfaces that cause little friction against the thin
dc 5 aluminum metal. Silicon nitride, transformation-

toughened ceramics, and alumina reinforced with

successfully to produce aluminum cans.
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Computer disks and CDs are metal disks
coated with layers of a hard ceramic and a special information-storing
magnetic material. The hard ceramic used on a disk must be very smooth,
rigid, and precise in size and shape. Silica, zirconia, and diamond-like car-
bon all have been used successfully as the ceramic coating on disks.
Researchers are working right now to make entire disks from ceramics. The
head, which reads information off a disk or transfers information onto the
disk, also requires a hard ceramic. A ceramic composite of titanium carbide
particles in aluminum oxide has been the standard material for years.

CERAMIC ARMOR

So far we've explored how the \
hardness of ceramics makes them N

L
ideal for resistance to wear, which JZMZZZI ”g/ \/
probably hasn’t been a big surprise l— :
to you. Another use which takes dc 5
advantage of the hardness in a

much more surprising way, though, One-third of an inch thick

ceramic armor can stop an armor-
piercing projectile that can

flat plate (only about one-third of penetrate 2 inches of steel.

an inch thick) of some ceramic

is bulletproof armor. Amazingly, a

materials can actually stop a bullet able to penetrate more than 2 inches of
steel; yet, these same ceramic materials will shatter if dropped on the floor.
How is this possible? The secret is the hardness of the ceramic, plus the
way it’s held in place. The ceramic plate is bonded onto a plate of fiberglass
with a glue similar to rubber cement. When a bullet strikes the ceramic,
the ceramic is hard enough to shatter the bullet into little pieces. The



ceramic near where the bullet hits also shatters, which helps to absorb
some of the energy of the bullet. The fiberglass catches all of the broken
pieces of the bullet and ceramic, just like a baseball mit catches a ball. The
person wearing the armor may get pretty bruised but at least can walk
away from what otherwise would probably have been a fatal experience.

Ceramic armor was developed during the Vietnam War to protect sol-
diers and helicopter pilots from small-arms fire. The ceramic that was
developed then was boron carbide, which is nearly twice as hard as alumi-
na and has less than one-third the weight of steel. Boron carbide is still an
important armor material for soldiers, police officers, and helicopters.
Alumina and a composite of alumina plus aluminum also work as armor
but are heavier than boron carbide and need to be thicker because they
aren’t as effective as boron carbide at stopping bullets. These materials are
used on land-based military vehicles.

Figure 11-20. Ceramic personnel armor and the projectiles it can defeat. (Photo courtesy of Ceradyne, Inc., Costa Mesa, CA.)

The Hardest Materials in the Universe Q?\



/29 THE MAGic oF CERAMICS

OVERVIEW: CERAMICS STOP WEAR AND BULLETS

Perhaps you now understand why ceramics can be called the hardest
materials in the universe. Their combination of hardness, strength, light
weight, smoothness, and chemical resistance help keep our manufacturing
industries, cars and airplanes, and electrical power generation plants
running smoothly. Despite their many successful uses, though, ceramics
often are not used in other applications either because they’re either too
expensive or out of fear that they might break and cause damage to other
parts. The new ceramics like silicon nitride and transformation-toughened
zirconia are proving that they can be reliable and not break, and their cost
is coming down to the point that they will be used much more broadly in
years to come. The development that really stimulates the imagination of
engineers, however, is diamond coatings. Don’t be surprised to see dia-
mond coatings showing up on all kind of products, to increase product life
and performance; they’re already being used on razor blades to give a
cleaner, smoother shave—so the opportunities are unlimited.
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CHAPTER TWELVE

opulation growth and industrialization have led to enor-
mous growth in our world energy requirements. To meet
that demand, we’ve often made compromises that have wasted
natural resources and produced serious pollution problems.
Ceramics are now playing an increasingly important role in
enabling alternate, cleaner sources of energy, improving
the efficiency of our present power generation methods,
and reducing the amount of pollutants we release into
our air and environment. This chapter addresses these

topics, as well as the role of ceramics in energy conservation.

THE ROLE OF CERAMICS IN
ENERGY CONSERVATION

We've been incredibly wasteful of our natural resources,
such as coal and oil, especially during the last century and since
the invention of the automobile. Coal and oil are nonrenewable

PRODUCTS AND USES

Fiberglass insulation
Double-paned, tinted glass
Efficient lighting
Efficient, low-pollution cars
Gas-appliance igniters
Industrial heat exchangers
Improved heat engines
Clean-coal energy systems
Nuclear fuels and controls
Nuclear waste encapsulation
High-efficiency fuel cells
Power from waste incineration
Motor-vehicle emissions control
Industrial emissions control
Water and sewage treatment
QOil-spill cleanup

resources; they don’t regrow or replenish themselves. When

they’re gone, we’ll have to look elsewhere for the energy to keep our cars
running, to heat our homes and offices in the winter, and to provide the
electricity for industry and other needs. We have made important strides
in energy conservation, though, particularly since about 1970. The histori-
cal event that really caught our attention, early in the 1970s, was the oil
embargo by the Organization of Petroleum Exporting Countries (OPEC).
OPEC limited the amount of oil it would export. For the first time, indus-
trialized countries such as the United States suffered an oil shortage; and
for the first time, the general public felt the shortage. Products made from
petroleum, such as home heating oil and gasoline, jumped in price and
were much more difficult to get than ever before. We even had to wait in
long lines to put gasoline in our cars, as an example.

The OPEC crisis stimulated the development of a national energy pol-
icy in the United States, directed towards energy conservation, alternate
energy sources, and increased use of renewable sources of energy such as
wind, water, geothermal resources (heated water from volcanic activity),




Fiberglass insulation was

through the walls and ceilings of
houses, enough to provide all of
the energy needs of North readily available when I asked that question. After numerous
America for two years.

biomass (energy from plant matter), and sunlight. Ceramics and glass
have played an enormous role in these programs and in all aspects of
energy conservation.

Fiberglass Insulation

Although the OPEC crisis led to many new programs, some earlier
programs had already made a big difference in energy conservation. One
of the most important was the invention of fiberglass thermal insulation
for use in the walls and attics of homes and buildings, to keep the heat
inside during the winter and outside during the summer. The development
emerged from a partnership between Owens-Illinois and Corning Glass
Works from 1931 to 1938. They invented a process for producing tiny,
hair-thin strands, or filaments, of glass—somewhat like cotton candy or
steel wool—that intertwined loosely into bundles that trapped a lot of air.
Such “dead air space” is a good barrier to heat, just like the air trapped in
the pores of the Space Shuttle tiles. You've probably seen this insulating
material in builders’ supply stores, in your own home, or at construction
sites. It’s usually bright pink and sold in large rolls.

Fiberglass insulation is produced by melting round marbles of refined
glass in an electric furnace. The melted glass is allowed to flow into a heat-
ed chamber with hundreds of small holes in the bottom. The molten glass
flows through these holes into another chamber below. As the
glass flows in thin rivulets down into this lower chamber, it’s

..___/\ blasted with jets of high-pressure steam. The rapidly moving
. <y
d m d z’ ’15 / P steamn stretches each molten rivulet of glass into a thin fiber and

cools it quickly into solid glass. These many strands form the

dc l-s loose bundle of glass fibers that works so effectively for insulat-

ing our homes. Each marble melted in the glass furnace is
about five-eighths of an inch in diameter and produces about

introduced in 1938 and has saved 97 miles of fiber.
over 25,000,000,000,000,000 Btu
of heat energy from being lost How much energy has been conserved by insulating hous-

es with fiberglass since its invention in 1938? The answer wasn'’t

telephone calls, I finally found someone willing to make
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a rough estimate, Dr. Arun Vohra of the Office of Buildings
Technology at the U.S. Department of Energy. Using
a few assumptions, and data from a 1993 government report on
household energy consumption and expenditures, he estimated
that roughly 25 quadrillion (25,000,000,000,000,000) Btu of heat
energy has been conserved, saving an average of more than $2 billion
per year. That’s enough energy to supply all the energy needs of



the United States for a year! Dr. Vohra’s estimate was conservative:
He assumed that only SO percent of homes have fiberglass insulation,
and he didn’t include apartments and buildings. The total energy
conserved by using fiberglass insulation is probably even higher than his
rough estimate.

Double-Paned Glass and Reflective Coatings

Fibrous insulation is great for walls and attics, but it is opaque and
can’t be used to insulate windows. To decrease heat loss through windows,
manufacturers developed double-paned glass storm windows that provide
a dead air space between two panes of glass. Further improvements have
been achieved by coating window glass with a very thin layer of a reflective
metal that allows most of the light to pass through but reflects much of
the heat. This coating especially helps keep a house or building cool dur-
ing the summer. Many high-rise office buildings are now entirely covered
with glass with reflective coatings. As shown in Figure 12-1, these buildings
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Figure 12-1. Building with double-paned glass and reflective coating to conserve energy. (Photo by D. Richerson.)
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with reflective glass are architecturally beautiful, as well as
energy efficient.

Efficient Lighting

You may be a frequent traveler, like me, who spends

much time flying into cities at night. If so, you’ve proba-
bly noticed the astounding number of lights visible from
the air, especially in and around large cities. Those lights

A high-pressure sodium lamp is
nearly 10 times as efficient as a
household light bulb and lasts for

about 24,000 hours. consume an enormous amount of electrical energy each

e A night. Fortunately, major innovations made possible by
More than 50 million high-
pressure sodium lamps are
produced each year, mostly for
street lighting.

ceramics have increased the efficiency of lighting.

The first widely commercialized lighting was Thomas
Edison’s incandescent light, the basic type of light we have
in our reading lamps at home. Modern incandescent

lights consist of a tungsten metal filament curled up like a tiny spring and
mounted inside an airtight glass bulb. You can look inside a nonfrosted
light bulb and easily see the filament and how it is mounted. Tungsten is
one of those materials we talked about in Chapter 6 that conducts electric-
ity a little but has high enough electrical resistance that most of the elec-
tricity is converted to heat. When the electrical switch is turned on, the
thin tungsten filament in an incandescent light heats up rapidly, until
it's glowing brightly enough to light a room.

Incandescent lighting, however, isn’t very efficient, and the tungsten
filament often burns out. The fluorescent light described in Chapter 4 was
a big improvement, because it was more efficient and lasted much longer

Figure 12-2. HPS lamps lighting a highway (left) and a street
in Seattle (right). (Photo courtesy of OSRAM SYLVANIA Products, Inc.,
Beverly, MA.)
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Figure 12-3. High-pressure sodium vapor lamps, showing the alumina arc tube inside the glass
bulb. (Photo courtesy of OSRAM SYLVANIA Products, Inc., Beverly, MA.)

than earlier lights. An even better light source is the high-pressure sodium
(HPS) vapor lamp, which was invented in the 1960s. These are the lights
that give off golden or yellowish light and are used for street lighting. An
HPS lamp produces 140 lumens (the unit by which light output is mea-
sured) of light per watt of electricity, compared to only 15 lumens for an
incandescent light. An HPS lamp lasts about 24,000 hours under all weather
conditions—that’s about six and one-half years if the light is operated for
10 hours each day. Incandescent lights are lucky to last 1000 hours (except
for the one over our basement stairway, which requires an acrobat to
change and seems to burn out every 200 hours).

More than 50 million HPS lamps are now produced worldwide each
year. The key component in an HPS lamp is a thin-walled arc tube, which is
the container for high-pressure gases (vapors) of sodium and mercury. A
typical arc tube is about five-sixteenths of an inch in diameter and about
four inches long and fabricated with the same high-production rate type of
equipment used for making spark plug insulators. The arc tube is mounted
in a larger, sealed glass bulb, as shown in Figure 12-3.

When an HPS lamp is turned on, electricity arcs across the tube
through the vapors, giving off light but also heating the tube to tempera-
tures around 2200°F. Developing a material that was transparent yet
could withstand the high temperature, pressure, and corrosiveness of the
vapors was a big challenge. Glass didn’t work. The solution was alumina.
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Figure 12-4. Seventy-watt
metal halide lamp with a
ceramic arc tube. (Photo courtesy
of OSRAM SYLVANIA Products, Inc.,
Beverly, MA.)
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Scientists learned during the early 1950s how to make polycrystalline
alumina that was about 70 percent transparent, which turned out to be
good enough for sodium vapor lamps. This same translucent alumina was
adapted in the 1980s to make the orthodontic brackets that we learned
about in Chapter 8.

Colors don't look the same under HPS lights as they do in daylight.
Another type of high-intensity lighting produces white light, so that colors
appear more natural. This is a halogen lamp, which has an arc tube filled
with a metal halide vapor rather than sodium vapor. Although metal halide
lights produce whiter light, they’re more expensive than HPS lamps and
don’t last as long. The metal halide vapor in current halogen lamps is
sealed into a fused silica (silicon dioxide glass) arc tube. Researchers are
exploring alumina arc tubes and other technologies in an effort to make
metal halide lamps that are more efficient and last longer.

Automobiles with Increased Gas Mileage

Most of the petroleum we import is processed in large refineries to .
produce gasoline for our motor vehicles. This use of petroleum is a big
contributor to our large trade deficit (the difference between the value of
goods we import and the value of goods we export), which adversely
affects our national economy. Because of these factors, motor vehicles were
a major target for conservation efforts following the 1970s oil crisis. The
average gasoline mileage for automobiles has increased dramatically during
the past 25 years. Part of this improvement has been achieved by producing
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Figure 12-5. George Washington Bridge lighted with metal halide lamps and contrasting HPS
lighting in the background. (Photo courtesy of OSRAM SYLVANIA Products, Inc., Beverly, MA.)



smaller cars that don’t guzzle as much gasoline. The introduction of oxygen
sensors and engine electronics control systems, which you learned about
in Chapter 9, has also caused a significant improvement in mileage.
Ceramics have also helped reduce the weight of cars, primarily by enabling
us to replace heavy, iron-based metal alloys with lightweight, ceramic-rein-
forced composites.

Ceramics also are playing a critical role in the development of our
next generation of automobiles, which will have gas mileage of around
80 miles per gallon. These automobiles
will be lighter weight, will have
improved-efficiency engines, and proba-
bly will have hybrid propulsion systems,
consisting of a heat engine (gasoline,
diesel, turbine, or Stirling) paired with an
electric engine.

Ceramic Igniters for
Natural Gas Appliances

Natural gas, which is the chemical
compound methane (made up of a carbon
atom surrounded by four hydrogen
atoms), is another important energy
source that comes out of oil wells. Rather
than a liquid like petroleum, though,
methane is a gas, like oxygen or nitrogen.
Many home furnaces, stoves, water
heaters, and clothes dryers burn natural
gas to provide their heat. Up until the
early 1970s, all natural gas appliances

required a pilot light, a small flame that
burned continuously so that you didn't Figure 12-6. Ceramic igniters. (Photo courtesy of Saint-Gobain/Norton Igniters,
have to re-light the appliance each time """

you used it. A study conducted in

California in the 1960s estimated that pilot lights wasted about 35 to 40

percent of the natural gas that came into the home, which equaled about

6 million cubic feet of natural gas wasted each day, just in the United

States. California passed an energy-conservation law that pressured indus-

try into coming up with an alternate technology to replace the pilot light.

The answer, developed in the late 1960s, was the ceramic igniter.
A variety of ceramic igniters are shown in Figure 12-6. They are made
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from a silicon carbide ceramic composition that is a semiconductor. The
igniter is another of those materials, like the tungsten filament in the
incandescent light, that gets really hot as electricity tries to get through it.
When you turn on an appliance with an igniter, electricity enters the ignit-
er and causes it to heat, within a few seconds, to a temperature

natural gas.

Ceramic igniters replace pilot
lights and don’t waste

By 1980, 1,700,000 ceramic

Igniters were produced per year Heat Exchangers. As you learned in the previous chapter,
for gas ranges.

\ high enough to ignite natural gas. A timer opens a valve to let

the natural gas into the appliance about seven seconds after you

L
ﬂ’”dZ/ ”ﬂ/ \I/ turn it on. The igniter lights the gas and then shuts off. The pilot
d C[S light is completely eliminated, saving a tremendous amount of

natural gas.

In the 1960s, pilot lights wasted A few ceramic igniters became available for testing in gas
about 6 million cubic feet of

natural gas each day in the
United States.

clothes dryers in 1968. By 1980, over 750,000 igniters were being
manufactured per year. Igniters for gas ranges became available
commercially in about 1974 and reached a market level of about
1,700,000 per year by 1980.

Ceramics for Industrial Energy Conservation

most industrial processes have at least one step that involves

high temperature. The temperature is achieved by either burning
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a fuel or using electrical heaters. Another technological thrust in
the 1970s was to reduce energy consumption in industrial processes by
increasing the efficiency of these high-temperature steps. Much of the
effort focused on developing heat exchangers to use waste heat (which
normally would go up the furnace stack) to preheat the air used for a
process. The more the incoming air could be preheated, the less fuel would
have to be burned to get to the temperature needed for the process. Based
on the high fuel prices at the peak of the oil crisis and the expectation that
they would go even higher, industrial companies were anxious to come up
with any technology that would minimize fuel costs. They worked closely
with the government to develop new technologies such as ceramic heat
exchangers. These programs demonstrated that ceramic heat exchangers
could save nearly 50 percent of the fuel. Just about the time success was
achieved, however, the price of fuel went down. Many industrial compa-
nies decided that the cost of installing and maintaining ceramic heat
exchangers didn’t economically justify the amount of fuel that could be
conserved, so they chose not to install them.

Fuel conservation alone is not incentive enough to make industry
change old habits: An overall cost benefit must be clearly seen. Ceramic
heat exchangers in the 1970s were expensive. Efforts since then have
brought down costs to the point that some industries are starting to use



Figure 12-7. Silicon carbide heat-exchanger tubes with internal fins to increase efficiency. (Photo

courtesy of Schunk-INEX Corp., Holland, NY.)

them, especially the metals heat-treating industry. Most of these heat
exchangers are made of tubes of silicon carbide mounted so that the hot
exhaust gases released during processing flow around the tubes. Inlet air
for the industrial process flows through the tubes and is preheated. Sections
of some silicon carbide heat exchanger tubes are shown in Figure 12-7.

Another type of ceramic heat exchanger
with potential for some industrial processes
has channels running through it, similar
to the honeycomb structure of the ceramic
catalyst support shown in Chapter 9 for an
automotive catalytic converter. Rather than all
of the channels running in the same direction,
though, the channels in the heat exchanger
alternate directions with each row, as shown
in Figure 12-8. The hot gases pass through all
of the channels going in one direction, while
the cold inlet air passes through the channels
in the perpendicular direction. This device is
referred to as a crossflow heat exchanger.
Crossflow heat exchangers have great poten-
tial for small industrial applications and also
show potential for increasing the efficiency of
gas turbine engines.
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Figure 12-8. Crossflow heat-exchanger module fabricated from an
NZP composition, with air passages highlighted in blue and

combustion gas passages highlighted in red. (Photo courtesy of LoTEC, Inc.,
Salt Lake City, UT.)

Radiant Burners. Another industrial area in which ceramics have pro-

vided energy conservation is for radiant heating, especially that achieved
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using the flat-plate, porous surface burners discussed briefly in Chapter 10.
These burners produce very low pollution and are used for drying paint,
shaping automotive windows, and heating air for a wide range of industri-
al processes. A recent advance at a company called Alzeta in Santa Clara,
CA, involved using ceramics to greatly increase the efficiency of porous
surface radiant burners. By placing an open mesh screen made of a silicon
carbide-silicon carbide ceramic matrix composite about one-half inch away
from the surface of the burner, Alzeta nearly doubled the radiant heat
transfer from the burner. This dramatic increase in efficiency is expected to
save a lot of fuel and energy once the burners are installed at industrial sites.

Ceramics and Renewable Energy Sources

Energy from Wind and Water. As mentioned earlier, the burning of oil
and coal consumes natural resources that required millions of years to
form and that cannot be replenished. We need to switch more and more
emphasis to energy sources that can be replenished, referred to as renewable
energy sources. Two renewable energy sources that have been used for many
years are windmills and hydroelectric dams, to harvest energy from wind
and water, respectively. Ceramics are important in both technologies.
Modern windmill blades are fabricated from composites containing ceram-
ic-fiber reinforcement. Dams generally are constructed from concrete. Both
methods of harvesting energy also require electrical ceramics, especially
electrical insulators. They also require machinery that rotates at high
speed, which can benefit from new wear-resistant ceramics, especially the
new silicon nitride ceramic bearings.

Energy from the Sun. An important, but underused, renewable energy
source is sunlight. There are many ways of tapping the sun’s energy. One
way is to focus sunlight with mirrors to produce high temperature to heat
a fluid to power a turbine or electrical generator. Another method for tap-
ping the sun’s energy is to produce electricity directly with photovoltaics,
which most of us refer to as solar cells. Solar cells are made with semicon-
ductor silicon similar to that used for making silicon chips. As you may
remember from Chapter 6, the energy gap of semiconductor silicon is just
narrow enough that the energy in the light from the sun can cause elec-
trons to jump across the gap, resulting in a flow of electricity. Once the
solar cell has been manufactured and installed, it produces electricity
whenever the sun shines—at no cost and with no pollution!

Why aren’t we using solar cells to produce electricity for our homes,
instead of just for calculators, satellites, and experimental cars? They’re
still expensive; they aren’t very efficient (a large number are necessary to



Figure 12-9. Radiant surface burner with high-efficiency ceramic radiant screen. (Photo courtesy of Alzeta Corp,,
Santa Clara, CA, and AlliedSignal Composites, Inc., Newark, DE.)

produce enough electricity for a home); they only work when the sun is
shining; and they produce direct current, whereas all of our household
appliances use alternating current. But scientists are making progress.
Costs are coming down, efficiency is increasing, batteries can store the
electricity generated while the sun is shining for use at night, and equip-
ment is readily available to convert from dc to ac. Don’t be surprised to see
a big increase in the use of solar cells in the future, with ceramics making
possible the manufacture of the semiconductor silicon wafers.

Energy from Plant Matter. Another important renewable energy source
is referred to by the general term biomass. Benefiting from biomass
involves extracting energy from plants such as trees, grasses, and corn
stalks. One way of extracting the energy is by burning the material and
converting the resultant heat to electrical energy, just as in present electric-
ity-generation stations that burn coal or oil. An alternative is to chemically
convert biomass materials into a liquid fuel, such as alcohol, or a gaseous
fuel, such as methane (natural gas), that can then be used to power your
car or fuel your home furnace. Because of their high-temperature stability,
corrosion resistance, and wear resistance, ceramics are important for both
direct burning and chemical conversion methods of obtaining energy from
biomass materials.
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THE ROLE OF CERAMICS IN POWER GENERATION

The United States consumes staggering amounts of electrical power,

and our needs are growing each year. Presently, those power needs are met

primarily by a combination of sources, including large coal-fired and oil-

fired plants, hydroelectric stations, and nuclear reactors. Smaller power

sources include wind, geothermal energy, photovoltaic cells, gas turbine

engines, and diesel engines. Fuel cells are an emerging technology that

may be important in the future.

Power from Burning Nonrenewable Fossil Fuels

In Chapters 10 and 11, you learned about some of the ways ceramics
are used in conventional coal-fired and oil-fired power-generation plants:

Figure 12-10. Westinghouse candle filter system, showing the
hanging porous ceramic tubes. (Photo courtesy of Siemens Westinghouse,
Pittsburgh, PA.)

as refractories, thermal insulation, thermocouple
protection tubes, seals, valves, and wear-resistant
linings. Ceramics also are important for pollution-
control systems. One such example involves the
use of high-temperature ceramic fibers woven
into a fabric that can filter dust and
unburned ash from hot waste gases before
they exit a smokestack.

Ceramics are even more important in new
combined cycle coal-fired systems that have been
under development during the 1980s and 1990s.
These new systems, just now entering commercial
service, produce about 35 percent more energy for
every ton of coal than conventional coal-burning
power stations. To understand where ceramics are
important in these systems, you need to know a
little about how a combined-cycle system works. A
combined-cycle system is designed to run a power
turbine (gas turbine engine) in addition to a con-
ventional steam turbine, so that the combination
uses the heat from the burning coal more efficient-
ly. When the combined-cycle power station is run-
ning, powdered coal is mixed with air and burned
in a large furnace chamber. This process produces
hot gases (mostly air) that flow through the gas

turbine engine rotors, causing them to rotate at high speed (as you learned
in Chapter 5) to run an electrical generator. The hot gases leaving the tur-

bine then pass over metal heat-exchanger tubes through which water is
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Figure 12-11. Composite ceramic candle filter tubes for hot-gas filtration. (Photo courtesy of McDermot

Technologies, Inc., Lynchburg, VA.)

flowing. The water boils to form high-pressure steam that then goes

through a steam turbine to generate more electricity.

The problem with such systems is that coal contains a
lot of impurities that don’t burn cleanly, leaving a sticky ash
material that gets carried along, suspended in the hot gases. If
these ash particles go into a gas turbine engine, they cause
severe erosion and corrosion or, even worse, they stick to the
turbine parts and completely shut down the turbine. For a
combined-cycle system to work, the ash particles must be
effectively removed (filtered) from the hot gases before they
reach the gas turbine engine. Metal filters can’t withstand the
temperature, and ceramic woven-fabric filters get clogged by
the ash. A new type of ceramic filter, called a candle filter, had
to be developed to solve the problem.

Figure 12-10 shows the inside of a hot-gas filter contain-
ing ceramic candle filters. The ceramic candle filters are the
vertical tubes. Each of these hollow tubes is about 5 feet long,
closed on one end, and very porous. The hot air containing
coal ash particles flows around the outside of the porous
tubes. The pores are large enough for the hot air to pass

Figure 12-12. Variety of ceramic candle filters.
(Photo courtesy of Siemens Westinghouse, Pittsburgh, PA.)

through to the inside of the tube, but not the ash particles. The ash builds
up on the surface of each candle filter. Every few minutes, a blast of
pressurized air is forced through the candle filter tubes from inside. This
blast dislodges the layer of ash, which drops to the bottom of the filter
chamber, where it can be removed easily as solid waste. The hot air
that passes through the porous walls of the candle filter tubes is now free
of ash and can be used in the gas turbine engine without fear of erosion

or clogging (fouling).
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amazing,

gallons of gasoline.

BN

’ﬂCtS rods and can produce enough electricity to meet the needs of

A uranium oxide/plutonium oxide
ceramic fuel pellet measuring The nuclear reaction in uranium oxide fuel pellets produces
one-eighth of an inch in diameter | heat, which is transferred to water to produce electricity by
and one-quarter of an inch long
contains as much energy as 500

Nuclear Energy

Ceramics are necessary in the nuclear power industry as fuel pellets,
control rods, high reliability seals and valves, and a special means of con-
taining (encapsulating) and stabilizing radioactive wastes for long periods of
time. The fuel pellets used in a conventional reactor are made mostly of
uranium oxide ceramic. A pellet only about three-eighths of an
inch in diameter and one-half an inch long contains as much

— \ energy as 1 ton of coal, 150 gallons of oil, or 22,500 cubic feet of

/ natural gas! The fuel pellets for a nuclear reactor are enclosed in
s rods over 12 feet long. A typical reactor contains over 45,000 fuel

350,000 all-electric homes.

means of steam-driven generators. A more advanced reactor,
called a fast breeder reactor, uses higher-energy fuel (a combina-

tion of uranium oxide and plutonium oxide) and transfers heat
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more efficiently and safely through a liquid metal. One of these
ceramic fuel pellets measuring only an-eighth of an inch in diameter and
one-fourth of an inch long has as much energy as 3 tons of coal, 12 barrels
of oil, 500 gallons of gasoline, or 75,000 cubic feet of natural gas.

Perhaps the most important use of ceramics in the nuclear industry is
for safely disposing of radioactive nuclear waste. The possibility that
radioactive waste will escape or seep into the air or groundwater is a major
fear for all of us. Ceramic engineers have devised ways to mix the radioac-
tive waste with ceramic powders and fire this mixture at high temperature
to form a solid glass or polycrystalline ceramic that’s very stable. Fusing
the radioactive waste into the very stable structure of the glass or other
ceramic minimizes the chance of the radioactivity spreading into the sur-
rounding environment.

Ceramics in Fuel Cells

As important as they are, coal-fired and oil-fired power plants aren’t
very efficient. Most of these power plants are able to convert only about 32
to 35 percent of the energy stored in the fuel to electrical energy.
Advanced, combined-cycle coal-power plants may reach around 45 percent
when they’re optimized. We are wasting more than 50 percent of the ener-
gy contained in the fuel! An alternative that looks promising is fuel cells.
Fuel cells make electrons available directly, through a chemical reaction,
rather than by producing electricity indirectly by burning a fuel and



converting the heat energy to electrical energy. Because fuel cells convert
energy directly to electricity, less of the energy is wasted. A fuel cell can
directly convert up to about 60 percent of the energy in the fuel to electric-
ity and produce usable heat at the same time. If the heat also is used in
some way (to heat a house or generate additional electricity), nearly 80
percent of the energy in the fuel can be tapped. That’s double the efficien-
cy of our present methods of power generation. Another benefit of fuel
cells is that they give off much less pollution than fuel-burning processes.

There are many different types of fuel cells, but the one most impor-
tant to the field of ceramics is the solid oxide fuel cell (SOFC). It operates
similarly to the zirconium oxide (zirconia) oxygen sensor described in
Chapter 9. If you remember, voltage is produced in the oxygen sensor if
different oxygen concentrations are present on the inside and outside of
the oxygen sensor tube. In the case of an SOFC, air is on one side of the
zirconia and a fuel such as natural gas or hydrogen is on the other side.
Oxygen from the air actually travels through the solid zirconia to react
with the fuel and to produce electricity at the same time. Let’s take a closer
look at how this happens.

The zirconia is made into a thin sheet, tube, or membrane with no
pores, so that air and fuel can’t leak through. If the zirconia is coated on
the two opposite surfaces with porous electrodes (electrically conductive
material hooked up to an electrical circuit) and heated to about 1650°F, an
amazing thing happens: Oxygen molecules from the air touch the elec-
trode on the air side (which has a negative electrical charge) and latch
onto two electrons from the electrical circuit, to form oxygen ions. These
negatively charged oxygen ions are
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Ceramic solid oxide fuel cells have
the potential to have nearly dou-

ble the efficiency of present coal
power generation systems and to

virtually eliminate pollution.

the zirconia but must go through the
solid zirconia to get there. The oxygen
ions actually “sink” into the atomic
structure of the zirconia and “swim”
through the atomic structure, in the
direction of the fuel and the positive
electrode. When they reach the opposite
surface, they give up their extra two

electrons to the fuel-side electrode and
react chemically with the fuel. The electrons now are available to flow
through the electrical circuit to light a lamp or run a computer—or what-
ever else you choose to plug in.

Figure 12-13. Schematic
showing the cross section of
one type of solid oxide fuel cell.
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Heat is produced by the chemical reaction between the fuel and oxy-
gen, which keeps the fuel cell at an optimum working temperature. If
hydrogen is the fuel, the only discharge from the fuel cell is water vapor
(oxygen plus hydrogen equals water). If natural gas is the fuel, the SOFC
discharges water vapor and carbon dioxide, essentially the same things we
exhale when we breathe. Another advantage of the fuel cell is that it pro-
duces no noise.

The closest SOFC to commercialization appears to be a tubular config-
uration developed by Siemens Westinghouse Power Corporation. Having
demonstrated small units for 8 years of continuous operation and a 25 kW
unit for over 12,000 hours, Siemens Westinghouse plans to complete
development of a megawatt-size SOFC early in the 21st century. This dead-
line coincides well with the deregulation of the power-generation utilities,
an action expected to result in greater use of small, local power generators
and less use of large, central power stations. As mentioned earlier, our pre-
sent central power stations lose over 65 percent of the energy of the fuel
when they convert it to electricity and then suffer further losses transport-
ing the electricity across the countryside through power lines. Future
power stations are striving for 45 to 55 percent efficiency, but that will be a
big challenge. In contrast, the Siemens Westinghouse SOFC is expected to
be 70 percent efficient and will suffer no losses from using power lines.
Ceramic fuel cells have the potential to drastically improve the efficiency
of electrical generation and the way we obtain electricity.

Air In (21% O,)

Depleted Air Out (1636 Og)
DC Electricity
"'"'--.

Fuel Energy

Useful Heat 30% 'i%

Waste Heat 20% Fuel In (Hs, CO,NG,
Methanol, Diesel, etc.)

Figure 12-14. Schematic illustrating the Westinghouse tubular fuel cell. (Courtesy of Siemens
Westinghouse, Pittsburgh, PA.)



Figure 12-15. Tubular solid oxide fuel cell module. (Photo courtesy of Siemens Westinghouse, Pittsburgh, PA.)

Other SOFC designs being developed involve stacks of flat plates or
honeycomb-like structures. These appear to hold the greatest short-term
potential for applications requiring less than 100 kW, such as small buildings
and homes. Very possibly, by 2010 or 2015 your new home will come with
an SOFC that runs on natural gas or hydrogen and provides all of your
electrical, heating, and cooling needs. These future SOFCs promise exciting
benefits in energy efficiency, pollution reduction, and even the dramatic
reduction of oil imports and our national trade deficit.

THE ROLE OF CERAMICS IN POLLUTION CONTROL

You've already learned about some
ways in which ceramics control pollution.
In Chapter 9, we reviewed how the auto-
motive catalytic converter has reduced
polluting emissions from automobiles by
1.5 billion tons since 1974. Earlier in this
chapter, we discussed hot-gas filters for
coal-fired power-generation plants and the
fusing of radioactive nuclear waste into
stable glass and polycrystalline ceramic
compositions. In addition to these exam-
ples, any ceramic device or process that
conserves energy or produces energy
more efficiently than other devices reduces

Figure 12-16. Experimental planar SOFC module. (Photo courtesy of SOFCo, a
joint venture of McDermot Technologies, Inc., and Ceramatec, Inc., located in Sait Lake City, UT,)
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pollution. Thus, ceramic heat exchangers, improved thermal insulation,
efficient lighting, igniters replacing pilot lights, higher-temperature
efficient heat engines, and fuel cells all contribute to decreased pollution.
But ceramics are also important in other areas, such as municipal garbage
incineration, water and sewage treatment, hazardous waste incineration,
and even oil-spill cleanup.

Incineration of Garbage and Hazardous Chemicals

One of our greatest pollution problems is the accumulation of the
trash that we put out for pickup by the garbage truck each week. In the
past, this trash was hauled to dumps or landfills. Over the years, we've
made much progress toward recycling a few items, such as aluminum cans,
newspapers, and some plastic, but there’s still an enormous amount of
solid waste. One technology introduced in recent years is municipal
garbage incineration. The trash is taken to an industrial plant, where auto-
mated machines sort recyclable items that we missed (metal cans, a couple
of different types of plastics, and glass) and burn the rest in a huge furnace
(incinerator). The heat produced is used to generate electricity. Ceramics
line the incinerators, provide thermal insulation to prevent unwanted
heat loss, and provide chemical and thermal shielding for metallic
heat-exchanger tubes that extract the heat for electrical generation.
Ceramics also participate in cleaning ash particles from the air
discharged by the incinerator.

Many materials are too hazardous to be disposed of in dumps or
incinerated in municipal garbage incinerators. Examples are dioxins and
other dangerous chemicals, as well as military chemical weapons. These
materials are destroyed in special incinerators designed to assure that the
dangerous compositions completely decompose to harmless materials.
Ceramics also are required in these hazardous-waste incineration systems.

Water and Sewage Treatment

Most industrial processes require water, which often becomes conta-
minated with acids, bases, dissolved chemicals, and solid particles and
must be treated before reuse or return to the environment. The channels
for transporting the contaminated water, and the containers in which the
water is treated, are often lined with ceramics. Sometimes the contaminat-
ed water is passed through porous ceramic filters that remove particles of
unwanted materials. Frequently, gases are bubbled through porous ceram-
ics into the water to cause chemical reactions that result in purification.
Similar filtration and bubbler techniques are important in our cities’ water
and sewage treatment plants.



Containment of Oil Spills

One of the most surprising applications of ceramics is for containing
oil spills from seagoing tankers. The idea behind containing an oil spill is
to surround it with a floating structure called a boom and then eliminate
the oil by burning it. Pioneered by Dome Petroleum in Canada, during oil
exploration in the 1970s in the Canadian Beaufort Sea, the concept of
burning an oil spill was first demonstrated with a stainless steel boom. The
metal boom, however, was heavy

and very expensive.

Stainless Steel Knitted Mesh

Shell Oil continued to work on
metal booms in the early 1980s, for

PVC Cover

their exploration in the Alaskan |} “rperatrefesistant o
Beaufort Sea; however, the most suc- :

cessful boom was mostly ceramic Stainless Stee] ———— :

and was developed cooperatively by Teneoh CAble

3M (Minnesota Mining and High-Temperature-Resistant e o i s

Ceramic Textile

Manufacturing) and American
Marine. Called the fireboom, it con-
sists Of a string of floatable “logs" Bottom Tension/Ballast Chain

Stainless Steel Knitted Mesh

with a skirt draped below them and

can easily be towed by boat to sur-
Figure 12-17. Schematic of the American Marine fireboom. (Courtesy of American

round an oil spill. The logs are con-  Marine, Cocoa, L)

structed of an inner core of a fused,

porous, floatable ceramic wrapped with layers of stainless steel mesh and

woven high-temperature ceramic cloth. The outer layer and skirt of the

fireboom are made of a plastic called polyvinyl chloride. Once an oil spill has

been surrounded by the fireboom, the oil is ignited and allowed to burn.

Scientists have studied this contained burning and concluded that it’s

much kinder to the environment than allowing the oil spill to spread at

sea or reach land.

Each fireboom log is about 7 feet long and 12 inches in diameter, and
the skirt extends below the logs about 30 inches into the water. A 50 foot
section weighs only 425 pounds, many times less than a metal boom.
During a test off the coast of Norway in 1988, 500 gallons of oil were suc-
cessfully contained by a U-shaped boom towed by a boat. Ninety-five
percent of the spill was burned in 30 minutes. The next year, a fireboom
was used during a real emergency to contain and burn part of the oil spill
from the Exxon Valdez, in Prince William Sound, Alaska. Approximately
15,000 to 30,000 gallons of oil were towed away from the main oil slick.
About 98 percent of that oil was successfully burned in 45 minutes.
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Figure 12-18. Use of a ceramic fireboom to contain and burn an oil spill. (Photo courtesy of American Marine, Cocoa, FL.)
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OVERVIEW: TO A GREENER, HEALTHIER ENVIRONMENT

We’ve reached another major crossroad in civilization. We can go one
direction—and continue to devour our natural resources at breakneck
speed; or we can go the other direction and accelerate our efforts to change
over to renewable resources. We can continue to pump pollution into our
environment and take the chance of poisoning it beyond recovery, or we
can accept the responsibility, as global citizens, to do our part to reduce
pollution. In this chapter, we've explored some of the technologies that
can make a difference, especially some ways that ceramics can help us con-
serve energy, generate electricity more efficiently, and reduce pollution.
Each year, ceramics are becoming more important in these areas. “Green
ceramics” are pieces in the technology puzzle that will enable us to
decrease pollution and greenhouse gases in spite of increases in popula-
tion, industrialization, and energy use. They’ll help us continue to
improve efficiency in our current energy-conversion processes and to make
possible new and better processes.
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CONCLUSION

Have ceramics reached their peak? The answer is a
resounding no! Ceramics will continue to grow in importance in
nearly every other aspect of our

modern civilization. Let’s take a

glimpse at things to come.

In the future, personal computers will be
nearly as powerful as today’s supercomputers and
will be linked to direct digital imaging and maybe even smart

sensors for virtual-reality experiences and communications.
This means that we’'ll be able to see people as we talk over the
Internet and even will be able to “handle and feel” objects.
Tiny powerful microchips also will have a profound impact on
medical technology. They will be linked to tiny sensors

that will continually monitor our temperature, heart

rate, and maybe even the amount of stress we are
subjecting ourselves to during work or exercise.
These microchips will give us early warning if a
medical problem is developing and will proba-
bly be programmed to activate other implanted
medical devices in the case of a life-threatening
event. The IC chip in a heart-attack victim might
signal changes to a pacemaker or activate a tiny
defibrillator to release a burst of electricity from power-
ful miniature ceramic capacitors to get the heart beating again.

Future cancer treatment will involve trapping ceramic powders or
beads inside cancerous tumors. When the ceramic is placed in a special
energy field, its temperature will increase to a point that the tumor is
destroyed without harming the body.

Other future medical miracles will include removing coatings that
cause cardiovascular disease from the inside of blood vessels, live-cell
encapsulation to allow genetically-engineered cells to be implanted into

organs to manufacture things such as insulin, and improvements in



imaging techniques and the electronics and computers that allow doctors
to diagnose a problem more efficiently. Someday your physical exam will
include a painless body scan in which a powerful computer will
automatically search for any irregularities compared to previous scans and
will provide an early warning of tumors, joint damage, and even

kidney stones.

Energy will be a dominant issue as our world population continues
to grow, especially as we deplete nonrenewable resources of oil and coal.
Ceramics, because of their high-temperature capability, wear resistance,
and corrosion resistance, will become more and more important. Less and
less of our electrical energy will be generated at central power
stations, and more electrical energy will be generated in our homes with
ceramic fuel cells and solar cells, both linked to battery storage systems.
Scientists and engineers will learn how to safely produce and use
hydrogen, which will become an ultra-efficient and low-pollution fuel
for home fuel cells as well as automobile fuel-cell engines.

Through government legislation in the United States and
international agreements, there will be a worldwide effort to bring pollu-
tion under control. Ceramics will play a central role. Catalytic converters
will be required on all motor vehicles worldwide and will be designed into
other fuel-burning systems (fireplaces and heating stoves, for example) to
reduce pollution. The ceramic heat exchangers that will be built into many
of these fuel-burning systems will make efficient use of waste heat, which
will reduce the amount of fuel used and decrease pollution. Ceramic hot
gas filters will become widely used to remove particulate pollution from

power generation stations, industrial processes, and waste incin-
erators. Other types of porous ceramic membranes will effective-

ly remove chemicals and particles from fluids (especially
water) to allow both the fluid and chemicals to be recycled.
Even a complex process like papermaking will recycle nearly
100 percent of water and chemicals now used and will gen-
erate all the heat and electricity needed for the process.
Ceramic materials and other advanced materials have a
bright future. I hope that this book has increased your aware-
ness and appreciation of the importance of advanced materials in our
modern world and in your personal world. I hope that you, too, agree
now that ceramic materials are an amazing and often magical category of

materials we cannot live without!

The Magic of Ceramics @3\



A

acoustic waves, 154
acousto-optic ceramics, 81
active vibration control, 162
actuators, 159, 166
Advanced Research Project Agency, 95
agriculture, role of pottery in, 20
airbag sensors, 161
air-conditioner compressor seals, 197
aircraft, ceramics in, 112, 235-36
AiResearch Manufacturing Company, 95
air gap, 32
air-meter modules, 196
allografting, 174
alternate engines, 204, 269
alternating current, 127
alumina
in armor, 259
band gap of, 74
in cutting tools, 241-42
in experimental engine parts, 201-2
in first high-performance ceramics,
32-34
in gemstones, 29, 30
hardness of, 240
in hybrid packages, 136-37
in lasers, 79
melting temperature of, 211
in papermaking equipment, 250, 253
in sodium vapor lamps, 267-68
as substrate, 141
transformation-toughened, 107
use in aluminum smelting, 216
aluminum
ceramics used in processing, 214,
215-17
ceramic tools for fabricating, 258
melting temperature of, 114, 211
aluminum nitride, 141
aluminum oxide. See alumina
Alzeta, 272
amber, 126
Americas, early ceramic art in, 41-43
ammonium alum, 29-30
anodes, 216
arc tubes, 267-68
argon lasers, 80
armor, 258-59
artificial eyes, 177
artificial limbs, 177
Arts and Crafts movement, 51-52
atoms, properties of, 28, 62-64, 71
autoclaves, 104
autografting, 174
automotive ceramics
in catalytic converters, 193-95
and energy efficiency, 268-69
in engine-control systems, 195-97
experimental, 200-204
in passenger compartment, 204-6
in seals and rotors, 197-98
in sensors, 192-93, 198, 220, 277
in spark plugs, 31-33
auxiliary power units, 97
azurite, 21

ball and seat valves, 246, 247
band gap, 73, 126

@ The Magic of Ceramics

Index

band theory, 129

Bardeen, John, 129

barium titanate, 141-42, 151
baseball bats, 163

basic oxygen furnaces, 217-18
Bates, Wayne, 57, 58

bauxite processing, 214
Bayer, 33

bearings, 100-104

bending stress, 91-92
beryllium oxide, 141, 211
Binns, Charles Fergus, 56
bioactive ceramics, 171, 173
bioceramics, 171

Bioglass, 171, 175

biomass, 273

bisque-fired ceramic, 44
black pottery, 41

Blaschka, Leopold and Rudolf, 53-54
blast furnaces, 217
bleaching, of paper pulp, 252
Bloch, Felix, 129

block filters, 142-43

blood vessel blockages, 186
blow tanks, 250

boats, fiberglass, 13-14, 110-11
boat speedometers, 155

body panels, 207-8

bonds, atomic, 62-64

bone grafts, 174

bone restoration, 174, 175
booms, 281, 282

boron carbide, 259

boron nitride, 5

borosilicate glass, 240
Bottger, Johann Friedrich, 23, 49
boules, 29, 30

bowling balls, 14

braces, 172, 173

Brattain, Walter, 129

Bronze Age, 21, 38-39
bulletproof armor, 260
butterfly valves, 104, 245-46

C

cadmium sulfide, 74
camels, 43, 44
cameos, 49, 53
cam follower rollers, 199-200
cancer treatments, 182-85
candle filters, 274, 275
capacitors, 125, 141-42
carbon, in heaters, 229
carbonado, 244
carbon-carbon composites, 114
carbon dioxide, 216
carbon fiber composites, 111-12
cast glass, 27
casting, of metals, 222-24
catalysts, 193, 229-30
catalyti¢ converters, 193-95
cathodes, 216
CAT scanners, 178-80
cellular phones, 142-43
cemented carbides, 240, 241, 242
centrifugal separators, 248
ceramic art
in ancient times, 37-43
during Middle Ages, 43-47
modern expressions of, 53-59

post-Renaissance, 49-52
during Renaissance, 47-49
ceramic-matrix composites, 112-14, 232-34.
See also high-temperature com-
posites
ceramics
as art (see ceramic art)
defining, 3
effects of stress on, 90-92
everyday uses of, 4-14
importance in ancient world, 18-21
internal structure of, 25
medical applications for (see medical use
of ceramics)
modern, 28-34
traditional, 22-27
ceramic sponges, 218-19
check valves, 246, 247
chemical composition, 28
chemical processing, 229-30
chemistry, and ceramic development, 28-29
China
ceramic developments during Middle
Ages, 43-44
early ceramic art in, 40-41
influence on European ceramics, 49
chippers, 250
Chou Dynasty, 22-23
chromium, 71, 79
clay, 19
Clean Air Act, 192
coal ash filters, 113-14, 274-75
coal processing, 248-49
cobalt oxide, 44, 71
coherent light, 79
coil-built pottery, 40-41
colon surgery, 182-83
color, 70-74
combined cycle systems, 274-75
combustors, 95
“comet” pattern pressed glass, 50
Compax, 244
complementary colors, 71
composites, fiber-reinforced. See fiber-rein-
forced composites
compressive stress
on bearings, 101
in car windows, 204
described, 90-91
computer disks, 258
concrete, 11, 112
conduction band, 73
conservation, 263-73
continuous fibers, 109-14. See also fiber-
reinforced composites; high-
strength ceramic fibers
copper-red color, 44
copper wire, 66-67
cordierite, 120, 195
core-formed glass containers, 26, 27
core-formed metals, 223
Corelle dishes, 7
Corning Glass Works, 116-18, 119
corundum, 29
cracking, in TTZ, 106
crossflow heat exchangers, 271
crowns, dental, 172
cryolite, 216
cubic boron nitride, 240
cubic zirconia, 65, 71-72



Curie, Pierre and Jacques, 150

current, controlling, 124-25

cutting tools, 98-100, 107, 226, 240-44
cylinder-in-cylinder valves, 246

Day, Delbert, 183
decorations. See ceramic art
decoys, piezoelectric, 154
dental ceramics, 171-73, 175
dental instruments, 103, 104
detached retinas, 176
dialysis, 185-86
diamond
hardness of, 239-40
industrial uses of, 242, 244
refraction in, 64-65
as substrate, 141
synthetic, 243, 244
diamond coatings, 244, 260
dielectric ceramics, 141-43
diesel engines, 199, 2024
digesters, 250
dimensional stability, 114-20
direct current, 127
direct-ignition modules, 196
dopants, 79
doping, 133
doppler sonar velocity systems, 155
double-paned glass, 265
down-hole systems, 256
drive shafts, 202, 207-8
Dubois de Chémant, Nicholas, 171-72
ductility, 90
dust pressing, 24

ear implants, 175
earthenware
in ancient times, 19, 20, 22
modern expressions in, 57-58
See also pottery
Ebersole, William G., 244
Egypt, early ceramic art in, 37-38
electrical conductors, 125, 126
electrical insulators, 125, 126, 140-41
electric heaters, 229
electricity
ceramics used in generating, 248—49,
274-79
development of ceramics for, 28
history of development, 126-31
properties of, 124
electroluminescent lighting, 4, 77-78, 206,
207
electrolysis, 215
electrolytic cells, 215-16
electromagnetic radiation, and transparen-
cy, 67-70
electromagnetic spectrum, 68
electromagnetic waves, 67
electromagnetic windows, 69
electromotive force (emf), 124
electron holes, 133
electronics
future trends, 147
history of development, 126-31
integrated circuits, 130-39
magnets in, 145-46
other ceramic uses in, 140-45

overview of, 124-26

recent developments in, 123
electrons

band theory of, 129

and color, 71, 73-74

discovery of, 127

and electronics, 124, 126

and magnetism, 145

and transparency, 62-64
electro-optic ceramics, 80-82
emulsions, ultrasonic mixers for, 158-59
enamels, 44
endoscopy, 180-81, 182-83
energy conservation, 263-73
engine-control systems, 195-97
experimental engine parts, 200-204
explosives detectors, 155-56
extrinsic semiconductors, 133
extrusion, 111, 225
eye repairs, 176-77

faience, 27
false teeth, 171-72
fast breeder reactors, 276
Ferguson, Dan and Nisha, 57, 58
ferrites, 146
fiberglass insulation, 10, 110, 264-65
fiberglass products, 110-11
fiber-optics
for communications, 66-67, 81
future applications for, 86
medical uses of, 86, 181
strength of material, 67, 89
fiber-reinforced composites
benefits of, 110-12
high-temperature, 112-14
in prosthetic devices, 177
in vehicles, 199, 207-8
See also high-strength ceramic fibers;
high-temperature composites
filters
hot-gas filters, 114, 274
for molten metals, 218-20
for water and sewage treatment, 280
finishing, of metals, 213, 225-26
firebooms, 280, 281
firing, earliest evidence of, 19
fish finders, 155
flash-blindness goggles, 82
float-glass process, 85
floor tiles, early development of, 46, 48
fluorescence, 75
fluorescent lights, 75-76
foils, 252, 253
Fotoform process, 83, 84, 85
fuel cells, 276-79
fuel pellets, 276
fused quartz, 116

G

galena, 127

Galilei, Galileo, 115-16

gamma rays, 68

garbage incinerators, 280

Garcia, Tammy, 57

gas mileage, 268-69

gas turbine engines, 92-98, 112-13, 235-36
gate valves, 246

gems, synthetic. See synthetic gems

germanium, 129, 133

gibbsite, 214

glass
art, 47-48, 53-55
in automobiles, 204-5
and benefits of transparency, 65-67
early developments in, 27, 50
effects of stress on, 90
energy efficient, 265
internal structure of, 24-25
low-thermal-expansion, 115-20
new manufacturing methods for, 85,

228

glassblowing, 27, 40

glass-cloth lay-up technique, 110-11

glass microspheres, 183-85

glazes, 21, 39

golf equipment, 14, 108

grain boundary, 25

granite, 253

Gray, R. B., 151

The Great Dish, 52

Greece, early ceramic art in, 39-40

hafnium carbide, 211
Hale, George Ellery, 116, 118
Hall, Howard Tracy, 243
halogen lamps, 268
Han Dynasty, 22
hard ceramics
for cutting, 98-100, 107, 226, 240-44
for wear and corrosion resistance,
245-58
hard ferrites, 146
hardness, 239-40
hazardous waste incinerators, 280
heart-valve implants, 176
heat and stretch therapy, 186-87
heat-exchanger process, 30-31
heat exchangers, 221, 230, 270-71
heat treatment of metals, 213, 226-27
Hench, Larry, 171
high-alumina ceramics, 32-34
high-pressure sodium vapor lamps, 266-68
high-strength ceramic fibers
carbon fiber composites, 111-12
development of, 108-11
in high-temperature composites,
112-14 (see also high-tempera-
ture composites)
in refractories, 231
See also fiber-optics; fiber-reinforced
composites
high-temperature composites
aerospace applications of, 113, 114,
232-36
benefits of, 112-14
for industrial processes, 113-14, 228-32
use in metals processing, 212-27
See also alumina; silicon carbide; silicon
nitride; zirconia
high-temperature furnaces, 31, 33, 228-29
high-voltage wires, ceramic insulators for,
140-41
hip replacements, 173-74
hot-gas filters, 113-14, 274-75
Hubble Space Telescope, 118-19
hybrid bearings, 102
hybrid ceramic electronics systems, 195-97

The Magic of Ceramics QZ\



hybrid packages, 136-39

hybrid propulsion systems, 204, 269
hydroelectric dams, 272
hydrophones, 153

igniters, 165-66, 269-70
implants, 169-77
impurities, chemical discoveries about, 29
incandescent lights, 75-76, 266
incinerators, 280
incising, 38
indentation test, 239, 240
indium tin oxide, 77
Industrial Revolution, 51-52
infrared rays, 68
infrared sensing devices, 85
ingots, 218
ingrown toenails, 112
inlays, dental, 172
inspection, of metals, 157-58, 213, 226
insulation
fiberglass, 10, 110, 264-65
for refractories, 231
insulators, electrical, 28, 125, 140-41
integrated circuits
development of, 130-31
in engine-control systems, 195-97
fabrication of, 133-36
packaging of, 136-39
structure of, 132-33
vibration control systems for making,
162
intrinsic semiconductors, 132-33
investment casting, 222-23
ions, 215
iron oxide, 29, 71
iron smelting, 217-20
Ishtar Gate, 38, 39
Islamic ceramics, 45-47, 49

Jaffe, Bernard, 152
jet engines, 92-98
jewel bearings, 30
joint implants, 173-74

K

kaolin, 23

kidney dialysis, 185-86

kiln furniture, 227

kilns
Bronze Age developments in, 21, 38-39
development in China, 22

Kraft process, 249-55

L

lances, 218
lapping, 240-41
large-scale integration, 131
laser hosts, 79
lasers
development of, 78-80
and fiber-optic communications, 67
medical uses of, 79-80, 176-77, 181
laser scanners, 12-13
lathes, ceramic cutting tools for, 99-100,
226, 241-42
lead, in early glazes, 39
lead zirconate titanate (PZT), 152
leaf springs, 208
lens replacements, 176

@ The Magic of Ceramics

light
and color, 70-74
encoding information in, 66-67
interaction with atoms, 63-64
refraction of, 64-65
visible, 68
light-emitting diodes (LEDs), 78
lighters, 165-66, 269-70
lighting, energy efficient, 266-68
lime kilns, 254-55
Lippershey, Hans, 115
liquid helium, 144
liquid nitrogen, 145
lithium sulfate, 153
live-cell encapsulation, 188, 189
liver cancer, 183, 184-85
load, ceramic resistance to, 91-92
Longshan pottery, 41
lost wax casting, 222-23
lusterware, 46

machine tools, 98-100, 102-3, 107, 226,
241-42
magnesium oxide, 211
magnetic moment, 145
magnetite, 145
magnets
in automobiles, 205-6
in electronics, 145-46
household applications for, 8
Maiman, T. H., 78, 79
maiolica, 49
makeup, 5
malachite, 21
manifold air-pressure modules, 196
Marconi, Guglielmo, 128
master control modules, 195-96
matrixes, ceramic fibers in, 110-14. See also
fiber-reinforced composites
medical use of ceramics
in diagnostic equipment, 177-81
for fiber-optics, 86, 181
future applications, 189
in laser surgery, 79-80, 176-77, 181
for replacement and repair, 169-77
for treatment and therapy, 181-88
Megadiamond, 244
Meissen artisans, 49
melting and holding of metals, 213, 220-22
melting temperatures, 114, 211
mercury, superconductive, 144
Mesopotamia, early ceramic art in, 37-38
metal halide lights, 268
metals
ceramic-reinforced, 201-2
effects of stress on, 90
finishing, 213, 225-26
heat treatment of, 213, 226-27
inspecting, 157-58, 213, 225-26
melting and holding, 213, 220-22
melting temperatures of, 114, 211
raw material preparation, 212-14
role of ceramics in development of,
20-21
shape forming, 213, 222-25
smelting and refining, 213, 214-20
mica, 62
microphones, 151
microprocessors, 131. See also integrated cir-
cuits
microspheres, radioactive, 183-85

microstructure

defined, 25

transformation-toughened, 105-7
microwaves, 69
Middle Ages, ceramic development during,

43-47

middle-ear implants, 175
mine detectors, 155-56
Ming Dynasty, 44
mining, 248
mirrors, 205
missiles, 69
mixing equipment, 158-59
modern ceramics, brief history of, 28-34
molten-metal filters, 218-20
molybdenum disilicide, 229
monochromatic light, 79
motor vehicles. See automotive ceramics
Murano glass industry, 47-48
music, from piezoelectric ceramics, 164-65
Musrussu the dragon, 38, 39

nanometers, 67

natron, 27

natural gas igniters, 269-70

Newton, Isaac, 116

noisemakers, 164-65

nondestructive inspection devices, 157-58,
226

nozzle guide vanes, 95, 97

nuclear energy, 276

NZP, 120

o

ocean-floor mapping devices, 156-57
oil exploration, 156-57, 256~-57
oil spill containment, 281, 282
opacity, 63-64
optical behavior, 61
color, 70-74
electro-optics, 80-82
lasers, 78-80
phosphorescence, 74-78
photosensitivity, 82-85
transparency, 62-70
optical fiber, 66-67, 89. See also fiber-optics
orbital implants, 177
ores, discovery of, 20
Organization of Petroleum Exporting
Countries (OPEC), 263
orthodontics, 172, 173
oxygen sensors, 192-93, 220, 277

P

pacemakers, 187

Palomar Hale telescope, 116-18
papermaking, 249-55
PereoGlas, 175

petroleum processing, 229-30
petuntse, 23

phosphorescence, 74-78
phosphors, 75, 179
photochromic glass, 82-83
photodiodes, 179
photolithography, 135, 161-62
photonics, 81

photons, 63

photosensitive ceramics, 82-85
photovoltaic electricity, 74
physical therapy, ultrasound, 186-87



piezoelectricity
in automobiles, 206
everyday uses of, 4
history of development, 150-52
industrial uses of, 157-60
medical uses of, 180, 186-87
principles of, 125, 147
in ultrasonic imaging, 180
underwater applications of, 152-57
in vibration detectors, 160-63
pill presses, 188
pilot lights, 269, 270
pingers, 154
pistons, ceramic-reinforced, 201
plastic encapsulation, 136
PLZT lenses, 82
polarization, 141, 142
pollution control devices
in automobiles, 192-95
for oil spills, 281, 282
for power plants, 113-14, 274-75, 276
for waste management, 280
polychromatic glasses, 84
polycrystalline ceramics
diamond, 239, 244
internal structure of, 25
light transmission in, 64
piezoelectric, 151-52
polyethylene plastic, 211
polymer-matrix composites, 110-12
polyps, 182-83
polyvinyl chloride, 280
porcelain
discovery of, 23
in early spark plugs, 32
European development of, 49
during Tang Dynasty, 44
pores, 25
positioners, 159
potter’s wheel, 22
pottery
development of decoration on, 37-43
importance in ancient world, 18-21
modern expressions in, 55-58
powder processing advances, 33
power generation, 248-49, 274-79
precious gems, synthetic. See synthetic gems
pressed glass, 50
press-molded stoneware, 56
press rolls, 253
Pro Osteon, 174
Prosser, Richard, 24
prosthetic devices, 177
pulp preparation, 250-52
pumps, 246, 247-48
Pyrex glass, 115, 116-18
pyrolytic carbon, 176
PZT, 152

Q

quartz crystals, 150, 151
quartz glass, 116

quartz watches, 164
quenching, 226

radar, 76

radiant burners, 113, 221, 271-72, 273
radiant surface burners, 228-29
radioactive glass microspheres, 183-85
radioactive waste, 276

radio communication, 128-29, 151

radio waves, 68, 69

radomes, 69

Rado watches, 6

rain-drop impacts, 69

recreational equipment, ceramics in, 13-14,
162-63

recycling, 254-55

reducing conditions, 41

refining, 213, 214-20

reflecting telescopes, 116-19

reflective coatings, 265

refraction, 64-65

refractive telescopes, 116

refractories, 214, 217, 231-32

renewable energy sources, 272-73

resistors, 125

respirators, 187, 188

Rochelle salt, 150, 151

rocket-nozzle liners, 235

Roman empire, 22, 40

rotary valves, 245

rotors, ceramic, 95, 197-98

rubies, synthetic, 12-13, 28, 30, 79-80. See
also synthetic gems

ruby laser, 79

S

Santa Clara Pueblo pottery, 56, 57
sapphire, synthetic, 29, 30. See also synthet-
ic gems
scalpels, 181-82
scintillators, 178, 179, 180
seal runners, 97
seals, 197, 245
seed crystals, 30
semiconductors
coloring and, 72-74
function of, 125, 126, 129
in integrated circuits, 132-33
light from, 78
in solar cells, 74, 272-73
sensors, automotive, 192-93, 198, 220, 277
sgraffito, 47, 57
Shang Dynasty, 22-23
shape forming, of metals, 213, 222-25
Shockley, William, 130
silica. See silicon dioxide
silicon, 74, 133
silicon carbide
art objects from, 57, 59
for automotive seals, 197
in ceramic-matrix composites, 112-13
in experimental pistons, 201
hardness of, 240
in heaters, 229
in heat exchangers, 271
high-temperature stability of, 114
for wafer boats, 135
silicon chips, 125. See also integrated cir-
cuits; semiconductors
silicon dioxide
in halogen lamps, 268
hardness of, 240
melting temperature of, 211
in Space Shuttle tiles, 234-35
silicon nitride
for automotive seals, 197
in bearings, 100-104
in coal pipes, 249
in diesel engines, 199-200
discovery of, 92
in gas turbine engines, 92-98, 236

for metal-cutting tools, 98-100, 107
in papermaking equipment, 253
for turbocharger rotors, 197-98
in valves, 200-201, 246, 247
silver halide, 83
single-crystal growth, 30-31, 133-34
skin repair, 181
skis, vibration control systems for, 162-63
slab building, 56-57
slag, 214
slip, 137
slip casting, 44, 58
slurry, 137
smart contact sensors, 161
smart skis, 162-63
smelting, 213, 214-20
Snoeck, J. L., 145
soapstone, 21
sodium vapor lamps, 266-68
sodium zirconium phosphate (NZP), 120
soft ferrites, 146
solar cells, 74, 272-73
sol-gel silica microbeads, 188, 189
solid oxide fuel cells (SOFCs), 277-79
sonar, 76, 153-54
Space Shuttle, 69-70, 232-35
spark-control modules, 196
spark generators, 165, 166
spark plugs, 31-33, 236
sputtering, 135
stability, 114-20
stainless steel, 211
steel beams, inspecting, 157-58
steel manufacturing, 217-20, 246
Stone Age ceramics, 17, 18-19
stoneware, 22, 56-57
strength
defined, 90
high-strength ceramic fibers, 108-14
and silicon nitride, 92-104
and transformation-toughened ceram-
ics, 104-8
stress, types of, 90-91
Subaru Telescope, 119
substrates, for integrated circuits, 135, 141
sucker rods, 256-57
suction box covers, 252, 253, 254
superalloys, 93, 114
superconductors, 125, 143-45
superhard abrasives, 242-44
surgery, ceramics in. See medical use of
ceramics
synthetic gems
coloring of, 71-72
development of, 28, 29-31
diamond, 243, 244
in lasers, 79-80
in scanner glass, 12-13
use in jewelry, 58, 59

T

talc, 21

Tang Dynasty, 43—-44

tape, 137-38

teeth, ceramic, 171-72

telephones, ceramics in, 142-43

telescopes, 115-19, 166

television, 76

temperature, and dimensional stability,
114-20

tensile stress, 91-94

textile industry, 255-56
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thermal barrier coatings, 235-36
thermal expansion, 114
thermal shock, 93, 115
thermistors, 125, 198
Thompson, Joseph John, 127
thread guides, 255-56
tiles
early development of, 23-24
in rock crushing equipment, 212
on Space Shuttle, 232-35
timing plungers, 199
tin oxide, 39
titanium carbide, 240, 250
toughness
defined, 90, 104-5
of diamond, 244
of latest silicon nitride, 96
tourmaline, 150
Tower of Babel, 39
traditional ceramics, brief history of, 22-27
transducers
in ultrasonic imaging, 180
in underwater devices, 154-57
use in dialysis, 186
use in industry, 157-58
transfer printing, 24
transformation-toughened ceramics
alumina, 107 (see also alumina)
in diesel engines, 199
in joint implants, 173
in metal extrusion, 225
new applications of, 107-8
in papermaking equipment, 253
zirconia, 104-8 (see also zirconia)
transformers, 160
transistors, 129-30
transparency
benefits of, 65-67
and electromagnetic radiation, 67-70
elements of, 62-64
travel, role of pottery in, 20
Tuc d’Audobert Cave, 19
tundish nozzles, 224
tungsten carbide-cobalt cermets, 240, 241,
242
tungsten filaments, 266
turbocharger rotors, 197-98
turboprop engines, 94, 95
two-chamber Kilns, 21, 38-39

)

ultra-low-expansion (ULE) glass, 119
ultrasonic cleaners, 158

ultrasonic imaging, 180

ultrasonic machining equipment, 159-60
ultrasonic nondestructive inspection, 158
ultrasonic therapy, 186-87

ultraviolet rays, 68, 75-78, 84
underwater devices, 152-57

uranium oxide fuel pellets, 276

v

V-22 vertical takeoff aircraft, 111-12
vacuum tubes, 128-29

valence electrons, 73-74

valves, ceramic, 200201, 245-46

varistors, 125, 198

veneers, dental, 172

Venetian glass, 47-48

Verneuil process, 29, 30

very large-scale integration, 131

vibration detection and prevention, 160-63
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Victorian Age, 53

visible light, 68, 70-71

voltage, 124-25

voltage-regulator modules, 196

von Tschirnhausen, Ehrenfried Walther, 23,
49

w

wafer boats, 134, 135

Ware Collection of Blaschka Glass Models of
Plants, 54

waste management, 280

water and sewage treatment, 280

waterjet cutting, 241

water-pump seals, 197

wavelength, 67, 70-74

Wedgwood, Josiah, 23, 49, 172

wheel balancers, 161

whiskers, 109, 201

white light, 70

wind energy, 272

windows, 204-5, 265

wire-drawing tooling, 257

wood ashes, 27

woodyards, 249-50

workplace, ceramics in, 11-12

X
X rays, 178-79

y 4

zirconia
in diesel engines, 199, 203-4
in fuel cells, 277
hardness of, 240
in heaters, 229
high-temperature stability of, 114
in joint implants, 173
in metal extrusion, 225
in oxygen sensors, 192-93
in papermaking equipment, 253
in thermal barrier coatings, 235-36
transformation-toughened, 104-8
zirconium oxide. See zirconia





